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SCOPE OF THIS STUDY

Chapter 1

Introduction

Texas is becoming a water-short state, and techniques are needed to
accurately assess the quality and quantity of its fresh and saline ground-
water resources. In determining the water quality of an aquifer there is
certainly nothing equal to a laboratory analysis of the water. Unfortunately,
however, water samples are frequently not available. This is true for fresh
as well as brackish and saline water aquifers throughout Texas. Major
portions of aquifers have not been sampled for a variety of reasons:

1. In most water wells only the screened interval is sampled.
Financial constraints and/or lack of proper planning result in other
water-bearing intervals not being sampled.

2. Most water supply wells are deliberately not drilled deep enough to
penetrate brackish and saline water aquifers.

3. Oil wells penetrate aquifers of all salinities, but water samples are
rarely taken. Samples that are taken are often of questionable
value due to sampling and/or testing procedures.

In the absence of a water anaiysis, water quality can be estimated
from borehole geophysical logs. This is the best, and usually the only,
alternative. Relative to water analyses, logging data are abundant and easily
accessible. In Texas tens of thousands of geophysical logs are available in
the files of various government agencies, commercial log libraries, ground-
water consulting firms, water well drilling contractors, and oll companies.

Data such as pumping tests, core analyses, and sample descriptions
for quantlfylng aquifer properties (e.g. lithology, porosity, and bed thickness)
are scarce. Again, geophysical logs are the best data base.

Water conductnvnty {Cw) and total dissolved solids (TDS} are the water
quality parameters of chief concern to the ground-water industry. Total
dissolved solids is the most important and most often cited parameter, since
it serves as the basis for drinking water standards (Table 1-1). Water

1



TABLE 1-1. GROUND-WATER CLASSIFICATION
BASED ON TOTAL DISSOLVED SOLIDS

Class Total Dissolved Solids Examples of Use
X {mg/l} . . _ .
Fresh‘ . Zero to 1000 Drianing and all othér uses
Water _
Slightly More than 1000 Qrmkmg if fresh )Na'te.r is }Jna\{aliable,:
Sallne livestock watering, irrigation, industrial,
to 3000 . : . .
Water mineral extraction, oil and gas production
Potential future drinking and limited livestock
MoSd;Ii'iéely More than 3000 watering and irrigation if fresh or slightly
' to 10,000 ° saline water is unavailable; Industrial, mineral
Water . - . .
| extraction, oil and gas production
Very Saline | More than 10,000 . o s
Water " to 100,000 Mineral extraction, oil and gas productlon‘
Brine . _ . . ‘ .
Water More than 100,000 Mmera!‘extractlon, oil and gas production

‘ {Modified from Freeze and Cher}y, 1979}

conductivity is frequently cited because it is a good indicator of total
dissolved solids that can be quickly and easily measured.

Determining water quality from borehole geophysical logs has long
been a'subject of interest to log analysts. However, most logging research
has been conducted by the petroleum industry. Their efforts have
concentrated on techniques to determine the resistivity (Rw) of very saline
and brine waters. Little research has been conducted on applications of
borehole geophysical techniques to ground-water studies and the logging
problems which are unique to water and monitoring wells. Only two books
have been written on applications of ‘borehole geophysics to ground-water
studies {Keys, 1988, and Repsold, 1989), and both contain only a minimal’
treatment on methods of determining water quality from ]ogs.

A few papers have addressed the subject of ground-water quality
determination from logs. Significant methodology papers are Jones and
Buford {1951}, Turcan (1962 and 1966), Guyod {1966), Alger-{1266), and
Alger and Harrison (17988). Published case studies include Vonhof (1966},



Brown (1971), Dyck, et al. (1972), Emerson and Haines (1974), Evers and
lyer {1975a), MacCary (1978 and 1980}, McConnell {1983, 1985, and
1989), Kwader (1982, 1984, and 1985), Hansen and Wilson (1984), Guo
- {1986), Fogg and Blanchard {1986), Weiss {1987), Brown (1988},
Jorgensen (1989) and Repsold (1989).

Objectives

In 1987 the Texas Water Development Board entered into contract 8-
483 511 with Abilene Christian University and Hughbert Collier as the
principal investigator to research applications of openhole borehole
geophysical techniques for characterizing ground-water resources in Texas.
The following types of aquifers were studies during the project:

1. .Aquifers with TDS ranging from near zero to 50,000 milligrams per
liter, which approaches the upper limit of water suitable for
desalinization.

2. Carbonate, unconsolidated clastic, and consolidated clastic
aquifers. '

3. Major aquifers such as the Edwards, Gulf Coast, Carrizo-Wilcox,
and Trinity.

Data on existing wells were collected from the files of water well
drilling contractors, ground-water consultants, government agencies, and oil
companies. Twenty-one new wells were logged during the course of this
study (Table 1-2). Drilling contractors across the state provided free access
to the wells and rig time. Logging service companies provided free or
discounted services. A variety of logging tools, ranging from state-of-the-art
petroleum-type logs to simple, older ground-water logging swtes, was run in
each well.

The objectives of the study were:

1. To evaluate the applicability of various logging tools to ground-
water studies.

2. To evaluate existing borehole geophysical techniques for
determining water quality and aquifer parameters.



TABLE 1-2. WELLS LOGGED FOR THIS STUDY

County Well Name ' Drilling Contractor
Camerdn Public Test Site F BY 88-59-410 Texas Water Development Board
‘Cameron Public Test Site F BY 88-53-411 Texas Water Development Board
Comal EUWD New Braunfels A-1 DX 68-23- | Texas Water Wells
616 -
Comal EUWD New Braunfels B-1 DX 68-23- | Texas Water Wells
617 '
Comal EUWD New Braunfels C-1 | D'X 68-23- | Texas Water Wells
’ 619 )
Ellis Bristol #2 J.L. Myers
Falls Tri County WSC #5 J.L. Myers
Fannin Ladonia #2 J.L. Myers
Grayson Van ‘!‘\lst'yne #3 J.L. Myers
Harris - Cypress Creek #3 1 Alsay
Harris” 'Kingi.;;rood #B-3 Alsay
Harris ‘MUD 275 #1 Layne Waestern :
Harris NW Harris MUD 21 & 22 #2. Alsay |
Hays ‘ | EUWD San Marcos B LR 67-01-812 'Lay_né Western
Hays | EUWD San Marcos C LR 67-01-813 | Layne Western
McClennan | Hercules RWSS #1 ~Alsay
McC.uIIoch Brady Test Hole 42-62-909 Texas Water Development Board
McCulloch § Brady Test Hole 42-62-910 Texas Water Develépment Board
McMullen Fox Creek #2 McKinley '
Travis Balcones Research Center Test Well Texas Water Development Board
58-35-721 _ ‘
Webb George Strait #1 McKinley .




3. To develop new borehole geophysical techniques for determining
water quality and reservoir parameters.

4. To evaluate the accuracy of TDS and specific conductance
measurements performed by laboratories in Texas.

5. To quantify the relationship between water conductivity and TDS
for aquifers in Texas.

6. To document the differences between logging petroleum and
ground-water wells.

7. To establish guidelines for logging ground-water wells,

8. To determine the differences between slimhole ground-
water/environmental and petroleum logging tools.

This study focused on calculating total dissolved solids from log-
derived water conductivity values. The procedure has three components:
two data sets (log data and a TDS-Cw relationship} and a technique to
calculate the resistivity .of the formation water {Rw) from log data. Figure 1-
1 outlines the procedure. |

Logging Data

+
- Analytical Technique
¥
10,000 _ '
Rw | — [ R Cw] —> Cw
+
TDS-Cw Relationship
’
TDS

Figure 1-1. Flow diagram of the three steps in calculating TDS from wireline logs.

Chapter 2 discusses water conductivity and Chapter 3 discusses total
dissolved solids. Chapter 4 reviews how to establish the TDS-Cw
relationship. Chapters 5 through 13 cover the acquisition and analysis of



logging data. Chapter 14 outlines the techniques to calculate water '\
conductivity from log data. Additional supporting documentation of the

basis data used in this study, lncludlng calculations and graphs is prowded
in Volume Iil. ' - .

This study is specifically for waters that have 50,000 parts per million
{ppm) or less total dissolved solids. For waters having greater than 50,000
ppm total dissolved solids, and especially for brines, modlflcatlons may need
‘to be made to some of the following statements.



SPECIFIC CONDUCTANCE MEASUREMENTS

Chapter 2

Establishing a valid TDS-Cw relationship requires an accurate water
conductivity measurement. This chapter contains a discussion of water
conductivity, the factors controlling the measurement, a survey of how
accurately laboratories in Texas measure water conductivity, and an analysis
of the accuracy of computed water conductivities..

Virtually all of the water analyses examined during this study were
from six laboratories: Texas Department of Health, Pope Testing, Edna
Wood (formerly Microbiology Service Laboratories), United States Geological
Survey (USGS}, Curtis {out of business), and Texas Testing (out of ‘
business). These laboratories have analyzed most of the ground-water
samples taken in Texas. The following comments, while principally
addressed to water analyses from these laboratories, apply to all water
analyses. '

Units of Measurement

Water conductivity {Cw), also known as specific conductance or
specific conductivity, is the ability of water to conduct an electric current.
The unit of measurement is micromhos per centimeter {umhos/cm) at 25° C
(77° F). It is often shortened to simply micromhos {umhos). In accordance
“with the International System of Units (Sl) the unit of conductivity has been
renamed siemens {S). A microsiemens (uS) is equal to a micromho. The
term micromho still dominates the ground-water literature.

In petroleum logging literature conductivity is expressed as millimhos
per meter (mmhos/m)} or simply mmhos. The relatlonshlp between mmhos
and ymhos is as follows:

' : (2-1)
mmhosfm = 10 x pmhosfcm

The petroleum logging community prefers to use the reciprocal of
conductivity, resistivity. The names for the units of measurement are also
"reciprocals"- mho and ochm. Resistivity is measured in ohm-meter? per

7 | .
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meter. This is usually simplified to ohm -m. The relationship between the
two is as follows:

10,000

Resistivity (ohm —m) =
Speczﬁc Conductance

(wmhosfem)  (2-2)

Techniques for Measuring Specific Cond.‘u*ctan'ce

Specnhc conductance is usually measured in the laboratory and/or in
the field with a conductivity meter. With properly calibrated eqmpment a
conductwlty measurement will be within' *2 to’ *5 percent of the actual vaiue
(Hem, 1985 p. 69). Unfortunately, the accuracy of ‘conductivity measure-
ments varies widely ‘among laboratories {e.g. Summers, 1972; Moore and
Kaufman, 1983). Table 2-1 and its accompanying discussion quantifies the -
differences for the principal, present- day ground-water labqratorles in '{exas

This study found that problems exist with specific conductance
measurements for a number of reasons:

1. A laboratory may not routinely and/or properly calnbrate its

1

conductlwty meters.
2 A Iaboratory may not use surtable equnpment and/or analytlcal
technlques :

- 3. The Texas Department of Health and Pope Testing laboratories only
consider their measurements of specific conductance to be-a gross
estimate, and only use such estimates as a quality control mducator
for evaluatmg the accuracy of their total dissolved solids
“‘measurements (personal communication, Texas Department of -
Health and Pope Testing Laboratories, 1990).

Another possible problem with some laboratories is that they are only
set up to analyze fresh waters. They therefore make no adjustments.to their
lab techniques on the infrequent occasions when they measure saline
waters. The same calibration solutlon (generally 1000 mg/l KCI) and cell
constant are used for all waters'. For high salmrty waters the accuracy of

' Worthington, et al. {1990] has an excellent discussion of conductivity meters and cell constants.



TABLE 2-1. COMPARISON OF SPECIFIC CONDUCTANCE MEASUREMENTS FROM VARIOUS TEXAS LABORATORIES

Schiumbarger

USGS Edna Pops USGS  Resistivity e TWDB-— - ———— Texss Department of Health
Sampls Austin Wood Testing %var.' San Antonic Mater shaken unshaken %var?  Mean® Range® Measured %var.® Average %var.' Dilutad %var*
BRC 58-35-721 Travis Co. 398°
1a ’ 1220 1300 1300 1173 1173 <1% 1250 -13% «2.5% 8%
1176-1300 1089 1218 1350
ib 1220 1250 1200 1176 1168 «<1% 1212 -10% <1%. %
variation batwass s & b -0 4% g% <1% <1%
Patrolero Corp. #4-3 McMullen Co. 4030°
2a 1620 1650 1500 7% 1564 1503 4% 1620° 9% <1% "
! ’ 1603 1661 T 1800-1700 1470 1619 1768
2b 1620 1650 1700 1562 1489 5% 1632 -10% <1% 8%
varation batwesena & b -0 & 12% <1% 1%
Quintana #C-9 McMullen Co. 33845°
3a 3930 4000 4000 2810 - 3922 -22% -2% 18%
3800 3994 3800-4000 3060 3839 . 4519
3b 3930 4000 4000 3820 3750 2% 3923 -22% -2% 18%
vadstion batweena & b = £ £ <1% .
Skinner & Newman #C-10  McMullen Co. 4660°
4a 7200 7150 7600 7440 7420 <1% 7311 . -30% -6% 18%
7100 7377 7100-8000 5120 ) €872 8624
4b 7230 7500 8000 9% 7440 7350 % 7329° -30% 6% 18%
varation betweena & b <1% 5% 5% O 1%
Skinner & Newman #A-11  McMullsn Co. 4634° )
5a 7420 7350 2000  20% 7670 7580 1.6% 7477° 3% 6% 20%
7300 7625 7300-3000 5160 7055 8960
5b 7450 7350 9000 2% 7570 7550 <1%  7459% -31% 5% 20%
vedation betwesna k b <1% B+ L+ 1% 0
Petroleum Corp. #1-3  McMullen Co. 5533°
6 33,600 33,500 48,000 2% 33,500 34,262 34,300 33,800 15% 33,832° U000 12,000 5% 28,848 -15%. 45,696 s

%vas, = Fercent variation
All measuromeants are in gmbosfem @ 25° C.
Samples a and b are duplicates,

*Masasured” Texas Department of Haalth values are determined with & procedure that

gives only & rough s

timate of the actual valus.

~Dilutad™ Texas Department of Hozlth values are cbtained from samples which are
diluted with distilled water. Tha reeding is then multiplied by the dilution factor to
yisld diluted conductance,

' o, ymriation for Pope Testing values that vary by mors than &% from the mean.
2 percent variation between the sheken and the unshaken sample,

2 USGS San Antonio and Schiumberger resistivity values wers included in both
the 4 & b averages, All Texss Depariment of Health and the Texas Watar

Development Board unshaken vaiues were excluded.

..* Percant variation from the mean.
® The Pops Testing sample was not included in this average.
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EXPLANATION OF TABLE 2-1:

COMPARISON OF SPECIFIC CONDUCTANCE MEASUREMENTS
FROM VARIOUS TEXAS LABORATORIES

Methodology

During the course of this study, questions emerged as to the accuracy and
repeatability of specific conductance measurements made by various laboratories in Texas.
The differences were quantified for the three principal, present-day labs (Edna Wood, Pope
Testing, and the Texas Department of Health). Each lab analyzed samples of six different
waters. A sample of each water was analyzed-by four labs (United States Geological
Survey in Austin, Edna Wood, Pope Testing, and the Texas Department of Health), two
field conductivity meters (USGS San Antonio and the Texas Water Development Board),
and a Schlumberger resistivity meter. USGS Austin, Edna Wood, Pope Testing, and Texas
Water Development Board anatyzed duplicate sets of water samples'1 to 5. The
duplicates were not labeled as such; each of the four labs measured the same containers
of water.

The samples in Table 2-1 span a wide range of conductivities: 1,200 to 33,800
pmhos/cm. Sample 1 is from the Edwards aquifer in Travis County. Samples 2 to 5 are
from the Carrizo aquifer in McMullen County. Sample 6 is from the lower portion of the

Wilcox aquifer in McMullen County. Samples 3 to 6 are from oil producing intervals;
samples 1 and 2 are from intervals that produce only water.

An average {mean) specific conductance was calculated for each of the eleven
samples. The USGS San Antonio and Schlumberger resistivity meter measurements were
averaged with both the a and b samples. The unshaken Texas Water Development Board
values and the Texas Department of Health values were not averaged. Values differing by
more than 6 percent of the mean have unacceptable accuracy and were not averaged.
The percent variation from the mean is noted beside the unacceptable measurements.

. W

Repeatability is expressed as percent variation between a and b samples.

"Acceptable repeatability is less than *5 percent variation between duplicate samples.

Results
Comparison of the measurements reveals that:

1. Most of the samples have excellent repéatability Pope Testing had
unacceptable repeatability for samples 1 and 2.

2. Most labs were Wlthln acceptable accuracy tolerances Pope Testing bad five
samples that exceeded accuracy tolerances These samples devnated from "7
to 42 percent from the mean. -
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‘3. Repeatability does not insure accuracy. Pope Testing sample 5 has perfect
repeatability, but is inaccurate. -

4. Field conductivity meters and the Schlumberger resistivity meter give
. acceptable accuracy. . .

5. Shaking a sample before measuring specific conductance increases the reading
by 0.3 to 5 percent.

a. For samples having 4000 or less gmhos/cm, the shaken sample |s closer
to the mean specific conductance.

b.. For samples having greater than 4000 ymhos/cm, the unshaken sample
reads closer to the mean specific conductance.

6. For the Texas -Department of Health measurements, neither "measured” nor
- diluted values are accurate.

"Measured" values are less than actual specific conductance.
Diluted values are greater than actual specific conductance.
© "Measured"” values are less accurate than diluted measurements.
Accuracy decreases as conductivity increases.
Averaging the two measurements gives accurate specific conductance
values for waters up to about 7000 ymhos/cm.
f.  The average of the two measurements is less than the actual value. The
difference increases as conductivity increases.

opap oo

7. Edna Wood and USGS Austin values are very close. This is in spite of the fact
that Edna Wood uses only 1000 mg/l KC! as a calibration standard, while USGS
- Austin uses KCI solutions that are similar to the water conductivity being
measured.

Conclusions
1. Pope Testing should improve its calibration procedures.

2. Field conductivity meters and the Schlumberger resistivity meter give
acceptable specific conductance values.

3. The Texas Department of Health should change its procedure for determining
specific conductance. The present method of using diluted conductance is a
waste of time and money. The Texas Department of Health needs to

" determine actual specific conductance by using appropriately calibrated
conductivity meters.

4. For existing Texas Department of Health water analyses, use the average of
diluted and "measured” values.
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~ The average value will have acceptable accuracy up to. 7000 grhhos/cm.

Beyond 7000 ymhos/cm the accuracy of the ‘average diminishes, but it is

still far better than either diluted or "measured" values.

5. Texas Department of Heaith diluted conductlwtles 'should not be used to
establish TDS-Cw relat:onshups

a.

Unfortunately, most of the specific conductances in the Texas Water
Development Board Ground-Water Data Base are Texas Department of
Health measurements. These conductivities should be recalculated from
ionic concentrations (See Appendix |, GUIDELINES FOR VERIFYING THE
ACCURACY OF WATER ANALYSES for-a description of the calculation}.
Since 1988 both field conductivities and diluted conductivities are in the
Ground-Water Data Base. Prior to 1988 the Texas Water Development
Board did not routinely measure field conductivity, so few of the water
analyses have both conductivities (Bob Bluntzer, :personal -
communication,1991}. Field conductivities are the more accurate of the
two and should be used to establish TDS-Cw relationships. -

Water analyses from laboratories other than the Texas Department of
Health will not be diluted conductivities and can therefore be used. A few
of these analyses are scattered throughout the data base {Bob Bluntzer,

' personal commumcatlon 1991)
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the conductivity measurements can be improved by using a more conductive
KCI solution and a larger cell constant (Hem, 1982, p. 147). However,
comparison of the Edna Wood {1000 mg/l KCI standard} and USGS Austin

(standards of varying KCl concentrations) data in Table 2-1 would seem to
indicate that the difference in accuracy is not necessarily significant.

Techniques for Calculating Specific Conductance

In addition to measuring specific conductance, it can be calculated
from some chemical analysis reports. There are two occasions when
calculated conductances are useful: -
1. When a water analysis does not include a conductivity

measurement-{old Pope Testing, some Curtis, and some oilfield
laboratory reports). '

- 2. As a quality control check on the accuracy of a measured specific
conductance. '

Specific conductance can be calculated by using either a TDS-Cw
relationship, the ionic concentration in mg/l, or the sum of the anions in
meq/l. Each of the techniques is detailed in Appendix |, GUIDELINES FOR
 VERIFYING THE ACCURACY OF WATER ANALYSES. The accuracy of the
ionic concentration and the sum of the anions methods is quantified in
Tables 2-2 and 2-3. Comparison of the two methods (Table 2-4)
demonstrates that specific conductances calculated from ionic concen-
trations are much more accurate than those calculated from anion sums.
The accuracy of specific conductances calculated from the TDS-Cw
relationship varies widely according to the water type.

The conclusions drawn from Tables 2-1 to 2-4 are based on a limited
data base: -eleven samples for Table 2-1 and thirty-one water analyses for
Tables 2-2 to 2-4. To better substantiate these conclusions, an analysis was
made of the entire data base compiled during this study. The data base
contains 771 entries, but only 440 were suitable. Water analyses had to be
complete and include a measured specific conductance to be usable. All
440 analyses are from the principal currently operating laboratories {Edna
Wood, formerly Microbiology Service; Pope Testing; and Texas Department
of Health) and laboratories no longer operating in Texas (Curtis and Texas
Testing).
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. TABLE 2-2. SPECIFIC CONDUCTANCES COMPUTED FROM IONIC CONCENTRATIONS (Mé/l;)

Vol Name “':’KN' a co, Heo, 80, Mg Ca 3 m: ;r:?* LTS LN W :m"
Tyron Road WSC #1 Gragg 113 22 [} 248 x .36 = B9 . 24 x .72 = 17 1x1.75 = 2 Ix1.2=4 - 409 247 500 470 ]
Ca. 243" .
BRC 58-35-721 177 145 13 x .85 =12 268 x .35 =« 94 152 x.7 = 106 24 x1.7 =41 41 x1.13 = 46 10x.81 = 9 841 528 1.260 | 1,231 1.5
Travis Co. 398° .
Test Hole #1 540° 289 190 | 24x .95 = 23 | 450 x .35 = 158 29x.7 =20 45x1.6=7 15x1.1 =17 - 1,014 714 1,400 1.399 <t
Chambers Co.
Patrolars Corp. #4-3 ara 117 10x .83 =139 658 x .34 = 230 133 x .68 = 90 1x168=2 10x1.08 = 1t - 1.303 B32 1.61Q 1.628 -1
McMullen Co. #030° .
Test Hole #1 B18° 422 355 | 25 x1.05 = 25 { 558 x .34 = 190 Q I3x1.58 =5 MSx1.08 =12 - 1.397 1,030 2,000 1,870 1.5
Chambers Co.
Besvile #8 1290° 635 561 4] 750 x M= 255 o 2x15 =3 Txt1=7? - 1,985 1,461 2,750 2,720 1
Baa Co, N
[[Quintana #C-9 1.064 232 79% .8 =63 2273 % .32 = 727 15x.8=9 1x1.44 = 1.44 I3x.89 =23 Ex 92 =5 3,659 2,086 4,000 3,922 2
McMullen Co. 2B45°
Edinburg lce #1 232 1.248 4] 336 x .32 = 108 460 x .6 = 276 54x1.41 = 76 106 x .88 = 93 - 3,138 2,733 5.100 5,350 -5
Hidalgo Co. 393"
Twst Hole #1 1060° 1.268 1.650 24 x.9 =22 632 x .32 = 202 2] 13x1.45 =19 32x .9 =29 - 3,623 3,188 5,900 6,000 -2
Chambers Ca. )
Skinner & Newman FC.10 1.7 1,433 34x.7 =24 2279 x .21 = 706 17 x .57 = 10 3x1.38 =4 Ex.82 =5 1Z2x.9 =11 6.590 3,964 7,200 7,320 2
McMullen Cao, 4660° - ’
|[ISkinner & Newmean FA-11 1,857 1,409 L] 2596 x .3 = 779 17 x .56 = 10 2x1.37 =3 1WOx.86=8 14x.9 =13 5,942 4,079 7,600 7470 2
McMullen Co, 46347 .
Test Hols F1 11407 2,000 3,000 [+] 503 x .31 = 156 [+ 27x1.37 = 37 73x .82 =60 - 5,605 5,263 9,500 9.740 -25
Chambars Co.
Test Hole #1 13407 2,730 4,300 [+] 429 x.3 = 128 [+] 48 x 1.32 = 63 113 x .8 = 30 - 7.643 7.313 | 13,000 {13,000 -
Chambers Co.
Mobd Of ¥3 - 2,51 4,146 ] 295 x .3 = B9 10x .54 = 5 62x1.21 =81 154 x .8 = 123 - 7.178 6,855 | 12,300 {10,200 21
Jetfarson Ca, 5207
Petrolsro Corp, F1-3 8,316 | 12,363 [} 1068 x .28 = 299 Ex 46 =3 24 x1.13 = 27 64 x .82 = 52 39 x.91 = 35| 21.805 21,095 | 36,000 | 33,832 8
McMullen Co. 533 ) B : A
Mobl] OF #1 22,400 | 41,000 o 120 x .2 = 24 o 540 x .79 = 427 | 2825 x .78 = 2204 - £6.914 66,055 [00,500 | 91,700 10

Jsckson Co. 136"

Table 2-2 continued on next page.
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TABLE 2-2 (CONTINUED). SPECIFIC CONDUCTANCES COMPUTED FROM [ONIC CONCENTRATIONS (MG/L)

Wall Narme Neorhal o co, Heo, so, Mg Ce K T°: c’s*_' NaCl o | Con o | Crvarns “: on
Milam WE & 1D #1
Mitam Co,
1510° 2,003 1,050 (] 334 x.3 = 100 | 3175 % .55 = 1746 | 62x1.34 = 83 180 x .8 = 144 - 6,808 5,126 9,100 | 8,700 5
1810° 1.962 1,100 | 26x.79 = 20 303 x.23= 91 3200 x .54 = 1728 B2 x 1,34 = 110 230 x .8 = 164 - 6,908 5,195 9400 | 9.1680 3
3192* 547 156 4 333 % .34 = 113 | BBY x .66 = GB7 1Bx1.53 = 28 62x1 = &2 - 2,018 1,493 | 2,800 | 2.725 3
3373 569 174 Lo 372 x .34 = 126 832’! .65 = 572 18x 1.5 = 27 63 x .96 = 60 - 2.083 1,528 2,800 2,854 2
City of Hurtngton #7
Angalina Co.
495" 194 50t 24 x.98 = 24 361 x .36 = 130 18x.72 =13 Ax1.7 =1 1.3x1.22 =12 - 648 414 820 765 7
635" 190 64 [ 18x.98 = 18 360 x .36 = 130 ] 2x17=0 f2x1.2=2 -- 634 404 860 752 6
1163 5,423 B6.500 4] 464 x .28 = 130 4] " 63x1.2=76 116 x .B = 33 - 14,576 14,232 | 25,000 | 24,500 2
1772" 677 580 | 36 x .69 = 32 732 x 34 = 249 Q tx1.53 =2 Ixi =3 - 2,001 1.543 2.950 3.080 -4
KGS Haberer #1  Kansss
Upper Dakota 176" 4,700 5,610 NA 1184 x .28 = M3 1960 x .5 = 980 273x1.2 = 328 168 x .8 = 134 2Hx.9 = 25| 13,951 2,120 | 21.000 | 22,000 -5
Lowar Dakota 276" 5,030 6,260 NA 1277 x .26 = 370 | 2020 x .5 = 1010 | 299 x 1.2 = 349 182 x .8 = 146 33x.5 = 30| 15,109 13.185 {23,000 | 23,200 -1
KGS Braun #1  Kansas
Upper Dakota 661" 10,600 | 14,250 NA 16590 x .26 = 423 | 3980 x .43 = 1711 | 7056 x 1.05 = 740 252 % .82 = 206 |BOx .94 = 75| 31,588 28,005 | 48,000 | 43,200 11
Uppar Dakots 6617 8.940 | 13,560 NA 1470 x .26 = 362 [ 3570 x .44 = 1571 | 620 x 1.07 = 676 188 x .B2 « 154 |B1 x .93 = 75| 29,477 26,258 | 45.000 | 41,400 9
Lowar Dakota 772 8.240 | 11,500 NA BS2 % .27 = 241 | 3340 x 46 = 1536 | 557 x 1.1 = 612 72x.82 = 59 86 x .91 = 78| 24,B13 22,363 | 38,000 | 35,700 ]
Chayena 836" 10,300 | 14,600 NA 1070 x 25 = 268 [ 4510 x .43 = 1767 | 713 x 1‘.05 = 749 64 x .82 = 52 65 x .84 = 61| 30,853 27,797 | 48,000 | 43,700 9
Cedar Hills 1‘!5' 11,500 | 16,100 NA 1690 x .25 = 423 [ 4610 x .42 = 1936 BO1 x 1 = BOY 182 x .B2 = 149 |76 x .96 = 73] 34,999 30,982 | 52,000 | 49.100 L]

NA = pot available

Silica was not inctuded in the TDS value. Silica did not exceed 34 mg/l in any of the samples.

Sl



EXPLANATION OF TABLE 2-2: .16

ACCURACY OF SPECIFIC CONDUCTANCES
COMPUTED FROM IONIC CONCENTRATIONS (MG/L)

. Table 2-2 lists thirty-one water analyses from various parts of Texas and Kansas.
The calculations used to compute specific conductance from ionic concentrations are listed
{Cwi., conc)» @lONg with a laboratory measured specific conductance (Cwigsues}-  The Mobil
Oil #3, Jefferson County well is not included in the tabulations due to apparent error in
CWMeasurod'

The following conclusions can be drawn from the data:
1. Specific conductance computed from ionic concentrations is accurate.

a. Cw,, conc. Varies within *5 percent of Cwy,...es fOr all but five samples up
to 35,700 pmhos/cm {24,813 TDS). The remaining five samples have 6
to 7 percent variation.

b. Samples with greater than 35,700 ymhos/cm vary 6 to 11 percent.

2. Cwi, conc, NOrMally exceeds Cwygaeured-

a. Cwiy, conc, 1S @lways greater than Cwygageq fOr Cw greater than 30,000
. pmhos/em.

b. Betow 30,000 ,umhosfcm either value may be greater although Cw,,, conc.
is usually larger.

3. A NaCl equivalent must be used to calculate specific conductance for waters
with Cw less than about 8000 ymhos/cm (about 6000 ppm TDS). Due to
abundant bicarbonate and/or suifate ions, these waters are significantly less
conductive than a NaCl water with the same TDS.

4. There is no need to calculate a NaCl equivalent for ground waters with Cw
greater than 8000 ymhos/cm. These waters are usually NaCl type waters.
The TDS value can be input directly into Figure Al-2 in Appendix |, unless
sulfate ions are abundant.

5. Specific conductances computed from ionic concentrations are excellent
checks on the accuracy of Cwy,,,,..¢- A case in point is the Mobil Oil #3,
Jefferson County. Cwyeeues 1S 10,200 pmhos/cm. Conductivities computed by
jonic concentrations and anion sum (Table 2-3) agree at 12,300 and 12, 200
umhos/cm. Cwyaasues 1S Probably too low.

6. Specific conductance domputed from ionic concentrations can be used to
correct and/or verify the Cw'’s in the Texas Water Deve!opment Board Ground-
Water Data Base.



TABLE 2-3. SPECIFIC CONDUCTANCES COMPUTED FROM SUM OF THE ANIONS (MEQ/L)
Well Name = - Cations meq/l Anions meq/l Cw I::r;:ninn [+ I 9 vardatlon
Tyron Road WSC #1 5,16’ 5.15 5156 470 10
Gragg Co. 242"
BRC 58-36-721 12.03 12.2 1,220 1,231 <-1
Teavie Co. 398°
Test Hole #1 540’ 14.14° 14.14 1.414 1,390 2
Chambers Co. )
Petrolaro Corp. #4-3 16.92 17.26 1,726 1,626 [
McMullen Co. 40307
Test Hole #1 818" 20.0° © 20 2,000 1,870 1
Chambers Co.
Boevilla #8 1290° 28.13° 28.13 2,813 2,720 3
Beoe Co,
Quintana #C-8 45.89 47.01 4,701 3922 20
McMullen Co. 3846’
Edinburg Ice #1 50.27° 50.27 5,027 8,350 -8
Hidalgo Co. 393
Test Hole #1 1060° 57.69" 57.69 5,769 6,000 -4
Chambers Co.
Skinner & Newman #C- 77.87 79.51 7.951 7,320 9
10 McMullen Co. 4660"
Skinnar & Newman #A- 81.8 82.84 8,284 7.470 11
11 McMulian Co. 4634°
Tast Hole #1 11407 92.84° 92.84 9,284 9,740 -5
Chambers Co.
Test Hole #1 13407 128.29° 128.29 12,829 13.000 -1
Chambers Co.
Mabil Oil #3 122,00 122 12,200 10,200 20
Joffarson Co, 5207
Petrolero Corp, #1-3 367.7 366.5 36,650 33,832 a
McMullen Co. 5633°
Mobil Gil #1 1169.0° 1159 115,900 91,700 26
Jackson Co. 41367
Milam WC & 1D #1
Milam Co.
16107 101.5° 101.6 10,150 8,700 17
1810° 104.0° 104 10,400 9,160 1356
3192' 284" 28.4 2,840 2,725 4
337y 29.0" - 29 2,900 2,854 2
City of Huntington #7
Angalina Co.
495" 8.5 8.5 850 765 1"
636" 8.3 8.3 830 752 10
1163" 247.6° 247.6 24,760 24,500 1
1772 29.8° 29.6 2,960 3,080 -4
KGS Haberer #1 Kansas .
Upper Dakota 176" 235 219 21,800 22,000 <-1
Lowar Dakota 276" 252 240 24,000 23,200 3
KGS Braun #1 Kansas
Upper Dokota 661" 531.6 515 51,500 43,200 19
Upper Dakota 6617 492 478 47,800 41,400 15.5
Lower Dakota 772’ 412.2 411 41,100 35,700 15
Cheayene 835" 510 517 51,700 43,700 18
Cedar Hiils 11856° 575 580 58,000 49,100 18

* Na by differance, so cation and anion suma equal.

17
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EXPLANATION OF TABLE 2-3:

ACCURACY OF SPECIFIC CONDUCTANCES
COMPUTED FROM SUM OF THE ANIONS (MEQ/L)

Table 2-3 lists the sum of the anions and cations. for thirty-one water analyses from
various parts of Texas and Kansas. A computed conductivity {Cw,,., sem) Was calculated
by multiplying the anion sum by 100. Anion-cation balances were within acceptable limits
(less than 5 percent) for all but one analysis, which was 7 percent. Seventeen samples
calculated sodium by difference, which made the ions balance perfectly. The Mobil Qil #3,
Jefferson County well is not included in the tabulatlons due to an apparent error in

CWMeasured

The following conclusions can be drawn from the data:

1. Specific conductances computed from the sum of the anions should be used
only as a gross estimation of conductivity.

a.  Cwanon sum Varies less than *5 percent from Cwipyeesuea fOr 43 percent of the
samples.

b,  The variation is 10 percent or less for all but five of the twenty-five
samples up to 33,832 ,umhos/cm {21,905 mg/l TDS). Five samples vary
11 to 20 percent.

€. Cwpuon sum varies 15 to 19 percent from CwMeasumcl for samples from 35 700
to 49,100 gmhos/cm.

d. The variation is 26 percent for the 91,700 ymhos/cm sample.

2. Cwpion sum NOrMally exceeds Cwpypsues

a.  Cwy,q, sum 1S 8lways greater than Cwyy,,....« fOr Cw's greater than 30,000
umhos/cm:

b. Below 30,000 gmhos/cm either value may be greater, although Cw,..., sum
is usually larger.



TABLE 2-4. COMPARISON OF SPECIFIC CONDUCTANCES CALCULATED BY
IONIC CONCENTRATION, ANION SUM, AND DILUTED CONDUCTIVITY

TDS 100% % Cw from % %
Wall Name d
HCOD, Coioncone. 1 varation’ | C¥%=sews [ anion meq/l | varation’ Dituted Gw variation’

Tyron Road WSC #1 409 500 6 470 615 10

Gregg Co. 243’ ] ‘ .

BRC 58-35-721 841 1,260 B 1.5 1.231 1.220° <-1 1,350 10
Teavis Co. 398" :

Test Hole #1 540° 1,014 1,400 <1 1,390 1,414 2

Chambers Co. ' .

Patrolero Corp. #4-3 1,303 1,610 -1 1,626 1,726 6 1,768 9
McMullen Co. 4030°.

Test Hole #1 818" - 1,397 2,000 1.5 1,970 2.000 15

Chambers Co.

Beeville #8 1290 1,955 2,750 1 2,720 2.813 3

Bea Co.

Quintana #C-9 3,659 4,000 2 3.922 4,701 20 4,619 iB8
McMullen Co, 38457 ' :

Edinburg lce #1 3,136 5.100 -5 5,350 5,027 -6

Hidalgo Co. 393"

Test Hole #1 1060’ 3,623 5,900 -2 6,000 5,769 -4

Chambers Co. .

Skinner & Newman #C-10 5.590 7,200 -2 7.320 7.951 9 8,624 18
McMullen Co. 4660°
Skinner & Newman #A-11 5,942 7.600 2 7.470 8,284 1" 8,960 20
McMulian Co. 4634°

Test Hole #1 1140° 5,605 8,500 -2.5 9,740 ) 9.284 -5

Chambers Co. -

Test Hole #1 1340° 7.643 13,000 -0- 13,000 12,829 -1

Chambers Co.

Mobil Oil #3 7.178 12,300 21 10,200 12,200 20

Jefferson Co, 6520 : ‘ '

Petrolare Corp. #1-3 21,905 36,000 6 33,832 36,650 8 45,696 35
McMuilen Co. 5633’ . :

Mohbil Oil #1 66,914 100,500 10 91.700 115,900 26

Jackson Co. 4136°
Milam WC & ID #1 .

Milam Co.
1610° 6,808 9,100 5 B,700 10,160 17
1810’ 6,908 9,400 3 9,160 10,400 13.5
31927 2,014 2,800 3 2,725 2,840 4
3373 2,083 2,900 2 2.8%4 2,900 2
City of Huntingtan #7
Angelina Co,
496° 648 820 7 765 850 1
636" _ 634 800 6 752 830 10
11563’ 14.676 25,000 2 24,500 24,760 1
17727 2,031 2,950 -4 3,080 2.960 -4
KGS Haberer #1 Kansas ‘
Uppar Dakota 176" 13,951 21,000 -5 22,000 21,800 <1
Lower Dakota 276' 15,109 23,000 -1 23,200 24,000 3
KGS Braun #1  Kansas ’
Upper Dakota 6617 ‘ 588 48,000 i1 43,200 51,500 9
Upper Dakota 651’ 29,477 45.000 9 41,400 47,800 16.5
Lower Dakota 772° 24,813 38,000 5] 35,700 41,100 15
Cheyene 8367 30,953 48,000 9 43,700 51,700 18
Cedar Hiils 1185’ 34,999 52,000 6 48,100 58,000 18

' Percent variation from Cwy, .-
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EXPLANATION OF TABLE 2-4:

COMPARISON OF SPECIFIC CONDUCTANCES CALCULATED BY
IONIC CONCENTRATION, ANION SUM, AND DILUTED CONDUCTIVITY

Table 2-4 is a summary of Tables 2-2 and 2 3, along with six Texas Department of
Health diluted conductances. The data demonstrate that .

1. Specific conductance calculated from ionic concentrations is by far the most
accurate of the three methods.

2. Specific conductance calculated from ionic concentrations is the only method
that consmtently gives acceptable accuracy

‘3. Diluted conductance never gaves‘ acceptable accuracy.

4. Diluted conductance is always gr_eaterf than the actual value and the difference
increases with increasing salinity. This is in keeping with the principle of
interionic interference. (See the section Factors Controlling Water Conductivity
in this chapter).
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Analysis of this data base afforded an opportunity to evaluate the
accuracy of specific conductance measurements made by the non-operating
laboratories, as well as the operating laboratories. It also afforded a further
comparison of which method provides more accurate specific conductances -
ionic concentrations or anion sum. The evaluation was conducted according
to the following procedures:

1. Specific conductance calculated from ionic concentrations was
plotted against measured specific conductance. The deviation of
measured conductance from calculated conductance was used as
an indication of the accuracy of measured conductance.

a.

e.

Specific conductance calculated from ionic concentrations was
used {rather than conductance calculated from anion sum)
because it gives the best approximation of measured specific
conductance (Table 2-4). ’

it was assumed that most laboratories measure ionic
concentrations more accurately than they measure specific
conductance. Experience has shown this to usually be the
case. (See the section on METHODS FOR ASSESSING THE
ACCURACY OF TOTAL DISSOLVED SOLIDS MEASUREMENTS
in Appendix 1.} '

To decrease clutter in the graphs, the data were divided into
three graphs: O to 2,000 yumhos/cm; 2,000 to 10,000
gmhos/cm; and 10,000 to 50,000 ymhos/cm.

Fourteen graphs were constructed: composite graphs of data
from all the laboratories (Figures 2-1 to 2-3) and graphs for
each of the six laboratories (Figures 2-4 to 2-14).

The average percent variations for each laboratory and each
specific conductance range are tabulated in Table 2-5.

2. On another series of graphs, measured specific conductance was
plotted against specific conductance calculated by ionic
concentrations and by anion sums (Figures 2-15 to 2-21). This
permitted a comparison of conductances calculated by ionic
concentrations and conductances calculated by anion sums.

- a.

Graphs were only constructed for those laboratories that have
very accurate measured conductivity values {Edna Wood,
Microbiology Service, and Curtis). These laboratories have a
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Figure 2-17. Graph of CWhassured VEISUS Cwion cone. 8N Cwy ion sum Values ranging between 0 and 2,000 pgmhos/cm. The data are from water
analyses performed by Microbiology Service Laboratories.
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very high correlation between measured specific conductance
and specific conductance calculated by ionic concentrations.
Table 2-5 summarizes the average percent variations for the
ionic concentrations and anion sum methods. -

Analysis of the data base (Figures 2-1 to 2-21 and Table 2-5) generally
substantiates the conclusions drawn from the limited number of samples
examined in Tables 2-1 to 2-4:

1.

The accuracy of specific conductance measurements varies
considerably by laboratory.

a.

A plot of measured specific conductance versus specific
conductance determined from ionic concentrations for all six
laboratories has considerable variation from a perfect
correlation (Figures 2-1 to 2-3). However, separately plotting
the data from each laboratory reveals considerable differences
between laboratories in the quality of the correlation.
Microbiology Service, Edna Wood, and Curtis have very high
and consistent correlations between measured and calculated
specific conductances. For waters with a specific conduct-
ance of less than 10,000 ymhos/cm: the average percent
variation is *3.2 to *7.7 percent, depending on the conduc-
tivity range {Table 2-5). This means that their measured
conductances are apparently very accurate.

Pope Testing and Texas Testing have a much lower correlation
between measured and calculated specific conductance
(*12.6 to *20.4 percent variation for specific conductances
less than 10,000 ymhos/cm}. Apparently, they do not
measure conductance accurately. ‘ ‘

Texas Department of Health specific conductances less than
2000 pmhos/cm are usually within 6 percent of calculated
values. Above 2000 ymhos/cm the accuracy of measured
conductances decreases significantly (*10.6 percent variation).

Specific conductances calculated by ionic concentrations are more
accurate than those calculated by anion sum. There is, however,

not as much difference between the average percent variations for
the data base (Table 2-5) as there is for the thirty samples in Table

2-4.



TABLE 2-5. COMPARISON OF THE ACCURACY OF SPECIFIC CONDUCTANCES
CALCULATED BY THE ION CONCENTRATION AND ANION SUM METHODS

. Cw range No. of lon concentration Anion sum
Laboratory hos/om sa m. les method method
¥ P Average % variation | Average % variation
Microbiology 0-2,000 83 5.4 6.6
Service 2,000 - 10,000 | 25 7.1 8
10,000 - 50,000 5. 13.4 16
Edna Wood 0-2,000 76 5.7 6
' 2,000 - 10,000 10 6.6 9.2
10,000 - 50,000 1 9.3 9.1
Curtis 0- 2,000 59 7.7 7.7
2,000 - 10,000 10 3.2_' 4.4
10,000 - 50,000 4 12.6 13
Pope Testing 0- 2,000 129 13.4 15
- 2,000 - 10,000 13 20.4 19.1
10,000 - 50,000 2 5.9 9.8
Texas Department g-2,000 10 4.4 5.9
of Health 2,000 - 10,000 4 10.6
Texas Testing Q- 2,000 9 12.6 9.8
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3. The deviation between measured and computed specific
conductances increases as conductivity increases.

Diluted conductance is a fourth method of determining specific
conductance. The method is used when the conductivity of a water sample
is beyond the range of the conductivity meter. It is a calculated, rather than
measured, conductivity. Conductivity is first measured with a procedure
that gives only a rough estimation of the actual value. This "measured"
value is then used to determine the dilution factor. The water sample is
diluted with distilled water in order to bring the conductivity down to a
measurable value. The conductivity of the diluted sample is measured and
then multiplied by the dilution factor to give the conductivity of the undiluted
sample. Pope Testing uses this method when total dissolved solids exceeds
5000 mg/l (Pope Testing Laboratories, personal communication, 1990). The
Texas Department of Health uses it routinely.

Unfortunately, diluted conductance yields values that may be grossly
inaccurate {Table 2-1). Actual conductivity is less than diluted conductivity
due to interionic interference. The percent of error increases as salinity
increases. (The next section provides further explanation.) Diluted
conductance is not an acceptable method of measuring conductivity.

Factors Controlling Water Conductivity

Pure water is basically nonconductive'. However, natural waters
contain dissolved mineral matter in the form of electrically charged particles
{ions)?. Electric current flows in water because ions move toward a current
source that neutralizes them. Consequently, the current-carrying capacity or
conductivity of water is a function of the movement of ions.

The movement of ions in water is primarily controlled by the
concentration of the ions (total dissolved solids), the charge of each ionic
species, the radius of each ionic species, the amount of interionic
interference, and the water temperature. Each factor is discussed below in
so far as it pertains to calculating total dissolved solids from logs. For a

|

High-purity distilled or deionized water with no dissolved carbon dioxide has a conductivity of
approximately 0.1 wmhos/cm. Upon reaching equilibrium with atmospheric carbon dioxide, the
conductivity will be approximatély 0.8 pmhos/ecm (Worthington, et al., 1990).

Silica, colloids, and some organic compounds are the exception. In most waters they are not electrically
charged and do not contribute to conductivity {(Hem, 1985).
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more comprehensive discussion of these factors see Hem (1982}, Miller et
al. {(1988), or a physical chemistry text'. ' -

~lonic charge and radius. The current-carrying capacity of an ion is, in
part, a function of.its jonic charge {valence number). Conductivity increases
as ionic charge increases. However, ionic species, with the same charge do
not have thé same current-carrying capacity.  This is because each ionic
species has a different radius®. The larger the radius of an‘ion, the slower it
moves through water and the less it contributes to conductivity. Therefore,
depending on the chemical composition of the water, two waters with
identical total dissolved solids values may have significantly different
conductivities! Thus, in order, to accurately ¢Haracterize different water
types, TDS-Cw relationships must be established on a region-by-region
and/or aquifer-by-aquifer basis. ' . ' '

lon concentration. lon concentration, better known as total dissolved
solids, is the primary control on water conductivity. The greater'the ion
concentration, the greater the current-carrying capacity, and the greater the
conductivity. The relationship between total dissolved solids and specific
conductance is detailed in Chapter 4. '

Interionic interference. As charged particles, ions in a solution interact
with one another. Interionic interference decreases mobility, thus decreasing
conductivity. Figure 2-22 reveals two important effects of interference on
conductivity: | ' ' o

1. For most of the ions that commonly occur in ground waters, the
rate at which conductivity increases declines as total dissolved
solids increases. This is because interionic interference increases.

2. The amount of ionic interferénce‘véries according to the chemical
"~ composition of the water.

Most of the physical chemistry and ground-water chemistry literature deals with dilute zciutions. The
movement of electrolytes in concentrated solutions such as saline ground waters has not been adequately
studied. Moelwyn-Hughes’ observation thirty years ago {1961} is still valid today: "Relatively little
attention has been paid by experimentalists or thearists to the laws of conduction in concentrated
solution.” Fortunately, this does not adversely impact establishing accurate TDS-Cw relationships since
they are empirically derived.

lons actually exist in water in a hydrated state - a layer of water molecules envelops each ion. The net
effect is to increase the radius of the ion,
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Figure 2-22, Conductivity of salt solutions at 18° C {From Moore, 1966}.

a. For sodium chloride {NaCl) type waters up to 50,000 ppm
TDS, the effect of interionic mterference on conductivity is
minimal.

b. For other types of waters such as sodium btcarbonate
{(NaHCOQ,), the effect of interionic interference on conductivity
is significant at well below 50,000 ppm TDS.

Interionic interference has several 1mportant consequences for TDS- Cw
relationships: :

1.

TDS-Cw relationships need to be established on a region-by-region
and/or aquifer-by-aquifer basis in order to conform to the specific
local water chemistry.

Errors may be introduced when extrapolating too far beyond the
range of the data. When the TDS-Cw relationship for a particular
water is used to calculate the total dissoived solids of a
significantly more saline water, the calculated TDS will be too low.
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3. Errors in calculating the TDS value of high salinity waters should be
minimized by the fact that with increasing salinity most waters
become predominately sodium chloride and have a similar TDS-Cw
relationship. -

4. Interionic interference is the reason that diluted conductivity
measurements are invalid. The conductivity of a high salinity
water is less than the conductivity of a diluted sample multiplied by
the dilution factor. This is because the diluted sample will have

" little interionic interference, while the undiluted sample will have
significant interference. The amount of error in diluted conductivity
measurements increases as salinity increases.

Tem’peratur'e Conductivity increases as the temperature of a water
sample increases. Elevating temperature increases the kinetic energy of ions
and decreases water viscosity, which increases ionic movement. The effect
of temperature on conductivity varies according to the ionic species.

Temperature changes can significantly alter conductivity. This is why
conductivity measurements are standardized to a common temperature (25°
C or 77° F). All ground-water water chemistry laboratories in Texas use
77° F. The conductivity value is either measured at 77° F or converted to
an equivalent conductivity at 77° F. Petroleum industry laboratories
surveyed in this study use. 77° F, 75° F, or 68° F. Field measurements may
be reported at sample temperature. or the meter may automatically convert
the measurement to 77° F.

When establishing a TDS-Cw-relationship, specific conductance must
be at 77° F. Also, a wireline log-derived. specific conductance value must be
converted from the temperature of the formation in the subsurface to 77° F
before it is used in a TDS-Cw equation. |

In Ioggmg literature, the Arps equation is the standard formula used to
adjust water resistivity {or conductivity) for temperature changes.! Arps
(1953) used the water resistivity (Rw) of NaCl solutions measured at varying

In much of the literature, the equation is written using 6.77 instead of 7. However, 7 is easier to
remember and is just as accurate given the precision with which formation temperature can be measured.
Arps himself {1953) recommended rounding 6.77 to 7. Etnyre {1989, p. 56- 57) has a good discussion
of resnstwnty temperature canversion equations.
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temperatures to establish an empirical relationship between water resistivity
and temperature. The relationship is as follows:

T, 7Y |
= (2-3)
RW@'T2 RW@n [T2_+' 7] - |
Where:
Rw = water res:sttvuy
T, = temperature in °F at which Rw was measured.

T, = temperature in °F to which Rw is being converted.
7 is a constant when using °F. Use 21.5 for °C

Some log analysts use a sirﬁplified version of the Afps eqtjation:

T | |
Rwgr, = Rwer, ('—1”] - (2-4)

Resistivity is the inverse of conductivity (Cw), so when converting
conductivity to another temperature equations 2-3 'and 2-4 become:

T, +7)
CW@Tz . CW@T‘ [T1 n 7]
and
, Iy .
Cw@Tz = Cw@ﬂ[i] ) ' . ‘ (2-6)
Where:
Cw = water conducttvuy
T, = temperature in °F at which Cw was measured
T, = temperature in °F to which Cw is being converted.

7 is a constant when using °F. Use 21.5 for °C.
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The Arps equatlon is for NaCl type Waters (i.e. most sahne ground
waters). Fresh and slightly to moderately saline ground waters, as well as
some saline, sulfate-rich ground waters, are not NaC! type waters and may
have a different relationship.- In the petroleum literature Worthington et al.
{1990) has issued the most recent caution: "resistivity corrections of non-
NaCl brines with the Arps equation should be verified."

The need to establish temperature conductivity relationships for
different types of ground waters is mentioned in ground-water literature
{(Hem, 1982}, but data are only -available for low salinity, single sait
. solutions. A general rule of thumb commonly-stated in the literature is that
conductivity increases about 2 percent per © C increase in temperature
(Hem, 1982). | ' | '

Unfortunately, conductivity correctrons for non- NaCI type waters have
not been published in either petroleum or ground water literature. Moore and
Kaufman (1983} have come the closest. They determined the actual
temperature-conductivity relationship: for five ocilfield water samples.
Conductivities of the waters ranged from 1,800 to 11,000 ymhos/cm at 77°
F. Their paper includes only a graph of the temperature-conductivity
relationships, not the raw data. Moore (personal communication, 1990)
supplied the actual measurements along with data from a sixth sample. A
water analysrs was only available for the sixth sample. His data are samples
1 through 6 in Table 2-6.

To document the accuracy of the Arps and the 2 percent per ° C
increase in temperature equations for Texas ground waters, six water
samples were selected with conductivities ranging from 1,600 to 38,000
umhos/cm at 77° F.' These samples were selected because each had a
complete routine water analysis, they had various conductivities, and they
were available. The Austin USGS Water Resources Laboratory measured the
conductivity of each sample at eight temperatures from 41° to 104° F.2
The measurements are graphed in Figure 2-23 and listed in Table 2-7. Table

R

Note: Water sample #712 from the Petrolero Corp. #1-3 is.not the same water sample-used in Tables 2-2
to 2-4, although both samples are from.the same well, The first sample was sprlled an additional sample
was gbtained from the well, but the conductivity is higher (38,364 vs. 33 832 gmhosicm).

Measurements were taken with a new Beckman BB1 dip cell. The cell constant of 1.000 @ 25° C was
verified with a NBS Traceable 1,000 us Y.S.). conductivity standard. The instrument uses a General Radio
1656 CGRL impedance bridge. Temperature was controlled by a Forma Scientific water bath to an
accuracy of *0.1° C and monitored with a Guild Line digital thermometer to an accuracy of *0.05° C.
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2-6 lists only the measurements that are within the temperature range
normally of interest to ground-water studies (less than 125° F).

Based on the data compiled in Table 2-6 and Figure 2-23, the following
conclusions are made about published temperature conductivity
relatlonshlps

1.

For the entire data base, the 2 percent per ° C equation has the
smallest maximum variations from measured values {(*7 percent).
The Arps values reach 9 percent variation and the simplifed Arps
values reach 14 percent. However, the variation is less than *5
percent for most of the values from all three equations. This is
within the acceptable accuracy tolerance of conductivity
measurements.

No one equation consistently yields more accurate values.

a. For Moore and Kaufman’'s samples, the simplified Arps
equation clearly is the least accurate. The 2 percent per ° C
- equation is generally more accurate than the Arps relationship.

b. For the Texas samples, however, the simplified Arps equation
generally has the highest accuracy and the 2 percent per ¢ C
equation usually has the lowest.

¢. The equations are such that the simplifed Arps always has the
largest value, the 2 percent per ° C is the lowest, and the
Arps value is in the middle. However, any of the three values
may be the most accurate for a given sample set.

Since the trend of the values is not cons’istent between the two
data sets, the relationship should be determined for some additional -
Texas waters of various types and chemical compositions.

In the absence of further data, any of the three equations will
apparently give acceptable temperature-corrected conductivity
measurements for Texas ground waters (within *5 to *7 percent of
the actual value). However, it appears that the 2 percent per ° C
equation is less likely to yleld extreme values.



TABLE 2-6. COMPARISON OF THE ACCURACY AT WHICH THREE DIFFERENT
EQUATIONS CORRECT SPECIFIC CONDUCTANCE FOR TEMPERATURE CHANGES

. Cw_ . CwW,iad Cw.m
s e #' Temp c ":,.,-':,“ * 9%, from Arps 9% from %
ampte o oc Wuewed | 29570¢ | variation?]| equation | variation? | simplified | yariation®
. : F ' . : . . ‘ equation’
1 - cilfield water 77 25 1,815 '
100 | 38] 2278 2,287 | 0.4 2,313 1.5 2,358 35
120] a8 | 2786 2,686 § -3.6 2747 ) 1.2 2,825 1.4
2 - oilfield water | 77 25 2,208
1o | 28| 2732 2782 | 18 2,814 3 2,865 | 4.9
1201 4| 3.3m 3268 | 1.3 3,341 0.9 3,497 5.6
3 - cilfield water . 65 | 18| 238 ‘
) 100 | 38| 3333 | 3333f o0 3542 | 6.3 3,663 | 10
125 | s2| 4000 | "4000]| © 4,372 ) 4587 | 147
4 - oilfield water K 72 '22 |- 5,988 C N .
121 aa| 9009 8623 | -43 | 9,029 0.22 9,346 3.7
125 | 52 | 10.000 9581 | -4.2 10,017 0.17 10,417 4.2
H Fd . . . v '
S - oilfield water : 67 19 9,524
104 | 40| 13,188 13,524 | 2.8 13,784 4.8 14,286 8.6
1201 a9 | 151852 | 15238 | o8 16,367 8 17,085 | 12.6
6 - oilfield water .:- Ve 77 |- 28 73,529
100.| 38| 89,2886 92,647 | 3.8 83,717 | s 95,493 7
120.| 49 102,040 | 108823 | 6 | 111,272 9 . | 1asar | 123
7 - BRC 58-35-721 77 | 25| 1,227 ’
0] T - rl - - ) ‘ )
Travis Co. 398 104 | 40] 1654 | 1595]| 3.8 1,622 | -2 1,705 3.1
8 - Petrolero Corp. #4-3 - 77 I 28 | 1.0
McMullen Co. 4030° 104 | 40| 2034 | 2093| 29 2,129 4.7 2,175 6.9
9 - Quintana #C-9 o 77. 25 4,008 . ‘
McMullon Co. 3845" 1104 | 40 ] ss10 5210 | -5.4 5206 { -39 | s411| 18
10 - Skinner & Newman #A-11 77 25 | 7.580
McMullen Co. 4634° 104 | 40| 10230 9,854 | -3.7 10023 | -2 10,240 0.1
11.- Skinner & Newman #C-10 77 ]. 25 7,460 A -
McMullen Co. 4660° 104 |- a0 | 10390 | 9698 | -67 9.864 { 5. 10078 | 3
12 - Patrolero Corp. #1-3 77 25 | 38,384 ' ' ] : ‘
McMullen Co. 5633° 104 | a0 | s271s 49,873 | 5.4 50,729 | 3.8 51,830 | 1.7

'Data for samples 1-6 supplied by Vic Moore. Samples 1-5 were used in Moore and Kaufman {1983). The water analyses for Samples 7-12 are in Table Z-2.

Note: Sample #12 is slightly different than the samples used in Table 2-2. However, both samples are from the same well. -
2 For each water analysis, the Cw, ., &t the lowest temperature was used to calculate Cw for each of the other temperatures.
3 Percent variation from Cwy, ...
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TABLE 2-7. MEASURED SPECIFIC CONDUCTANCES AT VARIOUS TEMPERATURES

Measured Specific Conductances

Tg_mp.‘ BRC 58-35- | Petrolero #4-3 | Quintana #C- NeSvlztrr;r;r :A- Nf::::;: :IC- Petrolero #1-3

F i 721 Travis | McMullen Co. | 9 McMullen 11 McMullen | 10 McMullen McMulien Co.
Co. 398’ 4030° Co. 384%° Co. 4634" Co. 4660° 5533’
41 - 768 0 me--- 2,594 4,592 4,663 25,467
50 882 1,229 2,982 5,296 5,256 28,604
59 237 1,393 3,362 5,794 5,931 32,243
68 1,089 1,664 3,760 6,810 6,633 35,654
77 1,227 1,610 4,005 7.580 7.460 38,364
86 1,353 1,791 4,490 8,425 8,170 43,873
95 1,501 1,823 4,970 9,360 9,330 48,048
104 1,654 2.034 5,510 10,230 10,390 52,715




TOTAL DISSOLVED SOLIDS
Chapter 3

Establishing a valid TDS-Cw relationship requires, in addition to
accurate conductivity measurements, a consistent definition of total
dissolved solids {TDS) and a water analysis with an accurate TDS
measurement. This chapter contains a discussion of the various terms used
to describe TDS and the techniques used to calculate the measurement.

Units of Measurement

Describing the amount of dissolved solids in water can be a confusing
task. Through the years a number of units of measurement have been used °
{see Hem, 1985 for a detailed discussion}. Three units of measurement,
which are all equivalent for fresh and slightly to moderately saline waters,
are commonly used today: parts per million by weight {ppm), milligrams per
liter (mg/l) and the new Sl unit, kilograms per cubic meter (kg/m?).
Laboratories in Texas use mg/l or ppm (Table 3-1}. This report uses mg/l
and ppm interchangeably.

Strictly speaking, mg/l and ppm are not equivalent at high
temperatures and concentrations above 7,000 mg/i (Hem, 1985}, since a
liter of water no longer weighs exactly 1 kilogram. Practically speaking,
however, the difference is so slight for fresh and slightly to moderately saline
waters as to be well within the accuracy limitations of logging techniques.
For brines and very saline waters, however, the distinction between ppm and
mg/l is significant and the terms should not be used interchangeably. For
example, a water having a TDS of 50,000 mg/! would contain 50 g of
dissolved solids in a liter and would weigh 1.05 kg. In terms of ppm its TDS
would be 50,000/1.05 or 47,600 ppm.

~ A fourth unit of measurement, not equivalent to the other three, is
grains per gallon (1 grain/gal. = 17.12 mg/l or 1 mg/l =0.058 grain/gal).,
This unit of measurement is not commonly used.

Chemists use a fifth unit, milligram equivalents per liter {meg/! or meq)
or equivalents per million (epm). The units are equivalent. Technically the
term equivalents per million is used when the water analysis is recorded as
parts per million. Milligram equivalents per liter is used when the analysis is
in milligrams per liter (Hem, 1985). This fifth unit of measurement is used to

35
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check the anion-cation balance of a water analysis. Itis a quick, efficient
means of checking the accuracy and/or completeness of a water analysis.
Since all waters are electrochemically neutral, the sum of the anions in meq/i
and the sum of the cations in meqg/! should be equal. (See Appendix |,
GUIDELINES FOR VERIFYING THE ACCURACY OF WATER ANALYSES, for
an explanation of anion-cation balances.} The Texas Department of Health
and some oilfield laboratories report both mg/l and meq/l.

TABLE 3-1. TDS NOMENCLATURE AND UNITS OF MEASUREMENT
USED BY THE MAJOR TEXAS WATER LABORATORIES

Laboratory Nomenclature ‘ Me:sr::e?r:ent
Texas Water Development Board {TWDB} dissolved solids . mg/|
United States Geological Survey (USGS) dissolved solids sum mg/l
Pope Testing Laboratories dissolved residue calculated : ppm
Curtis Laboratories” total solid; , ppm
Texas Testing Laboratories” total dissolved solids o mg/l
Micrabiology Service Laboratories (now Edna Wood)” total dissclved solids calculated ppm
Edna Wood Laboratories total dissolved solids calculated ppm
Texas Department of Health (TDH) total dissolved solids calculated magfl

lab no {onger in business

Nomenclature

In ground-water and petroleum logging literature the amount of
dissolved solids in water is referred to as total dissolved solids (TDS),
dissolved solids, or salinity'. Salinity expfessed as ppm is commonly used in
petroleum logging literature. The terms total dissolved solids and dissolved
solids, expressed as mg/l, are used by the ground-water industry. Water
laboratories in Texas use several variations of the two terms as shown in
Table 3-1. ‘

Total dissolved solids and dissolved solids are not synonymous terms.’
Total dissolved solids is a measurement of all the dissolved solids in @ '

In some fields of science, salinity and TDS are not synonymous terms. APHA "Standard Methods™ (1985}
defines salinity as "total solids in water after all carbonates have been converted to oxides, all bromide
and iodide have been replaced by chloride, and all organic matter has been oxidized” and indicates this
definition is used in oceancgraphy (Hem, personal communication, 1980},



57

specific water sample. Dissolved solids is the sum of all the chemical
constituents that were analyzed in a specific water sample. Since routine
water analyses test for only major constituents, the argument is made that
the term dissolved solids, rather than total dissolved solids, is the more
accurate terminology. Nevertheless, the terms are used interchangeably by
many people, including this author. ' ‘ |

While, technically speaking, total dissolved solids and dissolved solids
are not equivalent terms, practically speaking they can be used
synonymously for a “complete" routine water analysis’. This is especially
true as far as log analysis is concerned because: :

1. A "complete" routine water analysis will come very close to

' determining the total amount of dissolved solids in a water
sample. Such an analysis will test for silica {SiO,), calcium
{Ca**), magnesium (Mg*"*); sodium (Na*}, chloride (CI),
bicarbonate (HCO,}, sulfate {SO,), and carbonate {CO;").
Generally a few other constituents such as fluoride (F), nitrate
(NO,), potassium {K*), manganese {Mn*")}, iron (Fe™"), and
aluminum {Al***) will also be included. For normal ground
waters {those that do not have excessive concentrations of
organics, nitrate, sulfate, or suspended matter} this will cover
nearly. all the natural constituents that occur in concentrations of
1 mg/l or more {Hem, 1985, p. 54). Any other ions present will
make an insignificant contribution to the dissolved solids content
and specific conductance of the water?.

2. The amount of natural constituents not analyzed for in a
"complete” routine water analysis of a normal water will be so
small {less than 1 mg/l for each constituent) as to be well within
the accuracy limitations of logging techniques. |

See Davis {1988) for an excellent editorial on the need for "complete” routine water analyses.

Hem {1985, p. 164) points out that waters having dissolved-solids concentrations over 1000 mg/l tend

to have large concentrations of a few constituents. He has a therough discussion of over forty naturally
occurring ground-water constituents.
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Measurement Techniques =

A matter of important concern is the formula used to.calculate total

. dissolved solids. Two methods have been used: the sum of the measured
dissolved constituents, -and residue on evaporation, commonly labeled
dissolved residue at a specific temperature.

Until the advent of modern analytical equipment, ‘total dissolved solids
was determined by evaporating a known amount of water and then weighing
the residue (called residue on evaporation). The method works well except
 for one shortcoming- bicarbonate is'lost during evaporation.: HCO; is
converted to CO,”, CO,, and H,0 with 50.8 percent of the HCO, driven off
as CO, and H,0 vapor and 49.2 percent remaining as CO,". For waters high
in bicarbonate, and many in Texas are, residue on evaporation yields a TDS
value that is too low by hundreds of mg/l.

With the advent of modern analytical equipment, most laboratories
abandoned residue on evaporation. Today; all the laboratories listed in
Table 3-1 that are still in business use various analytical techniques to
measure each ionic species. The TDS they report is the sum of the
measured dlssolved constltuents

’ Since ‘modern techniques measure 100 percent of the bicarbonate in a
sample, the sum of the measured dissolved constituents will not equal
residue on evaporation, unless an adjustment is made to the bicarbonate
value. With proper adjustment to the bicarbonate value, the two techniques
give the same TDS. The problem centers on which way to adjust the
bicarbonate value -- leave it at 100 percent.or use only 49.2 percent?
Standard pro’ceduré in the ground-water industry is to use only 49.2 percent,
thus converting the sum of the measured dissolved constituents to the
equivalent of a residue on evaporation value. The formula for this
conversion can be written two ways (using concentrations in mg/l) as
follows:

TDS = total of ions + SiO, - (0.508 x HCO,) (3-1)
or

TDS = (0.492 x HCOj) + SiO, + all other ions (32
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The other option is to include 100 percent of the bicarbonate (HCOj)
value. In this case the formula in mg/i is as follows:

TDS = total of ions + Si0, (3-3)

The Texas Water Development Board, Texas Department of Health,
United States Geological Survey, Environmental Protection Agency, and
Texas Testing Laboratories include 49.2 percent of the bicarbonate value.
Edna Wood, Pope Testing, Curtis, and oilfield laboratories include 100
percent. Not ali laboratory reports specify which amount of bicarbonate is.
included in the total dissolved solids value.

Total dissolved solids should include 100 percent of the bicarbonate
value. This is more accurate than using 49.2 percent because: -

1. The total dissolved solids value will include the actual amount of
bicarbonate ions in the water {100 percent). Reporting 49.2
percent of the bicarbonate ions is simply an archaic carry-over
from the days before modern analytical equipment.

2. Water conductivity is a function of all the dissolved ions, including
" 100 percent of the bicarbonate ions. '

3. Water conductivity is one of the primary controls on resistivity and
induction log responses. Consequently, the log responses are
affected by and reflect 100 percent of the bicarbonate
concentration.

4, Many ground waters in Texas are high in bicarbonate, and 100
percent bicarbonate will more accurately reflect the geochemistry
of the waters.

Accuracy

A routine analysis of a normal ground water sample will produce a TDS
value within *5 percent of the actual TDS value (Hem, 1985, p. 163). The
accuracy can be verified by an anion-cation balance, a comparison with
residue on evaporation, or a TDS-Cw relationship (see Appendix |,
GUIDELINES FOR VERIFYING THE ACCURACY OF WATER ANALYSES).
Anion-cation balances and residue on evaporation are the preferred methods.
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One or the other should be included in every water analysis. The TDS-Cw
relationship should only be used when the relationship has been established
by utilizing water analyses in the vicinity of the sample in question. The
United States Geological Survey and Texas Department of Health use anion-
_cation balances. Edna Wood and some Curtis water analyses use residue on
evaporation. Pope, Texas Testing, and some Curtis analyses do not include
an anion-cation balance or a residue on evaporation. o



TDS-Cw RELATIONSHIPS

Chapter 4

Total dissolved solids cannot be calculated directly from wireline logs.
It is estimated by entering a log-derived water conductivity value into a
previously determined TDS-Cw relationship. Consequently, no matter how
good the log data and how accurate water conductivity, a correct TDS-Cw
relationship is critical to TDS calculations. '

This chapter reviews the construction and utilization of TDS-Cw
graphs. Also included is an explanation of the procedures used to construct
TDS-Cw graphs from the Texas Water Development Board Ground-Water
Data Base. :

TDS-Cw graphs are to be constructed according to the'following
guidelines established in Chapters 2 and 3:

1.

Water g:onductivity is controlled by ion concentration {TDS), the
charge of each ionic species, the radius of each ionic species, the
amount of interionic interference, and the water temperature.

Water conductivity (Cw) is primarily a function of TDS, which is
why Cw is the best parameter for estimating TDS.

Water conductivity is, in part, a function of the charge and rad|us
of the ions in the water and the amount of interionic interference.
Two waters with identical TDS values but different chemical
compositions can have significantly different conductivities! Thus,
in order to accurately characterize different types of water, TDS-
Cw relationships must be established on a region-by-region and/or
aquifer-by-aquifer basis.

Water conductivity is a function of all the ions in solution,
including 100 percent of the bicarbonate ions. TDS values should
include 100 percent of the bicarbonate value, not 49.2 percent.
The accuracy of conductivity measurements varies widely among
laboratories (see Table 2-1).
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6. Diluted conductivity is not an acceptable conductivity
measurement. A conductivity value calculated from the ionic
concentrations should be used instead.

7. Conductlwty calculated from ionic concentratlons (Cwon conc) is a
. good quality control check on the accuracy of measured
conductivity. It can also be used when a water analysis does not
include a measured conductlwty The accuracy of Cwlon CO,,'C values
is as follows:

a. Cw,o,, conc, Varies by *5 percent or less from Cwy,queq fOr

. conductivities up to about 35,000 pmhos/cm. "

b. Above 35,000 ymhos/cm, Cw,,, con.. Varies from 6 to *11
percent from Cwy,.cured-

C., CWig, cone. NOrMally exceeds Cwyguarea:

8. As ground waters become more saline, the amount of interionic
interference increases and the slope of the TDS-Cw relationship
tapers off. Consequently, extrapolating too far beyond the range

,-of the TDS-Cw data will give TDS values that are too low.

CONSTRUCTION OF TDS-Cw GRAPHS
' Acquiring the Data

Water analyses are available from a number of different sources. The
ground-water industry is the source for most fresh to moderately saline
water analyses and a few very saline analyses. Almost’all’of the data will be
complete routine water analyses. The petroleum lndustry provides most of
the very saline water analyses and a few fresh to moderately saline water
analyses which are usually mcomplete Sources for water analyses are as
follows: :

1." Teéxas Natural Resources Information System (TNRIS} of the Texas
Water Developmeént Board (TWDB), Ground-Water Data Base. This
is a computerized data base which contains routine water analyses
collected by the Texas Water Development Board. It is the largest
data base in Texas for fresh to moderately saline water analyses.
A few of the analyses are of saline waters. Analyses can be
retrieved by county, aquifer, state well number, and latitude-
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longitude from the TNRIS by contacting their office in Austin.
Locations of the wells having such analyses can be found in
various TWDB files in Austin. This TNRIS data retrieval system
does not provide the convenience of readily identifying and
locating the wells and analyses by well name or well owner. A fee
is charged to retrieve such analyses from the TNRIS files (Bob
Bluntzer, personal communication, 1991). '

The Texas Water Commission, Central Records, Ground-Water
Technical Files. A part of these files have the hard copies of the
analyses in the TNRIS Ground Water Data Base. Such analyses are
provided in a subfile titled "Located Well Data™ which has the
analyses and other information on the related well filed by county
and then by state well number in numerical order. Another part of
these files contains hard copies of some water analyses
(conducted by commercial laboratories) that were submitted by

- water well drillers with their Water Well Reports as required by the
Texas Water Well Drillers Board. Such analyses are provided in
subfiles titled "Drillers Logs Plotted or Unplotted” and are filed with
the related Water Well Reports which are filed by county and then
by partial state well number in numerica! order. Locations of the
wells having such analyses can be found in various TWDB reports
(see Item 3. below) or on base maps available in TWDB files in
Austin. This filing system and related maps do not provide the
convenience of readily identifying and locating the wells and
analyses by well name or well owner. A fee is charged for copying
such data (Bob Bluntzer, personal communication, 1991}.

Texas Water Development Board Publications.

a. Texas Water Development Board Report 157, Volume 2,
Chemical_Analysis of Saline Waters. This volume is a catalogue
of saline water analyses by county and depth. Most entries
include TDS, major cations, major anions, ‘and geological
formation (water-bearing unit). Unfortunately, there is no key to
the well numbers and water resistivity (Rw) is not listed for
most entries. Rw is only listed when the cations and anions are
missing from the analysis. Another drawback is that the source
of the water sample is not given.
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b. Texas Water Development Board Report 157, Volume 1,

A Survey of the Subsurface Saline Water of Texas. This volume
.contains water salinity maps for various aquifers. .’

.. c. Various Texas Water Development Board Ground-Water

Reports. These reports contain complete, routine water

-~ analyses. The well, well owner and in some cases the well
name or number can be identified for each analysis. :These
reports cover a county or a group of counties and can be

<.obtained from the TWDB or from the Texas Water Commission
(TWC) for a nominal. fee. - Those reports which are out-of-print
can be readily examined and used through most large city and
university libraries throughout the state. The TWC library in
Austin also has a complete inventory of these reports (Bob
Bluntzer, personal communication, 1991). Those analyses

- which are for wells given state well numbers in these reports
are also retrievable from the TNRIS (see Item 1. above).

Computer data base. This study compiled a computer data base of
approximately 770 fresh to saline water analyses. The data base
was gathered from major water well drilling contractors and

.ground-water consulting firms. A complete, routine water analysis

is included for most of the entries.

Water well drilling contractors. .Most drilling contractors keep a file
on every well that they drill. A water analysis is usually included in
the file, especially if the well was a public water supply well. Most
of their analyses will be fresh to slightly saline waters. However,
public access to the data is usually limited.

Ground-water consulting firms. These firms have a limited number
of water analyses. However, the data may be proprietary.

Petroleum industry. Various geological, engineering, and logging
societies have compiled Rw (water resistivity) catalogues. A

- minority of the entries will be fresh to moderately saline waters.

Analyses.usually consist of Rw values at specified temperatures;
sometimes TDS is included. The credibility of oilfield water
analyses is directly related to the source of the water sample.
Producing wells are less likely to be contaminated with drilling mud
filtrate. Therefore, they provide more reliable samples than drill
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stem tests, wireline formation testers, and samples from workover
operations. :

Other sources of analyses. Other analyses which are usually of
fresh to slightly saline ground waters are available to the public
from the files of the U.S. Geological Survey (District Office in
Austin and subdistrict offices in Houston, San Antonio, and EFf
Paso); the Texas Department of Health, Division of Water Hygiene
in Austin {(analyses of ground waters from public supply wells,
including cities and rural public water systems); the Austin and
regional offices of the Texas Railroad Commission; and on a very
limited basis, from the files of the Texas Water Commission,
Surface Casing Section and perhaps other sections of the

Commission in Austin (Bob Bluntzer, personal communication,
1991).

Preparing the Data

TDS-Cw graphs must be constructed from an accurate data base. The
data shouid be selected and processed according to the following guidelines:

1.

2.

All Cw values must be in ymhos/cm at 250 C (77° F).-

For Cw’'s measured at temperatures other than 25° C, a conversion

- factor to compute an equivalent Cw at 25° C must be used.

Temperature-Cw relationships vary according to the chemical
composition of the water. _No one has ever quantified the
relationships for the various types of ground waters. Most
workers just use the temperature-Cw relationship of NaCl water
{Equations 2-4 or 2-6). This will result in very little error when
dealing with a laboratory measured Cw, because the temperature
will be very close to 25° C. However, it may be necessary to
measure Cw at varying temperatures on a representative water
sample and compute the relationship in order to make the proper
conversion from downhole temperatures to 25° C.

If possible use Cw's that have been measured with a calibrated
conductivity meter.

Do not use diluted conductivity. Instead, calculate a conductivity
from the ionic concentrations. Most of the water analyses in
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TWDB publications and the Ground-Water Data Base are Texas
Department of Health diluted conductivities.

a. Since 1988 both field conductivities and diluted conductivities
are in the Ground-Water Data Base. Prior to 1988 the TWDB
did not routinely measure field conductivity, so only a few of
the water analyses have both conductivities (Bob Bluntzer,
personal communication,-1991). .

. b. Water analyses from laboratories other:than the Texas
Department of Health will not be diluted conductivities. These
analyses are scattered throughout the data base (Bob Bluntzer,
personal communlcanon 1991).. :

B If possib!e, the Cw value shoufd be verified by computing specific
conductance from either the ion concentrations or the sum of the
anions in meaq/l.

6. TDS values that mclude 100 percent of the blcarbonate value
- should be used.
7. It is immaterial as to whether or not the silica content is included in
the TDS values. Silica content is part of routine water analyses
and is included in the TDS calculation. Theoretically, it should be

-~ subtracted from TDS before comparing TDS and Cw, because silica
does not contribute to the conductivity of most waters (Hem,
1985): But, practically speaking, silica occurs in such.small
amounts {1 to 30 mg/l) in most ground waters that whether or not
it is included in the TDS value will not alter the TDS Cw
relatlonsh:p

8. Graphs should be as "site specific” as possible. Since the TDS-Cw
relationship varies as the chemical composition of the water varies,
it is more accurate to construct a graph for a particular water type
rather than to utilize a few all-purpose graphs. ' If data are
available, a graph should be constructed. for the particular aquifer
and/or geographic area under study.

Plotting the Data

TDS and Cw data can beiplotted on arithmetic, semi-logarithmic, or
logarithmic ({log-log} scales. It.is usually plotted on an arithmetic scale

&
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(Jones and Buford, 1951; Desai and Moore, 1969; Brown, 1971; Hem,
1982; Kwader, 1986) or a logarithmic scale {Vonhof, 1966; Emerson and
Haines, 1974; MacCary, 1980; Fogg and Blanchard, 1986). Turcan (1962,
1966) used a semi-logarithmic scale.

There is no single "correct” scale to use when plotting the data. One's
choice of scales is governed by personal preference, as well as by the nature
of the data set. The following guidelines assist in choosing whether to use
an arithmetic or a logarithmic scale:

1. Logarithmic scales accommodate a wider range of data.
Arithmetic plots work fine when the data have a limited range (e.g.
less than 2000 mg/l TDS). However, it is difficult to plot a wide
range of values on an arithmetic scale and have acceptable
resolution of the data points. Logarithmic scales do a better job in
such cases. ' '

2. For TDS-Cw graphs, logarithmic scales transform a curvilinear trend
to a linear trend. This is necessary in order to apply straight-line
fitting routines to the data set.

3. Changing scales alters the appearance of the data, not the values.
Data plotted on logarithmic scales looks different than data plotted
on arithmetic scales (see Figures 4-1 and 4-2). This can be '
misleading when comparing data plotted both ways. The
differences are as follows:

a. Many data sets that plot as curves on arlthmetlc scales become
straight lines on logarithmic scales.
b. Scatter of the data appears to be less wnth a logarithmic p!ot

Both of these effects are because a logarithmic graph is actually
plotting the logarithms of the TDS and Cw values rather than the
arithmetic values. However, neither scale is inherently better.

4. Changing scales does alter the position of the fitted straight line.
If a data set has much scatter, the line that best fits the
~ logarithmically transformed data will be lower (i.e. the TDS value
will be tower for a given Cw value) than the best-fit line for the
same data plotted on an arithmetic (untransformed) scale {see
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~ Figure 4- 3) An explanation for this is given in Appendix Ii,
GUIDELINES FOR SELECTING AND UTILIZING LINE-FITTING
ROUTINES, step 6. However, if the scatter is small, as is the case
with most TDS-Cw plots, the two lines will nearly be the same.

Either variable can be assigned to the Y-axis {vertical axis). This
manual plots Cw on the X-axis (horizontal axis). The choice depends on the
line-fitting routine that is used. APPENDIX I, GUIDELINES FOR SELECTING
AND UTILIZING LINE-FITTING ROUTINES, step 2 discusses line-fitting
routines.

INTERPRETATION OF TDS-Cw GRAPHS

The chief purpose of a TDS-Cw graph is to predict TDS, .given a
wireline log-derived Cw value. Having plotted accurate and appropriate data,
all that remains is to establish the relationship between the two variables.
This can be done by visual examination of the data or by establishing an
equation (see below) that relates TDS to Cw. The latter procedure is more
common. |

Plots of TDS vs. Cw generally show a very high correlation between
the two variables. Scatter in the data is attrlbutable to a combmatton of two
factiors: : :

1. Errors in TDS and/or Cw measurements. Errors in Cw are generally
larger than errors in TDS (Chapter 2). Cw errors produce scatter
along the X-axis. Errors in TDS cause scatter along the Y-axis.

2. Variations in chemical composition of the waters. This produces
scatter along both the X and Y axes.

Since scatter exists in most graphs, it is necessary to employ a curve-
fitting routine to calculate the most accurate curve fit. - Appendix |i,
GUIDELINES FOR SELECTING AND UTILIZING LINE-FITTING ROUTINES,
provides the rationale for the curve-fitting procedure outlined below.

Choosing Between a Linear and a Curvilinear Fit

The first step in interpretation is to decide between a linear and a
curvilinear fit. For most graphs the bulk of the analyses will cluster below
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Cw values of a few thousand ymhos/cm. In this region the data plots as a
straight line and is accurately characterlzed by the following linear equation:

TDS = a + bCw (4-1)

‘Where: '
a is the Y-axis intercept for the line when Cw = Q.

b is the slope of the line ~ the number of units that TDS
changes for each one unit change in Cw.

Data becomes sparse at higher conductivities. - A plot of the data
starts to curve and the fit is now curvilinear. The equation of the line must
be a power law as follows: ‘

TDS = aCw? (4-2)

Where: :
a is a proportionality constant. It is the log of a in (4-1).
b is an exponent in the nonlinear relationship.

| | |
: Most ground-water literature {e.g. Hem, 1985; Driscoll, 1986) deals
i with fresh water and therefore uses a straight-line equation. In actuality,
| what is used is a simplified version of a straight-line equation. The constant
! a is dropped from equation {4-1) since it has a value close to zero. The

' equation becomes as follows: |
‘! | DS = bCw (4-3)
' Normally, b ranges from 0.55 to 0.75 when TDS includes 49.2 percent of

the bicarbonate value. The TDS-Specific Conductance Relatlonshlp section
in Appendix | enumerates the p055|ble values of b.

Turcan.(1966) used an exponent instead of a multiplier with Cw:

TDS = Cw®
' (4-4)
Where:

‘b = 0.93 for major aquifers in Louisiana.
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Once the data starts to curve, equation (4-4) fits better than equation {4-1)
or {4-3), but not as well as equation {4-2). The problem with equation (4-4)
is that a, which is the Y intercept, is always 1. When b is O, Cwor xis 1.
The origin is therefore always defined as (1,1) and one end of every line is
(1,1). This significantly leverages the data (Etnyre, personal communication,
1990). Figures 4-4 and 4-5 demonstrate the differences that can exist
between the line fit of equation (4-4) and {4-2). The differences may be
small in the main body of the two data sets, but they are usually large at the
fringes (calied the tails). :

The following guidelines should be utilized to choose between a
straight-line and a curvilinear fit:

1. To characterize fresh water, delete the high conductivity analyses,
regress the fresh water data, and use equation (4-1) or {4-3). As
Jong as the relationship is linear, and it normally will be, the data
set can be plotted on an arithmetic scale.

2. Equation 4-2 is used to characterize either the entire range of
conductivity values or just the high values. The data should be
plotted on a logarithmic scale both for convenience and in order to
apply straight-line. fitting routines.

3. Another option is to divide the data set into a linear and a
curvilinear group. The appropriate fit is then used for each group,
rather than using only a power law.

éhoosing the Best Line-Fitting Routine

~ The second step in interpretation is to choose the best line-fit for the
data set. There is no single best procedure. Eight straight-line fitting
routines are common in scientific studies: "eyeballing”, averages, ordinary
least squares, inverse least squares, weighted least squares, robust methods
{including least absolute deviation), least normal squares, and reduced major
axis {Troutman and Williams, 1987).

Fortunately, most TDS-Cw plots have a very high correlation

- coefficient. This means that if one is only concerned with characterizing the
main body of the data set, it makes no difference which line-fitting routine is
used. However, ordmary least squares is most commonly used.
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All eight routines give similar equations and all the equations are reversible.
Also, it makes no difference which variable is plotted on the Y-axis. The
only consideration, as mentioned above, is whether or not a curvilinear fit is
needed.

In order to characterize saline waters, one must focus on the high-
conductivity tail of the graph. Here it does make a difference which line-
fitting routine is used, even when the correlation coefficient is very high.
Scatter in the data is likely to occur in both the X and Y directions due to
measurement errors and variations in water compositions. Therefore, the
best tactic is to use a line-fitting routine that splits the deviations equally
between X and Y, rather than favoring one variable. Doing this also helps to
mitigate the weighting factor that a logarithmic transformation adds to a line
fit. The choice is between reduced major axis and least normal squares.
Reduced major axis is preferred because the equation can tolerate scale
changes. Both procedures will give a similar line and both lines are
reversible. ‘

If the correlation coefficient is not high or if there are problems with
the data set, it may be necessary to use a particular line-fitting routine. In
the rare instance when this is so, refer to Appendix !I, GUIDELINES FOR
SELECTING AND UTILIZING LINE-FITTING ROUTINES, for assistance.

PROCEDURES APPLIED TO THE TEXAS WATER DEVELOPMENT BOARD
TDS-Cw GRAPHS

To illustrate the correct procedure for constructing TDS-Cw graphs, 45
graphs from twelve aquifers were plotted. The graphs are in Volume I,
Section 4, TDS-Cw GRAPHS. The data is from the Texas Water '
Development Board Ground-Water Data Base, December, 1991, The data
was processed according to the following procedures: ' :

1. Only one water analysis per well was plotted, the earliest analysis
having both TDS and Cw.

2. Silica was not included in the TDS calculation.
3. Each aquifer {or portion of an aquifer) was graphed three ways.

The preferred method is b., while a. and c. are alternate methods.
Figures 4-6 to 4-8 are examples of the three types of graphs.
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a. Calculated Conductivity vs. TDS (using 49.2 % bicarbonate)
b. Calculated Conductivity vs. TDS .
c. Diluted Conductivity vs. TDS

TDS was recalculated to include 100 percent of the bicarbonate
value for the two graphs labeled TDS. For the third graph TDS
includes 49.2 percent of the bicarbonate value and is so labeled.

Specific conductance is at 25° C. There is no way to tell if Cw
was measured at 25° C or corrected to 25° C. Most of the
analyses are laboratory measurements, so they were probably
measured at a temperature very close to 25° C.

Specific conductance was recalculated from the ionic
concentrations for the two graphs labeled Calculated Conductivity.
For the third graph specific conductance is as reported on the
water analysis. The vast majority of them are diluted conductances
and therefore the graph is labeled Diluted Conductivity.

The data were plotted on three-cycle log-log paper.

Cw is on the X-axis and TDS is on the Y-axis.

The lines were fitted by reduced major axis.

The equation of the straight line was transformed to a power law.

A correlation coefficient was calculated for each graph.

Table 4-1 compares the TDS-Cw relationships and cofrelation

coefficients for each of the three different types of graphs. Correlation
coefficients are very high for all three (0.999 to 0.947). The graphs
constructed with diluted conductivity have the lowest correlation
coefficients, while there is little difference between the other two.

Table 4-2 was compiled to illustrate the differences among the three

TDS-Cw relationships. !t demonstrates the differences in TDS values
computed from each graph for a constant Cw value (50,000 ymhos/cm). No
~ consistent pattern is evident. The TDS values differ by as much as 24,308
mg/l for a particular aquifer and range from 19,921 mg/l to 62,170 mg/| for
all the aquifers. |
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TABLE 4-1. COMPARI

THREE DIFFERENT DATA SETS
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SON OF TDS-Cw RELATIONSHIPS COMPUTED FROM

Aquifer Calculated Conductivity Calculated Conductivity Diluted Conductivity
{using 49% bicarbonate} Graph Graph
Graph
TDS {mg/l) = r TDS (mg/l} = r TS (img/l) = r
Eastern Carrizo-Wilcox 0.699Cw'°" 0.966 0.598Cw' 0.988 0.906Cw"*™ 0.927
Central Carrizo-Wilcox 0.383Cw'"® 0.998 0.426Cw" o 0.989 0.485Cw' 7 0.984
Western Carrizo-Wilcox 0.398Cw"" 0.993 0.654Cw' " 0.978 0.793Cw"% 0.914
Cenozoic Pecos 0.428Cw" % 0.894 0.744Cw" %7 0.994 0Q.629Cw' %™ 0.937°
Aluvium '
Northern Chicot 0.501 Cw' 0 0.997 0.780Cw" ™ 0.990 2.250.Cw'”4'J 0.987
Centr;il Chicot 0.443Cw"®! 0.998 1.283Cw%9%2 0.982 1.876Cw05® 0.962
Edwards and Associated | ©.347Cw’'9% 0.988 | 1.004Cw®"%® 0.985 0.992Cwo%% 0.962
Limestones ’
Ellenburger 0.3B3Cw*" " 0.949 1.942C0w%"" 0.974 1.564Cw78% 0.945
Evangeline 0.460Cw' o 0.896 0.780Cw" %% 0.991 1.149Cw"%* 0.976
Hickory 0.390Cw'9% 0.992 0.817Cw"? 0.983 0.969Cw" 4 0.977
Hueco Bolson 0.441Cw' % 0.997 0.986Cw"*7 0.888 0.973Cwo** 0.8986
Jasper 0.454Cw'-0¢ 0.992 0.751Cw1010 0.988 1.791Cw0878 0.938
Paluxy 0.311Cw'" % 0.996 1.116Cwo%7 0.980 .1 .30Cwo 0% 0.980
Sparta 0.I461Cw1'°27 0.98% 0.642Cw' 8 0.986 0.651Cw" % 0.971
Travis Peak and Twin 0.374Cw' %% 0.993 1.360Cwo 8% 0.983 1.902Cwo 8% 0.952
Mountains




TABLE 4-2. COMPARISON OF COMPUTED TDS VALUES WHEN Cw =
50,000 ymhos/cm FOR THREE DIFFERENT TDS-Cw GRAPHS
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Agquifer . Calculated Conductivity Calculated Diluted Conductmty
. (using 49% bicarbonate} Conductivity Graph
Graph Graph
' Calculated TDS in'mg/l | Calculated TDS in Calculated TDS in
. mgl . mglfl
Eastern Carrizo-Wilcox 39,367 46,594 33,824
Central Carrizo-Wilcox 37,862 62,170 54,526
Western Carrizo-Wilcox. ' 34,554 37.639. 36,758.
Ceno%zoic Pecos Alluvium 34,823 132,.319 33,659
_Northern Chicot 29,147, . 36,549 19,921 |
Central Chicot 30,977 27,585 20,401
Edwards and Ass.ociated 36‘;,604 43,144 43,092
Limestones
Ellenburger 36,048 24,047, 24,308
Evangeline 31,467 36,549 28,129
Hickory 34,600 37,463 29,454
HuE(;o Bolson_ 31,612 24,935 25,145
Jasper 33,511 41,841 © 23,410
Paluxy 42,997 35,041 29,825
Sparta 30,870 . 38,167 32,904
Travis Peak and Twin 36,181 22,071 21,598

Mountains




AN INTRODUCTION TO BOREHOLE GEOPHYSICAL LOGGING

Chapter 5

Borehole geophysics is the science of measuring and analyzing various
physical properties of the formations encountered in a borehole by means of
wireline logging tools. Synonymous terms are wireline logging and
petrophysics. Well logging and logging are terms commonly used.

The logging tools produce a well log or log. A well log is a paper-strip
graph of borehole depth versus a measured physical property of the
formations. The term log is used to refer to both the logging tool and the
recorded curves. The process of making a log is called running a log.
Professionals who analyze logs are log analysts.

Technically, the terms log, well log, logging, and well logging also
apply to other types of formation evaluation such as mud logs and sample
logs. However, among log analysts and in this text the terms are restricted
to borehole geophysical logs.

Both open and cased holes are logged. If possible, logging is done in
open holes because many tools will not work in cased holes. Cased hole
logs are increasingly used to evaluate formations, but they have historically
been run to evaluate well construction (casing integrity, quality of a gravel
pack, etc.), to measure well productivity (flow rate, etc.), and to correlate
openhole logs.

Table 5-1 lists openhole logging tools according to purpose. Notations
are also included in the table as to which tools work in cased holes.

‘Uses of logs

Wireline logs provide a wide range of information for ground-water
studies. The data can be used for aquifer identification and characterization
and for designing well tests, screen placement, and cement volume. It also
provides the ground-truth for surface geophysical studies. For regional
studies this same data base is used in ground-water modeling. Logs are also
used for stratigraphic correlation, mapping the lateral and vertical thickness
of aquifers and confining beds, and determining depositional facies. The
data available from logs include:

79,



TABLE 5-1. OPENHOLE LOGGING TOOLS

Lithology
SP
Gamma Ray'

Lithodensity
Combination of porosity tools

Resistivity

Electric
Single-Point Resistance
Normal
Lateral
Focused Electrode
Microlog
Fluid Resistivity'
Dipmeter

Induction?

Porosity '
Density {Gamma Gamma)
Dielectric?

Neutron*
Nuclear Magnetic Resonance
Sonic (Acoustic}* '

Borehole Conditions
Borehole Deviation'
Caliper’

Video Camera’

Bedding
Borehole Televiewer
Formation Microscanner

Mineralogy -
Combination of porosity tools
Geochemical
Lithodensity

Temperature'

Flow Meter’

*Tool will work in cased holes.
*Too! will work in nonmetallic casing.
3 ow frequency tools will work in nonmetallic casing.

“Tool will provide quantitative porosity data under ideal circumstances.

80
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1. Aquifer properties

depth

thickness

mineralogy

porosity ‘

water quality (TDS, conductivity, hardness)
radioactivity

temperature

bulk density

rock strength parameters
permeability variations

fractures

depositional facies :
moisture content in the vadose zone
confining beds

2. Borehole characteristics

diameter (including washouts and constrictions)
volume '

static water level

fluid flow (direction and velocity)

3. Stratigraphy

lateral and vertical extent of aquifers and confining beds
depositional facies

Although this study concentrates on techniques for determining water
quality from logs (Chapter 14}, techniques for characterizing the physical
" properties of formations are also covered (Chapters 8 to 13).

Some formation properties can be measured by other methods (e.g.
cores, cuttings, packer tests), but wireline logging is the best or most cost
effective method of acquiring these data. It has the additional advantages of
being immediately available at the wellsite, providing a continuous record of
the borehole, and being repeatable. '
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Equipment
Logging is o | WIRELINE SYSTEM {
accomplished by lowering <o
a measuring device {(called _ k
a tool, sonde, or probe) by CONTROL PANELS , S A
means of a cable (wirgline) ReCoRDEn A §
into a borehole. A winch e T““”‘"’ﬁ\’;v
is used to raise and lower e ID.-""\Q‘, = 75'%
the tool. Measurements re = @Qw]—“’ o
are transmitted up the %
cable to surface recording
equipment (FigU re 5"‘1 ) . The Wireline System {ooks much ke the 1
above picture. Far example, in open hole -
. Iuggmq‘_ the ss-\l-v:nnta\.necll Isr:;‘;.'l: \:::Lfr‘rl\::
The probe is usua”y zlr‘lllg.l: I?ﬁemlulsﬁ IQ':E"JJV;# cr.lrnl:nr\.a\rn:nnt s
atlached o the end ol the wirehne ang
. lowered Into the hole. Tool response 15 sent
housed in a water-proof e
steel housing. It consists e nented i raacre 1og

lormat

of numerous electrical
components for powering
the instrument, processing
the measurements, and
transmitting the signals up
the cable. The probe also
contains some type of
sensor({s): electrodes, _
transducers, radioactivity Figure 5-1. A typical petroleum logging system {From Gearhart,
detector(s), etc. Most 1981). '

tools also have an emitter

of some type (radioactive source, electrodes, etc.). Table 5-2 groups
common openhole tools according to the physical property utilized in the
measurement.

Most petroleum-type tools are built so that it is possible to run various
combinations of tools at one time. This decreases the number of logging
runs, thus saving rig time. Many slimhole tools are multi-parameter tools,
but the measuring devices are usually built into a single probe that Lnnnot be
run in_combination with other probes.

The cable is used to lower the tool in and pull it out of the borehole
and to transmit the data to the surface recording equipment. Petroleum
logging companies generally use a seven conductor cable, which ailows
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GROUPED ACCORDING TO THE PHYSICAL

several parameters to be PROPERTY UTILIZED IN THE MEASUREMENT

transmitted at once. Slimhole
cable is either single or multi-

_ INDUCED

conductor. Single conductor Electrical

cable limits the number of Single-Point Resistance

parameters that can be Normal

transmitted at once, thus Laterald | .

restricting the number of E;g:‘g’lige ectroce

_measurements', t_hat can be built Induction

into a_tool. Digital Felenjetry Fluid Resistivity

te¢chniques and optical fiber Dipmeter

cables are overcoming these Dielectric

limitations. Formation Microscanner

Radioactive _
- Density {G a-Gamm
The surface unit includes sztio‘:]( amma-Gamma)

the wingh, power supply, . Geochemical

processing system, and Acoustic '

recording equipment. Sonic

Conventional logging systems
transmit the data uphole in

Borehole Televiewer
Nuclear Magnetic Resonance

either analog or digital form and

. MECHANICAL
record the data on magnetic Caliper
tapes or floppy disks and on Flowmeter

paper. Slimhole systems are
also beginning to use digital
signals, but most still transmit

Borehole Deviation
Video Camera

analog signals. With slimhole : SPONT;‘:"EOUS
analog equipment the data are Gamma Ray
not stored; they can only be Temperature

recorded on paper. In order to
store the data the system must :
be outfitted with analog-to-digital converters. Many slimhole analog systems
are retroactively outfitted with a converter. Conventional analog logging
systems all utilize analog-to-digital converters.

Conventional Versus Slimhole Logging Systems

Petroleum logging systems are mounted on large customized trucks.
The probes are usually 3% to 6 inches in diameter. Individual probes are a
few feet to 20" feet in length. Probes can be run individually or in
combinations. Tool combinations can reach 100 feet in length. [n this te}xt
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these tools are referred to as conventional tools. They are routinely run in
water wells, but are specifically designed for petroleum wells. Most water
wells that have been logged in Texas were logged with conventional tools.

Slimhole systems are much smaller, ranging from portable,
backpackable units to units that are mounted in a standard size panel van.
Midsized units are portable, but may require two people to move. Slimhole
tools are less than 2 inches in diameter (Table 5-3}. Individual probes are
generally 4 to 8 feet in length. Sonic and guard tools are longer {11 to 20
feet). Many probes make several measurements {e.g. a gamma ray, SP,
single-point resistance, neutron probe). Multi-measurement tools may reach
12 feet in length. Slimhole tools are generally used in the mining and
environmental industries. In Texas stimhole tools are mainly used by
government agencies, a few drilling contractors who own logging
equipment, and mining companies. A few small logging companies in Texas
run slimhole equipment.

There is another group of slimhole logging tools that are 2 to 3 inches
in diameter. They are manufactured by the same firms that make the less,
than 2 inch diameter tools (Table 5-3). The oilfield logging companies also
manufacture a few tools in this size range (e.g. Schlumberger’'s 2% inch
- induction tool). The oilfield logging companies consider 2 to 3 inch diameter
probes to be slimhole tools, while the ground-water/environmental industry
generally defines slimhole as less than 2 inches in diameter. In this study
slimhole is reserved for tools less than 2 inches in diameter.

A variety of slimhole and 2 to 3 inch diameter probes.are available
today (Table 5-3). However, there are limited selections of induction,
microresistivity, and focused resistivity tools. There is a critical need for
more of these tools. All types of porosity tools are available, but many of
the density and neutron tools are count rate devices which cannot be
converted to accurate porosity values. Considerable improvement needs to
be made in the area of slimhole density and neutron tools.

Analog Versus Digital Logging Systems

This section is an abstract of the chapter, "Analog and Digital
Systems," in Hallenburg’s {1984) logging textbook.
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TABLE 5-3. PRESENTLY AVAILABLE OPENHOLE SLIMHOLE LOGGING TOOLS

o
8 £
© o
o g 3 »
c m 2
£ o o -~ =
[= = 0 [-1 - E [=8 0
& 5 t L] 2 o5 2 2
£ = D a = oo w2 c .
E £ 2 2 § o T Efzoe o 3
) o x 0. x S g En o = O]
SP x X X X x X
Gamma Ray X X X X X X
Spectral Gamma Ray x' ! x X
Single-Point X x X X X X
8" & 32" Normal X X X
16™ & 64" Normal X x! X X x? X X
48" Normal X x
Lateral® x' X X X X
Induction x' X ) X
Dual Guard . X
Guard x' x! X X
Microlog X !
Fluid Resistivity x x! X X X
H f 1 1
Caliper X x X X X X
3-Arm Caliper X X X X X X
4-Arm Caliper X x! x X
Density* x' x! X X X X X x'
4.-pi Density X X X X X
Neutron* X X X X X x X X
Sonic x! x' x! x! x! X
Full Wave Sonic x! x! X X
Temperatura X X X X X X X X
Deviation Survey x X X x'
Flow Meter X X x X X X
Dipmaeter x! x! x'
Fiuid Sampler X o X X X

'2 to 3 inch diameter tool.

216" Normal, but no 64" Normal.

3Spacing varies from 40 inches to 18 feet.

*Tool may be count rate only or calibrated to calculate porosity and it may be uncompensated or compensated.
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Analog logging systems utilize electrical signals for data transmission
and processing. The signals correspond in an obvious way (or are analogous
to) the parameter being measured. The signal at any place in the system is
the analog of the parameter being measured. For example:

* A gamma ray tool emits an electrical analog pulse for each photon
created by a gamma ray in the detector.

* Neutron response is often a direct pulse rate output that is directly
proportional to the neutron flux rate at the neutron detector.

Data transmission from the logging probes to the surface
instrumentation is in analog form. A surface module converts the’ analog
signal to a standard measurement which is recorded on a chart recorder.
The analog signal is not stored. |

- Although time-consuming, the analog curve can be digitized utilizing a
digitizing table. Considerable progress is being made in designing quicker
and less expensive methods of digitizing logs.

Digital systems convert the tool-response into a coded signal in the
‘tool. The data is sent up the wireline cable, processed at the surface in a
digital form, and stored in a digital form.

Hybrid systems (analog-to-digital converters) are analog systems with
- digitizing networks at the surface. An electronics module is needed for each
tool. Once the data are digitized, they can be stored and computer-
processed.

Table 5-4 compares the advantages and disadvantages of digital and
analog systems. Hybrid systems have some of the advantages and
disadvantages of each system. ‘

All logging systems were originally analog. Today, nearly all
conventional systems are hybrid, while many slimhole systems are still
analog. Most manufacturers are going to digital systems. Analog to digital
converters are available for existing analog systems.

The big advantage of digital data ié that it can be directly computerw
processed. A number of very sophisticated log analysis software programs
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TABLE 5-4. COMPARISON OF ANALOG AND DIGITAL .LOGGING SYSTEMS

ANALOG SYSTEM

Advantages

" Simple in concept.
Few components and easy to fix.
Relatively inexpensive.

The signal can be examined anywhere
in the system and related to the log
response.

Disadvantages

Requires considerable care and

precision in building, maintaining, and

using.

Components change gradually with
time, temperature, pressure, or
moisture. Thus the output changes
and the tool is out of calibration.

Continuous signals require dedicated
channels. This limits the number of
tools that can be run on a single
pass.

Only real time processing. Therefore,
it can only average on the basis of
past time.

Data not usually stored.

Scale changes require the log to be
rerun.

No computer processing.

High logging speeds distort the curves.

DIGITAL SYSTEM
Advantages

Simple surface system. Little
electronics savvy required to run the
equipment.

Malfunctions usually. produce an unin-
telligible signal, so failures are
evident.

Simultaneous data transmission of all
measurements permits multi-
measurement probes. This reduces
the number of logging runs.

Can use averaging systems other than
time.

Data stored and easily retrieved.
Recorded data can be run at any scale.

Computer processing possible
{smoothing, filtering, environmental
corrections).

Takes care of many routine duties or
forces the operator to do so.

Disadvantages

Complex circuitry.
Very difficult to repair in the field.
Relatively expensive.

Signal must be decoded before it can
be examined.

Digital tools not compatible with analog
systems and vice versa.

{Abstracted from Hallenburg, 1984.}
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are now available for the PC'. Although they.are designed for petroleum
logging, the better programs have the flexibility of being tailored for ground-
water applications.

Computer log analysis has the advantages of speed, accuracy, and
convenience. Log presentations can be easily and quickly changed, data can
be rapidly and easily corrected, and interpretation techniques can be quickly
and easily applied. There is, however, a danger to this type of log analysis.
The log analyst may be tempted to blindly let the logging program make the
decisions as to input parameters, which environmental corrections are
necessary, and how to analyze the data. This leads to a false sense of
security regarding the accuracy of the interpretation. "It is an inescapable
fact.that precise calculations based on incorrect input parameters and invalid
analytical technique are precisely wrong. :

History

Borehole geophysics is a fairly young science. Although its roots can
be traced back as far as Lord Kelvin in 1869 {Hallenburg, 1984}, well iogging
was developed by Conrad Schlumberger, Marcel Schlumberger, and H.G.
Doll in the 1920’s. They adapted the surface geophysical technique of
point-by-point electrical resistivity measurements to a'borehole.

The technology was developed for the petroleum industry. By 1929
oil wells in the U.S. were being logged (Frank, 1986), and within a few years
water wells were also being logged. The earliest log of a water well found in
this study was a 1938 Schlumberger log of a wel! in Houston, Texas.

Table 5-5 is a brief summary of the development of openhole weli

. logging technology. The table includes the major areas of emphasis in each
decade and the dates that tools were introduced. Some of the dates are
approximate since some tools were developed years before they were
commercially available and other tools were reintroduced following an
unsuccessful earlier phase.

The history of well logging revolves around the petroleum industry.
The petroleum logging companies have paid little attention 'to the ground-
water industry. Their decision is simply a matter of economics; ground-

' The annual AugustlSeptember issue of Geobyte carries a PC log analysis software directory.
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TABLE 5-5. HISTORY OF OPENHOLE WIRELINE LOGGING

A superscript number refers to the year in which a tool first appeared.
Much of this material was abstracted from Hilchie {1990).

Lord Kelvin ran a temperature tool in a water well.
A single-point resistance tool was run in a well.
Fluid resistivity and temperature tools were being run.

Schlumberger brothers log the first oil well with a iaferal-type tool.
The technique is called "electrical coring.”

Qualitative log analysis {(primarily correlation).

sp¥ ' Sidewall coring®®
Short normal®? Caliper®®
Long normal® Single-point resistance™®

Continuous temperature™ Gamma ray®®

Quantitative analysis starts.

Gus Archie*’ relates porosity and formation water resistivity to
formation resistivity and water saturation.

Hubert Guyod** explains how to determine resistivity from the
lateral and normal curves.

H.G. Doll*® and M.R.J. Wyllie*® publish on the SP curve.

Count rate neutron®' Resistivity dipmeter®’
induction*® Slimhole ground-water tools*’
Flowmeter*’ Microlog*®

Crossplot techniques; Induction replaces lateral and normal.
Focused tools®® - Sonic®’

Improved instrumentation and porosity tools.

Density®® Dual induction®®
Silicon transistors®® Compensated sonic®®
permit combination tools. Pulsed neutron®®
Cement bond log®' Formation tester®®
Compensated density®? Borehole gravimeter®®

Sidewall neutron®?
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TABLE 5-5 (continued). HISTORY OF OPENHOLE WIRELINE LOGGING

1970’s Computers at the wellsite and digital tools.

Combination logging systems” - . Carbon/oxygen”
Spectral natural gamma ray”’ Dielectric’
Compensated neutron’? _ Photoelectric curve’

Dual laterolog’?

1980’s Digital tools; Personal computer log analysis software; Emphasis
on quality control; Stress on geological information; New cased
hole tools. ' '

Formation microscanner®® Borehole televiewer®’
Slimhole induction®® : : ‘ . <L

1990's Personal computer log analysis software; Nuclear magnetic
- resonance. |

water logging is just not a lucrative enough market to attract their research
and development dollars. However, thls apathy is beginning to be mitigated
'because of increased environmental concerns about and by the petroleum-
industry. J ' '

Ground-water slimhole logging started in 1947 when Hubert Guyod
and Walt Greer started WIDCO (Well Investment Development Co.). They
logged water wells using SP and single-point resistance tools which they
manufactured (Hilchie, 1990).

In more recent years other companies started manufacturing slimhole
tools. The principal market was the ground-water and mining industries.
During the past decade environmental and engineering firms started using

slimhole logs more frequently

Interest in borehole geophysics continues to increase in the 1990's
among ground-water/environmental professionals, but few of them .are
competent in log analysis. Unfortunately, this means that t6o often too little
attention is given to running the proper logging sulte checklng the quality of
the logs, and interpreting the resuits.
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Another problem that has hampered advances in slimhole/ground-water
logging is the lack of capital for research and development. Petroleum
logging has benefitted from the economic incentives provided by exploring
more efficiently for hydrocarbons. Oil companies, as well as logging
companies, have expended considerable sums of money researching and
developing logging technology. Ground-water logging technology has
historically fed off the scraps from the petroleum table. This situation has
improved a little in recent years. Interest in environmental studies has
spurred increased expenditures in ground-water/environmental logging
research by both the government and industry.

Familiarity with the history of well logging technology explains the
status of ground-water logging today. Historical perspective is also
important when doing ground-water studies in Texas, where petroleum and
ground-water logs date back to the early days of logging. Ground-water
professionals will routinely have to use these old logs with their cryptic
terminology and curve shapes. A passing familiarity with the tools will make
one’'s work much easier and much more accurate.

Those using slimhole logging tools in their ground-water/environmentai
studies today must of necessity be familiar with the history of well logging.
Slimhole logging technology has been somewhat frozen in time. Many of
the most popular logs today (single-point resistance, short normal, long
normal, count rate density, and count rate neutron) were abandoned by the
petroleum logging industry in the 1950's. !n petroleum logging literature,
which is 95 percent of all logging literature, these tools are usually given a
cursory discussion. Specialized logging literature that deals with old,
obsolete tools is the main source of information. These references are
discussed in Chapters 8 and 9 and in the Logging literature section of this
chapter.

Several histories of well logging have been published. Hitchie {1990} is
the latest work. He sketches the histories of the early logging companies in
the United States and the development of logging technology worldwide.
Segesman (1980) published a 50-year historical review of well logging.
Johnson {1962) chronicled the history of logging through 1960. Snyder and
Fleming {1985} reviewed well logging developments from 1960 to 1985.
Allaud and Martin {1977) traced the development of the Schlumberger
organization and explained many logging techniques.

\
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Logging Companies

A number of logging companies have developed and merged through
the years. Table 5-6 traces the history of the major petroleum logging
companies. All of these companies have operated in Texas and most of
them have been headquartered in the state. Most of the logs in petroleum
and ground-water well files will be Schlumberger logs, but the other
companies are represented occasionally.

Today the three major petroleum logging companies are Schlumberger,
Halliburton Logging Services, and Atlas Wireline. All three are headquartered
in Houston and have offices throughout the state. They manufacture and
run their own tools. They do not sell tools to other logging companies.

There are also a number of independent petroleum logging contractors
operating throughout the state, most of whom have a single office. They
are simply logging contractors. They neither manufacture nor develop
logging tools. A few petroleum logging companies have branch offices
around the state and a couple of them also manufacture logging tools which
they sell to other service companies. ‘

Ali petroleum logging companies will log water wells. However, they
bring to the job their petroleum-type logging assumptions {see the Petroleum
versus ground-water logging section). This often means that tool selection,
log presentation, and log interpretation are not the best available options.

There are also a few independent logging companies that specialize in
water wells. Tejas is the major one in Texas. Hundreds of water wells in
~north central and northeast Texas were logged by Tejas. Some of these
companies utilize only slimhole tools; some of them run slimhole and
conventional tools and log both ground-water and petroleum wells. A few
drilling contractors, government agencies, and environmental firms also have
slimhole logging equipment.

Slimhole tools are manufactured by several companies (Table 5-7).
Most tools now being run in Texas are from Minera! Logging Systems (MLS},
Comprobe, Century, and Mt. Sopris. Century is the only slimhole
manufacturer operating in Texas that is also a logging contractor.
Halliburton is the only major petroleum logging company that is also a
slimhole manufacturer, by virtue of the fact that it owns MLS.



93

TABLE 5-6. HISTORY OF THE MAJOR LOGGING COMPANIES

Schlumberger
1927

Halliburton
" 1938 Lane Wells
1939
Widcao
1947 Birdwell
1948
Elgen
1953 PGAC
GO 1954
1955
1957
name change
to Welex 19569 oo 1 959
. acquired by
Mandrell
industries
I
1964
1965 acquired by
name change to  Gearhart
Gearhart-Owen
1967 1968 vrmsmmeencs 1 36 8
openhaole logging name change to
) Dresser Atlas
1
Well
Reconnaissance
: a1 97 Y
1980
name change 1981
to Gearhart name change to
Mineral Logging Q
Systems
1984
I 1986
19838 ——=1988 1988 name change to
name change to s=—————e———gacquired by Atlas Wireline Service
Halliburton Halliburton

Logging Services

Logging Services
but still separate

{Modified from Hilchie, 1979}
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TABLE 5-7. PRINCIPLE MANUFACTURERS OF SLIMHOLE LOGGING EQUIPMENT

Century Geophysical Corp.
7517 East Pine

Tulsa, OK 74115

{918) 838-9811

Geonics Limited

1745 Meyerside Drive
Mississauga, Ontario
L5T 1C6 Canada
{416} 670-9204

IFG Corp.

18 Bram Court, #5
Brampton, Ontario
Canada L6W 3R6

(416) 451-5228

Mineral Logging Systems
Box 40498

Ft. Worth, TX 76140
(817) 293-1777

Ovo Geospace

7334 N. Gessner Road
Houston, TX 77040
{713) 939-9700

Auslog

83 Jijaws St.
Sumner Park 4074
Brisbane, Queensland
Australia

Comprobe

9632 Crowley Rd.

Ft. Worth, TX 76134
{817) 293-7333

Hunter/Keck Geophysical Instruments

1099 W. Grand River
Williamston, Ml 48819
(617) 655-4391

Mesa Scientific Inc.
Box 1129

Delta, CO 81416
(303) 874-8881

Mount Sopris Instrument Co.
17301 Waest Colfax Ave.
Suite 255

Golden, CQ 80401

(303) 279-3211

Robertson Geologging Limited
Deganwy, Conwy.

Gwynedd, LL31 9PX

United Kingdom

Phone: 0492 582323

Logging Literature : )

An extensive body of logging literature is available. . During the past
decade the number of logging books increased substantially. Several of
For those who do not want to delve
into the primary sources, these books provide a good summary of logging

these books are excellent references.

technology.
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Appendix V'is. a bibliography of logging books. Order information is
provided for those books published by specialty publishing companies.

The primary journats for borehole geophysical papers are The Log
Analyst and various Society of Petroleum Engineers publications. The Log
Analyst is published by the Society of Professional Well Log Analysts
(SPWLA) which is the professional organization of the science. SPWLA also
publishes the transactions of its annual symposium. Some pertinent articles
are also published in Geophysics.

The vast majority of logging literature deals with petroleum
applications. Keys {1988) and Repsold {1989) have published the only
books on ground-water logging. Hallenburg (1984) has a book on mineral
and engineering well logging, and the Society of Exploration Geophysics has
a three volume set, Geotechnical and Environmental Geophysics, edited by
Ward (1990} which includes a few papers on borehole geophysical
techniques. |

Journal articles on ground-water/environmental logging are similarly
scarce. Occasionally an article is included in an SPWLA publication. The
Minerals and Geotechnical Logging Society, a chapter-at-large of SPWLA,
has a bi-annual symposium with proceedings that usually include a few
papers on ground-water applications. The Society .of Engineering and
Minieral Exploration Geophysicists has an annual symposium with
proceedings that occasionally have a ground-water/environmental logging
paper. Today, the best source of papers is National Ground Water
Association (NGWA) publications: Ground Water, Ground Water Monitoring
Review, and the proceedings of the annual Qutdoor Action Conference on
Aquifer Restoration, Ground Water Monitoring and Geophysical Methods.

Chapter 1 has a list of the best ground-water logging articles. The
November-December issue of The Log Analyst includes an annual
bibliography of logging literature that includes a ground-water applications
section. The first instiilations of this bibliography covered 1975 to 1985 and
selected important papers published prior to 1975 (Prensky, 1987). The
University of Tulsa {1985) published a logging bibliography covering 1965 to
1984. ‘ '

Logging literature is replete with abbreviations. Symbols are used for
almost all logging terms, and every company has its own tool names and
abbreviations. Within this report, symbols and abbreviations are defined °
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when they are first used in the text and periodically throughout subsequent
chapters. Appendix IV is a glossary of symbols used in this text.

Petroleum Versus Ground Water Logging

Logging literature should be read with the realization that most of it is
based on several suppositions that are usually valid for petroleum logging,
but are usually not valid for ground-water logging. Table 5-8 summarizes the
differences between petroleum and ground-water logging. The first three
differences are discussed in Chapter 14.

Ground-water logging approached' from a petroleum-logging
perspective has several pitfalls.” Tool selection and log presentation will not

be the best available options, and water gquality calcuations will have serious
errors. ' )

Despite all the research that
has been conducted on borehole

geophysical techniques, there are ’(\”r— ™ (~ vosarand

still many types of formations that 'E;ii}‘;"y Carsonates

are difficult to analyze. In fact, the - L enates

only type of formation that present " omorstes /(- oemcions
borehole geophysical models and and shaies

tools do an adeqguate job of | :;geﬁmde!s

izing i ' t dat
characterlzmg_ls §hale-free _ | suppor dsa
sandstones with intergranular

porosity and carbonates that have | \/

SABYS
sSpuEs *G-Mmo|

“Apanonpuodybie «

[ e0) PuB BN 'Saulg uoeuasuodyby pue ;o;.j

« Filled conglomerates -
« Tight-gas sands
s Low-parosily carbonales

sodium chloride formation water.

)
PAZNRIUNL-IONNG #

Figuré 5-2 graphically illustrates. this :

point. Although Figure 5-2 is (Conduetmay
referring specifically to petroleum
jogging, it also applies to ground-
water logging.

( Ans0104

* Rock Conductivity

Figure 5-2. Geological environments that pose problems

| . ~ for log interpretation {From Schiumberger, after PSI
Log Presentations Research Proposal, no date).

Petroleum logging companies use a standard APl {American Petroieum
Institute) log format. Some ground- -water/environmental logging companies
also follow this format, while the rest use a wnde variety of presentatlons
This section descrlbes the API format



TABLE 5-8. DIFFERENCES BETWEEN PETROLEUM AND GROUND-WATER LOGGING
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Petroleum LoAgging
Surface conductance negligible

Sodium chloride formation water

Mongvalent ions

Two or three fluids in the pores
{formation water, oil, gas)

8 to 10 inch diameter borehole

Formations are 100% saturated with
water {or hydrocarbons)

Normally openhole

Ground-Water Logging

Surface conductance significant

. Formation water with significant

quantities of calcium and
magnesivm

Divalent ions

Only water in the pores

Borehole diameters vary considerably
Environmental wells are often 2 to
3 inches; water supply wells are

often 12 inches or larger

Environmental logging is sometimes
concerned with the vadose zone

Environmental logging sometimes has
to be done in cased holes

interpret the log. It should always be examined carefully prior to analyzing
the log. An APl format header contains the following information (Figure 5-

3):

Header. The header contains information used to identify the well and

1. Logging service company

2. Types of curves oh the log
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Figure 5-3. Typical API faormat log header.
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3. Specific well information

2 3

°

q.

r.
S.

000 To

Company that operates the well

Well name

Oil field in which the well is located

Location ' |

API serial number

Elevation of the ground level (G.L.), drill floor (D.F.}, and kelly
bushing {K.B.)

Date that the logs were run

Depth of the well as measured by the driller and the logger
Interval logged

Casing diameter and depth

. Bit size

Drilling mud properties {fluid type, density, viscosity, pH, fluid
loss)

. Mud resistivity, mud filtrate resistivity, mudcake resistivity

Temperature of the sample at the time of the resistivity
measurements

Source of the mud sample

Method used to determine mud filtrate and mudcake
resistivities

Bottom hole temperature

Time that logging started

Time that mud circulation ceased

4. Other logs run in the borehole by this service company

5. Equipment information

a.
b.
C.

Truck serial number
Office that supplied the logging truck
Tool serial numbers

6. Personnel information

a.
b.

Logging engineer _
Representative of the company operating the well

7. Remarks section for describing any unusual logging conditions or
log processing
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Slimhole logs may deviate considerably from the APl format. They
sometimes contain additional information, but too often they leave out some

of the information listed above (Figure 5-4).

Log curves. The main body of the log contains the log curves which
are graphs of the physical parameter measured by the tool versus depth.
The API format log consists of three tracks with a depth column dividing
tracks 2 and 3-from track 1 (Figure 5-5}. The log is 8.25 inches wide. Each
track is 2.5 inches wide and the depth column is 0.75 inches wide. Slimhole
logs may not be presented in API format (Figure 5-6), therefore, some of the
following comments may not apply. Inconsistency in log format is the rule

for many slimhole logs.

GEOPHYSICAL WELL LOG - BEEEE |

L .. - PROJECTNO. Peozio M

WELL NAME Korp V- | ff/"ové:k Eemenmiy ) . DATE 3,/ 27-/55 "’j:
COUNTY HicLsmoRovern ; BASIN Mmy_em_(g)__ LATITUDE 27 62 26 7
LOCATION 4/ vz S 14 NE 14, S+ TZIS RZIE  LONGITUDE-82l23% &
WELL DEPTH 7 S0 )(277 97 CASING RECORDAZ. @3¢ @ ;
DEPTHLOGGED Yoo @ 4G5 TOP OR START OF LOG __ 720”279 aboveffelowd.SD g
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Figure 5-5. Examples of horizontal log scales. The logs are shown at a reduced size (From
Schlumberger, no date]. .
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The vertical scale is a depth scale. It is always linear and usually
scaled in either 1, 2, or 5 inches per 100 feet of borehole depth; thus the
logs are referred to as 1, 2, and 5 inch logs. The 1 and 2 inch scales are
divided into 10 foot intervais with heavy horizontal lines every 50 feet
{Figures 5-7 and 5-8), and depths are recorded every 100 feet in the depth
column. The 5 inch log is scaled in two-foot increments with dark lines
every 10 feet and darker lines at 50 and 100-foot intervals (Figure 5-9), and
depths are recorded at 50 and 100-foot intervals.

The 1 and 2-inch scales are called correlation scales, since geologists
find them a convenient scale for doing well-to-well correlations. The 5-inch
scale is for detailed log analysis. With digital data, logs can easily be
reproduced at any scale. Environmental logs are often expanded to greater
than 5 inch scales. '

A log may contain 1, 2, and 5-inch scales or any combination of the
three. Logs reproduced for sale by commercial vendors have been reduced
50 percent, which means that the 5-inch scale becomes a 2.5-inch scale.

The outside border of modern conventional logs, no matter what the
depth scale, has breaks that represent one-minute intervals. The number of
feet between one-minute intervals indicates the logging speed (Figure 5-8).

Horizontal scales may be linear or logarithmic (Figure 5-5). Track 1 is
always linear, while tracks 2 and 3 may be either (Figures 5-9 and 5-10).
Track 1 is reserved for certain curves such as the SP, gamma ray, and
caliper. Porosity and resistivity curves are always in tracks 2 and/or 3.
Different curves may be plotted in tracks 2 and 3 {Figures 5-7, 5-8, and 5-
11} or the curves may be scaled across both tracks {Figures 5-9 and 5-10).
Only resistivity curves use a logarithmic scale and it is most commonly used
on the 5-inch scale.

At the top and bottom of the curves are headings that identify the log
curves and list the scales (Figure 5-9). Back-up or wrap-around scales are
used when the log value exceeds the maximum scale value. The curve
wraps around to the side of the track opposite where it went off scale and
starts again at a new scale. The back-up scale should be included in the
curve scale, but such is not always the case {see the gamma ray curve in
Figure 5-9). Sometimes a curve in track 2 or 3 will continue off scale into
the other track without wrapping around. Even though the other track is not
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Figura 5-10. A § inch per 100 feet depth scale with finear resistivity curves in tracks 2 and 3. This is the
same log as Figure 5-9. The log is the Hickory Sandstone Member of the Riley Formation. The well is the
Texas Water Development Board, Brady Test Hole #1, McCulloch County, Texas {state well number 42-62-

909). The log has been reduced in size to fit the page.
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P

scaled for this curve, the curve is still scaled in the same unit of
measurement.

Sometimes logs are mis-scaled. A knowledge of typical log values in a-
local area will aid one in identifying mislabeled curves. For example,
mislabeled resistivity curves can be spotted by looking at the resistivity
values of the shales to see if they agree with other wells.

Log curves are solid, dashed, or dotted lines. If three resistivity curves
are plotted in the same track, the shallowest investigating resistivity curve is
a solid line, the medium reading resistivity curve is short dashes, and the
deep reading curve is long, heavy dashes {Figure 5-9}. If two resistivity
curves are plotted together, the shallow curve is solid and the deeper reading
curve is dashed (Figure 5-7}). When plotted together, the density porosity is
a solid line and the neutron porosity is a dashed line. These conventions are
often not followed on ground-water/environmental logs which makes for '
confusing, inconsistent log presentations.

. At the bottom of modern conventional logs the notation FR (first
reading) is found on each log curve (Figure 5-9). This denotes the first depth
in the well bore above T.D. (total depth) at which a particular tool makes a
measurement. Long tool combinations mean that some measurements will
start 20 to 30 feet off bottom. Even though a curve continues to T.D. it is
meaningless below the FR point and should not be used in log calculations.
Unfortunately, FR is not printed on all logs so it is necessary to look closely
at the nature of the curve within 30 feet of T.D. With a little practice one
can spot the first reading. Some curves will be flat below FR, while
radioactivity tools will have a limited amount of "squiggles" (Figure 5-9).

On modern conventional logs a tension curve is recorded somewhere
on the log (Figure 5-9). It records the tension on the cable and identifies
intervals where the tool pulled tight. When the tool sticks, it continues to
make measurements, the cable stretches, and the log depths continue to
change. The tension curve allows one to spot these intervals. With
combination tools this interval will not be at the same log depth for every
curve.

During the reproduction of old electric logs track 3 was often cut off
{Figure 5-12). In Texas track 3 contains the long normal curve or the lateral.
Valuable unrecoverable information was lost with this practice.
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The common practice with R L _
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log contains a repeat section of  FyoE75 ™ An old electric log reduced 10 @ 2.5 inch per
200 to 300 feet. Comparison of 100 feet depth scale. Most of track 3 was cut off and the

this section with the main pass long normal curve is barely visible.

allows one to judge the ' .
repeatability of the tools which helps in determining how well the tools were

working. Radioactive measurements will show some slight variations, but
other tools should repeat very closely.

Before and after survey calibrations will also be at the bottom of the
log {Figure 5-13). They document that the tool was working properly both
before and after the logging run. Calibration records are not easy to read.
The particular logging company’s literature must be consulted.
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BEFORE SURYEY CALIBRATION SUMMARY

PERFORMED: 28-JaN-88 10:41 . .
PROGRAM FILE: ISON (VERSION 29.486 00700700 87/01/29) .
DITD ’ ELECTRONICS CALIBRATION SUMMARY
MEASURED CALIBRATED
ZERO PLUS ZERD PLUS UNITS
ILD .45 556.9 0.0 s02.2 MMHO
ILM -.04  546,4 0.0 499.2 MMHO
SFL -.04 536.4 0.0 5¢0.0 . MMHO
ILD SDHKDE ERROR CORRECTJOH = 5.5 MMHO
1LM SDNDE ERROR CDRRECTIDM : 6,8 MMHO

ZERD: 28-JAH-88 10:40 PLUS: 28~JAN-86& 10:41 COMP: 28-JAN-88 10:41

SGTE . DETECTOR ChLIERATION SUMMARY
MERZIURED
EKGD JIG CALTIERATED UNITS
GR to= 268 165 GAP1
CP 29.486 FILE 1 28-JaM-88 10:41

SHOP SUMMARY

PERFDRMED? 29-DEC-87 11:350 }
PROGRAM FILET SHOP (VERSIDH 30.22 00/00/00 87702709

(iS:549 » ICI331

DITD ELECTRONICS CALIBRATION SUMMARY -~
TEST LOOP CALIBRATION TOOL CHECK
MEASURED CALIBRATED CALIBRATED
ZERO PLUS ZERD PLUS ZERD PLUS UNITS
LD =-5.3 533,53 0.0 500.0 0.0 302.2 HMMKOD
ILM -9.5 542.2 L 0.0 300.0 0.0 499.2 MHMHOD
ILD SONDE ERRDR CDRRECTIDON 1 5.5 MMHO
ILM SUNDE ERROR CORRECTIDON 3 6.8 MMHD

Figure 5-13. Before and after survey calibrations for the Dual Induction and gamma ray tools.



THE BdREHOLE ENVIRONMENT AND ITS EFFECTS ON LOG RESPONSES

Chaptér 6

The function of most logging tools is to measure the physical
properties of the formations penetrated by a borehole and then use the
measurements to calculate various hydrogeological properties {e.g. porosity
and water quality). These calculated properties will be correct only if the
logging tools measure the physical properties of undisturbed, unaltered
rocks. Obviously, this is never the case since the rocks have to be disturbed
(i.e. drilled) in order to be logged. In addition to analyzing the formations,
logging tools are also responding to some degree to the type and volume of
borehole fluid, mudcake, and mud filtrate. The only recourse is to measure
the formations in their altered state and then compensate the log responses
for the effects of the borehole environment. Such compensation requires a
thorough knowledge of the borehole environment.

This chapter discusses four characteristics of the borehole that can
significantly affect log responses: drilling method, borehole diameter,
“ borehole fluid, and drilling fluid invasion'. The following discussion is an
introduction to the subject and provides some general guidelines on the use
of borehole environmental correction factors. Hallenburg (1984) and Jorden
and Campbell {1984) have more comprehensive treatments of the subject.
For guidelines as to when correction factors should be applied to particular
tools see Chapters 8 through 13.

The major petroleum-oriented commercial logging companies have
published chart books containing environmental correction curves for their
tools {Figure 6-1 is an example). Charts, called departure curves, are
available to correct for the effects of borehole diameter, borehole fluid,
mudcake thickness, and filtrate invasion. Unfortunately, correction charts
exist for very few of the slimhole tools. '

Temperature and drilling mud column pressure will atfect logging tools if conditions are extreme enough.
However, conventional logging tools are more than adequate for ground-water environments. They are
designed for pressures up to 20,000 psi and temperatures to about 400° F (Rider, 1986). Most slimhole
tools are designed for much less harsh conditions. The sfimhole tool manutfacturer’s specs should be
consulted before logging holes over a few thousand feet deep and more than 200° F. Specialized logging
equipment is available for geothermal wells (Vaneruso and Coguat, 1979; itoh, et al., 1980; SPWLA,
1982). e
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Figuré 6-1. Example of an environmental correction chart. This chart corrects the 64 inch
normal log for the etfects of mud resistivity {Rm} and borehole diameter. Rm must be at
formation temperature (From SPWLA, 1979, after Schlumberger, no date).

Before exerting a lot of effort on borehole environmental corrections
consider the goal of the log analysis and decide whether or not environ-
mental corrections are necessary. Corrections are not required for qualitative
log analysis (e.g. correlation, identifying depositional facies, picking bed
boundaries, identifying simple lithologies, etc.). In fact, they are not always
needed for quantitative log analysis because oftentimes the corrections do
not improve the accuracy enough to make them worth the time and trouble.
However, the only way to know this is to have an accurate characterization
of the borehole and to understand how each logging too! is affected by the
borehole environment. For quantitative analysis (porosity, water quality,
etc.) of critical zones in a particular well, environmental corrections are
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often necessary. For a regional study in which hydrogeological trends are
being delineated from a large number of wells, applylng environmental
corrections to the entire data base may not be expedlent and/or result ina
significant |mprovement in the data. Just comparing offsetting wells may be
sufficient to spot the anomalous Iog values that requnre env:ronmental
correct;ons

This chapter provndes a ground-water mvestlgator wnth the knowledge '
that will allow an informed decision as to whether or not a log needs
borehole envnronmental corrections.

Drilling Method

Accurate log responses are Iargely dependent on choosmg the correct
drilling method and then properly |mplement|ng that method ‘This sectlon
concentrates on the. effects. of different dr:llmg methods on logglng tools

L Most water and petroleum wells are: drilled with the mud rotary
method and most logging tools are desngned to operate in a borehole filled
with dnllmg mud. The most sngnlflcant influences of the mud-rotary method
on logging responses are the presence of drilling fluid in the borehole and
mud filtrate in the formations. Both topics are covered in subsequent
sections of this chapter. S

A few wells are drilled by air-rotary and cable-tool. methods. These
drilling methods do not introduce significant amounts of drilling fluids into
the borehole and the formatlons These dnlllng methods could be consndered
an advantage over mud-rotary drilling. The severe drawback to this ‘
"advantage" is that most logging tools do not operate in an air-filled hole
(gamma ray, induction, and callper are the exceptions}. Induction, neutron
and density tools will operate in an air-filled hole, but air- rotary dnllmg dries
out the rock adjacent to the borehote, which affects the log résponses.

The drilling methods discussed so far have little effect on the physical
properties of the formations penetrated by the bhorehole.? The same cannot
be said for augering, which is a method frequently used to drill shallow

1 Driscolt {1986} and Shuter and Teasdale {1989) are excellent references on ground-water drilling methods.

2 _The effects of drilling- mduced mechanlcal stresses are not |mportant to the routlne log analysns of aquer‘;

in sedimentary rocks.
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ground-water monitoring test holes in unconsolidated sediment. Augered
holes normally have to be cased prior to logging. The unconsolidated
sediment usually slumps around the casing creating an altered zone up to
several inches thick. Many logging tools such as resistivity and SP cannot
measure through casing. Some tools such as the density and neutron probes
can measure through casing, but the accuracy of the measurements is very
questionable. Density and neutron tools have a depth of investigation of
only a few inches, so they may only be measuring the altered zone or a void
behind the casing. Except for the induction and maybe the gamma ray too],
accurate log responses are almost impossible to obtain in augered holes tha
have been cased. o

Improper drilling methods affect the borehole environment by
producing washouts and crooked holes. Washouts are the more common
problem and are discussed in detail in the Borehole Diameter section. =~
Although crooked holes can create serious logging problems {e.g. stuck
probes}, this seldom happens in water wells. Drillers of large-capacity water
wells keep borehole deviations to a minimum in order to comply with strict
drilling specifications. Crooked holes have to be compensated for during the
logging process by using standoffs, centralizers, and compensated tools.

Borehole Diameter

Conventional logging tools are designed to give their most accurate
readings in a 7 7 to 8 inch diameter hole. Slimhole tools are designed for
maximum accuracy in considerably smaller holes {2 to 4 inches). When the
borehole becomes significantly larger or smaller than the optimum diameter,
a correction factor needs to be applied to most logging tool responses.

Enlarged boreholes are the result of the bit size being considerably
larger than the logging tool or washouts developing in a normal diameter
hole. Decreases in hole diameter are created by clay squeezing into the

borehole {mud rings) and by rock shifts in fractured, rubble, and boulder-
gravel zones.

For tools that are centralized in the borehole {sonic, gamma ray, SP,
and mandrel resistivity probes) and for those that stand-off from the
borehole wall (induction), anomalous responses may be due to an increase in
borehole diameter. The volume of fluid around the togging tool increases as
the hole diameter increases; consequently the tool responds more and more
to the borehole fluid and less and less to the rock. Above a certain hole
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diameter, the tool will be responding only to the borehole fluid. A borehole
less than the optimum diameter will also affect the log values of centralized
tools.

For tools that are eccentralized against the borehole wall (neutron and
pad devices such as microresistivity, density, and high frequency dielectric
tools), pad contact is lost when the borehole is rugose {(wrinkled) or
elongate, when the bit size is larger or smaller than the optimum diameter,’
and when the borehole is washed out (Figure 6-2}. This introduces an error
into the log response and necessitates an environmental correction.

A. Borehole diameter C. Borehole diameteris
is 8inches. less than 8 inchas.
B. Borehole diameteris
greater than 8 inches.

Figure 6-2. How a conventional eccentered tool fits in barehales of various diameters,

a. Logging tools are designed to fit an 8 inch hole giving the optimum tool response.

b. and ¢. Pad contact is lost in holes larger or smaller than 8 inches, producing an errof in the log
_ response.

Holes in excess of about 6 inches produce significant errors in tool
response for slimhole tools, and those over 10 inches significantly affect
conventional tools. The chart books for conventional tools routinely have
corrections for boreholes up to 16 inches, and for some tools corrections are
available for up to 24 inch diameter holes. Modified tool designs and new
modeling techniques have made it possible to obtain accurate log values in
holes as large as 24 inches (Kienitz, et al., 1986}. Clenchy {1985) and
Kienitz, et al. (1986) are two good case studies of log responses in large
diameter holes.

! Special positioning devices can be used on pad-type tools if borehole elongation is severe. Unfortunately,

only calipers with four or more arms will characterize the borehole shape and they are not part of normal
logging suites. ’
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The fact that borehole-diameter corrections are necessary for
decreases as well as increases in hole size is often overlooked. However,
corrections for borehole enlargements are more frequently needed because -
washouts and large diameter holes are more common than decreases in hole
size. Borehole enlargements also tend to be of a more severe nature since
there is no upper limit on hoie size, while the minimum hole diameter for safe
logging is usually not much smaller than the bit size.,

Borehole Diameter Guidelines

The following guidelines should be followed before drilling or analyzing

a well:

Before a test hole is drilled

-

1. The intended hole diameter should be compatible with the size of
the logging probes or vice versa. Each logging tool has a
maximum as well as a minimum hole diameter requirement.

a.

oo

The minimum hole diameter for safe passage of conventional

logging tools is 5 to 6 inches. Most slimhole tools will fit into a

2 inch hole, but some require 3 inches. '

For hole diameters greater than 6 inches, conventional logging

tools are preferred over slimhole tools.

An 8 inch diameter hole is ideal for conventional tools.

For hole diameters greater than 12 inches, conventional logging

tools that have been modified for large boreholes should be '

used. Such equipment is not commonly available, so

arrangements must be made with the logging company well in
advance of logging.

If accurate logs are critical to the evaluation of a very large

diameter borehole, it may be advantageous to first drill and log

a smaller diameter pilot test hole.

During the drilling

1. The use of proper drilling tools and practices, and particularly, a
good quality mud and mud monitoring program will control
washouts. o,
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During the logging

1.

‘A caliper log should always be run. It is the only way to measure

the borehole diameter and it is critical for interpreting other logging
curves. '

Porosity tools should be compensated. Compensated tools will
correct for a few inches of washout.

In very large diameter boreholes (more than 16 inches for
conventional tools and more than 8 inches for slimhole tools)
logging probes that are normally centralized in the hole may need
to be eccentralized. ’

Very large diameter holes require tools that have a deeper, lateral
depth of investigation; namely, a long spaced sonic rather than a
normal sonic, density and neutron tools with higher count rates, .
and the deeper reading resistivity tools.

After the logging

1.

The bit size(s) should be determined by looking at the log heading.
if the bit size is much larger than 10 inches, a correction factor will
significantly improve gamma ray, induction, and mandrel resistivity
values. A combined borehole diameter/Rm correction is the first
environmental correction that should be applied to mandrel
resistivity and induction values. "

Anomalous log responses may be the result of unconfirmable
washouts. If a caliper log is not available, there may be hints on
the log header as to the borehole conditions:

a. The time required to drill the well should be determined. An
unusually long time may have produced a very rugose hole.
The logging date is on the header. The spud date is not. It has
to be obtained from the well file for ground-water wells and
from a completion card for petroleum tests. Also, the
shallower the formation in the well bore, the longer it has been
exposed to the drilling environment relative to the rest of the

- borehole, and the greater the amount of washout.
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In the logging literature the term refers to water or drilling mud; air and foam
are not included.' The same convention is followed in this text.

Water in the borehole is essential to mud-rotary drilling and
unavoidable for any drilling process once a significant water-bearing
formation is penetrated. Most boreholes {ground-water and petroleum) are
drilled with the mud-rotary method, and most test holes drilled by other
methods penetrate water-bearing rock, so logging is almost always done in a
liquid-filled hole. In fact, most logging tools are designed for liquid-filled
holes; some tools do not work in air-filled holes and others are very difficult
to interpret (Table 6-1).

- A borehole filled with drilling mud or water is a mixed blessing for
resistivity tools. They cannot function without a conductive borehole fluid
and yet, at the same time, its presence can significantly alter the resistivity
values. (For pad type tools it is the resistivity of the mudcake, rather than
the resistivity of the mud, that affects the tool. Mudcake is discussed in the
next section.) The severity of the influence is a function of the contrast
between the resistivity of the formation and the resistivity of the borehole
fluid (Rm} at formation temperature (see Table 6-1). Remember, it makes no
difference whether the borehole fluid is water, native mud, bentonite mud, or
any other type of mud. The determining factor for environmental corrections
is simply the resistivity of the fluid {(Rm). Rm departure curves are available
for each induction and mandrel-type resistivity tool. The same chart corrects
for borehole diameter. Rm and hole diameter corrections are intimately
linked, since resistivity tools are affected by both the amount of mud and the
resistivity of the mud. Rm/borehole correction charts are discussed in detail
in Chapters 8 and 9.

The density of the borehole fluid influences the gamma ray response;
the denser the mud the lower the gamma ray count (see Figure 10-5). Mud
salinity affects neutron tools (see Chapter 13). Correction charts are
available for these borehole fluid effects. :

Borehole fluid is so closely linked to the Drilling Fluid Invasion section
that guidelines for selecting and characterizing borehole fluids are deferred to
that section.

1 In fact, most logging literature assumes that the barehole fluid is drilling mud.



TABLE 6-1.

120

EFFECT OF BOREHOLE FLUIDS' ON LOG RESPONSES
Borehole Fluid Required for The Effect of Drilling Mud or
Logging Tool Logging Water on the Log Response
Drilling mud Air, foam, drilling Hi§h Ra/Rm ratio? Low F_hiﬂm
or water mud or water : ratio
SP v | . .
Gamrﬁa Ray v -- --
Single Point v Ra too low -
Short Normal v Ra too low --
Long Normal v ‘Ra too high -
Lateral v ' Ra too high -

‘Latero or Guard | v Ra a little high Ra a little high.
Microlog v - --
e o ‘ | oo
Fluid Resistivity v — -

" Induction v -- --
Density {Gamma Ve . _
Gamma) ,

Neutron v? - ; -
Sonic {Acoustic) v - --
Caliper v - -
Temperature v - -
Flow meter v - -

mud {i.e. no barite, KCI, ail-based mud, salt mud, etc.}).

microlatero tools, Rm is actually the resistivity of the mudcake (Rme).

Borehole fiuids are defined as water, normal water well drifling mud, and normal fresh water oilfietd drilling

Ra is apparent resistivity - the resistivity value recorded by the Jogging tool. Rm is mud resistivity - in this

case it denotes the resistivity of whatever fluid is in the borehole. In the case of microguard and

Can be run in air-filled ho!és but porosity calculations are very questionable if the pores are not 100%
filled with water. ‘ :
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Drilling Fluid Invasion

Most boreholes {(ground-water and petroleum) are drilled with mud.
Drilling mud is a mixture of either natural clay or a clay additive and locally
available water from surface sources and/or water-bearing rocks encountered
by the borehole. The clay additive is bentonite, a sodium type montmor-
illonite clay.! Often in water well drilling no bentonite is added; the clay
component is simply formation clays liberated by the drilling process. This is
referred to as native or natural mud. Approximately 50 percent of the wells
examined in this study were drilled with native mud {see the Mud Type
column in the WATER-QUALITY DATA BASE, Section 1, Volume 2}.

The hydrostatic pressure (head) exerted by the mud column is normally
higher than the hydrostatic pressure (head) of water in the formation. This
overbalanced condition forces mud to infiltrate porous, permeable rocks. As
the bit enters the rock, a surge of whole mud invades the pores. As drilling
continues, the rock acts as a filter. The solid constituents (clay additive and
ground-up rock) filter out on the borehole wall forming a mudcake and the
~ water in the mud {mud filtrate) invades the rock displacing the formation
water. Accordingly, the invasion process should be considered in two parts:
an impregnation phase during the surge (or spurt} loss and an infiltration
phase during the mudcake building process.

Impregnation

impregnation occurs only during the surge phase. Mud moves into the
pores until they are plugged by bridging of the particles. The whole process
lasts only a few minutes (Beeson and Wright, 1952) and the average depth
of mud impregnation is only a few inches (Jorden and Campbell, 1984). The
amount of impregnation is controlied by the permeability of the rock, mud
quality, and the pressure differential between the mud column and the
formation water.

The higher the permeability, the larger the pore throat diameter, the
easier it is for mud solids to move through the pores, and the greater the
amount of impregnation. Ground-water aquifers with high permeabilities are
particularly susceptible to impregnation. Since permeability cannot be

1 oitfield drilling mud sometimes contains special additives such as barite, KCI, and ¢il. These additives

seriously effect certain log responses. They ‘are not commonly used and therefore are not discussed in
this text.
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changed, the only way to minimize impregnation is to controi the size

distribution of particles in the mud. The best mud is one that has a broad

range of particle sizes larger than clay. To achieve such-a mud, drilling
contractors should refrain from using desilters (Jorden and Campbell, 1984).

Vuggy-cavernous carbonate aquifers and highly fractured aquifers have
extremely large pore diameters and are even more susceptible to impregna- '
tion. For these rocks the best way to counteract impregnation is to switch

“to reverse air- or mud-rotary drilling. This drilling method has proven very
successful in the Edwards Aquifer (John Hoyt, personal communication,
1990}, alluvium, the Simsboro, the Ellenburger, and in the Florida Peninsula
{Tony Gilboy, personal communication, 1990).

The greater the pressure differential between the mud at the bit face
and the formation water, the greater the amount of impregnation {Glenn, et
al., 1957). A high differential pressure can be created by either excessive
mud weight or excessive pump pressure. Thus both shallow and deep water
‘wells are susceptible to impregnation. The remedy is to keep the mud
weight down below 9.5 Ib/gal and keep the pump pressure down,

Impregnation can affect log responses. For instance, impregnation
may decrease resistivity log values. However, in water wells the effects will
.probably be minimal. The important consequence of impregnation is the
possibility of an irreversible decrease in permeability and a resulting net loss
in well efficiency. Glenn and Slusser (19857) documented this phenomenon.
Although some investigators do not consider impregnation to be significant,
Jorden and Campbell {1984} warn that "if conditions durmg drilling favor
impregnation, formation damage can be expected.”

Infiltration

After impregnation, the mudcake starts to build and mud filtrate
invades the rock. Infiltration continues until an impermeable mudcake forms.
For good quality mud the whole process takes only minutes to hours.
Eventually, filtrate invasion and mudcake formation ceases and the borehole
looks like Figure 6-3. After the borehole is created, mud fills the hole,
mudcake coats porous and permeable formations, formation water has been
replaced by mud filtrate near the borehole in the flushed zone, and between
the flushed zone and the uninvaded zone mud filtrate is mixed with '
formation water in the transition zone. The flushed and transition zones are
often referred to collectively as the invaded zone.
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Figure 6-3. Generalized invasion profile of a porous formation, with nomenclature and abbreviations {Modified
from Frank, 1986, after Schlumberger, no date).
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The width of the invaded zone is referred to as either the depth or the
diameter of invasion (Figure 6-3). The relationship between the two is

diameter of invasion — borehole diameter (g_1)

depth of invasion = 5

The depth of invasion is a function of the porosity and permeability of
the rock, the quality of the drilling mud, and the drilling history. Some of

these factors, plus the quality of the drilling mud, control the mudcake
thickness. '

Mudcake thickness is generally less than % inch. Depth of invasion
varies from less than one foot in high porosity formations to as much as 10
to 15 feet in low porosity formations {Helander, 1983). The flushed zone is
at least a few inches wide.

Mudcake thickness is not controlled by porosity, but depth of invasion
is. If all other factors remain constant {e.g. mud properties, pressure
differential, volume of mud filtrate, etc.), the higher the porosity the
shallower the depth of invasion (Table 6-2). This relationship seems to be
the opposite of what it should be. However, the relationship is true because
as porosity increases, a smaller total volume of rock is needed to contain a
given volume of mud filtrate. Exceptions to this condition are vuggy
carbonates and highly fractured rocks of any lithology. In such rocks,
mudcake formation is extremely difficult due to very large, connected

TABLE 6-2. RULES OF THUMB FOR ESTIMATION OF
THE DIAMETER OF INVASION FROM POROSITY

Porosity Diameter of Invasion
> 20% 2d

15 - 20% | 3d

10 - 15% ' 5d

5-10% 10d

d = borehole diameter From Pirson {1963).
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openings which afford considerable invasion and at times lost circulation of
the mud system. This condition is most frequently encountered in Texas in
the Edwards aquifer and other carbonate aquifers.

Pirson (1963) provided rules of thumb for estimating the diameter of
invasion (Table 6-2). His guidelines are for oilfield test wells, which may or
may not be equivalent to ground-water wells. However, at least they
provide some guidance when considering the effect of porosity on the depth
of invasion.

Very low permeability formations {shales and impermeable carbonates
and sandstones) have no filtrate invasion and no mudcake. Very high
permeability rocks {vuggy-cavernous carbonates and highly fractured
formations) may have deep mud invasion and no mudcake. For rocks in
between the two extremes, if all other factors remain constant, the filtration
_rate is almost the same irrespective of the permeability (Jorden and
Campbell, 1984). This means that there is no correlation between either the
mud filtrate volume or the thickness of the mudcake and permeability. For
these rocks the other factors listed above control the depth of invasion.’

,

The quality of the drilling mud controls the mudcake thickness and has
an influence on the depth of invasion. Native mud, mud with a high mud
weight, and mud with a high waterloss form abnormally thick mudcakes and
have deep depths of invasion.

The drilling history is a principal influence on the depth of invasion.
The more the bit is tripped, the more the mudcake is knocked off and
replaced, -and the deeper the invasion. Often the driller does not mud up
untit a certain depth is reached, which means that formations above this
depth will probably have deeper invasion. Time is a third factor. The longer
that drilling mud is exposed to a formation, the greater the depth of invasion
and the thicker the mudcake (Jorden and Campbell, 1984).

Mudcake affects pad-type logging tools. The pad of a microresistivity
tool rides on the mudcake as the tool is pulled up the well bore. Therefore,
the tool can require a significant correction for both mudcake resistivity
{Rmc) and mudcake thickness (see Figure 9-10). Rmc must be at formation

! Porosity is one of the main controls on depth of invasion and since for many rocks permeability is directly

proportional to porosity, there does end up being a correlation between permeability and depth of
invasion. As with porosity, as permeability increases the depth of invasion decreases.
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temperature. The corrections are discussed in detail in Chapter 9. The
sidewall neutron tool also requires a significant correction. Compensated
neutron and density tools are automatically compensated for mudcake
thickness.

Filtrate invasion affects only the resistivity and induction tools if the
pores are 100 percent saturated with water. (If the pores are air-filled,
filtrate invasion will also affect the density tool.) If the mud filtrate
resistivity (Rmf) and the formation water resistivity (Rw) are different, filtrate
invasion will alter the resistivity of the rock in the flushed and transition
zones. The resistivity of the flushed zone (Rxo) is a function of the mud
filtrate resistivity. The resistivity of the transition zone (Ri} is influenced by
both the mud filtrate and the formation water. The influences of the mud
filtrate decrease Iaterally through the transition zone unt|I uninvaded rock (Rt)
is reached. :

If the filtrate invasion is deep and if Rmf does not equal Rw, the deep
readmg resistivity curve will be significantly affected and a correction factor
will be needed. The only way to determine invasion depth is to establish the
invasion profile by running a series of resistivity or induction tools with
differing depths of investigation (see Figures 9-19 and 9-20). ‘Three
resistivity tools are best; one to read the flushed zone, one for the transition,
and a deep reading curve to reach what may or may not be the uninvaded
zone. If invasion is deep, departure curves are used to correct the deep
reading curve..

Corrections to the deep reading resistivity curve for filtrate invasion are
normally not needed or not practical in ground-water log analysis: ’

1. Most ground water aquers have high porosity, whlch favors
shallow invasion.

2. Some logs only have two resistivity curves. Without a third curve
it is impossible to determine the depth of invasion.

a. Many small-scale, old petroleum logs only have short and long
normal curves. The lateral curve was often cut off during
reproduction of the original 2 and 5 inch scale log to a smaller
scale. The only way to recover the curve is to track down an
original 5 inch scale copy.
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b. Some recent ground-water logs only have the shallow and the
. deep reading curves. A medium reading curve was recorded,
but it was left off the log at the customer’s request. THhis is
done so that the log will conform to the format of older logs

that the customer is accustomed to using.

c. Many slimhole logging suites only have the short and long
normal curves. {These logs may include the single point
resistance curve, but it cannot be used for modeling invasion.}

Chapters 8 and 9 contain additional information on making filtrate
invasion corrections. Hilchie {1979) has a good discussion on the procedure
for correcting normal and lateral curves. Several sets of departure curves
have been published for these tools, but Guyod and Pranglin (1959) have the
best and most accurate. However, all of these curves are complicated and
their use is fraught with a number of difficulties. Correcting latero, guard,
and induction tools is much easier. The techniques are discussed in a
number of logging texts. |

~ The resistivity contrast between mud filtrate and formation water also
influences the depth of investigation of some resistivity tools. Chapters 8
and 9 contain further details on this subject.

Drilling Fluid Guidelines

To minimize and evaluate the effects of borehole fluid, filtrate invasion,
and mudcake on logging tools, the following guidelines should be utilized:

Before a test hole is drilled

1. Design a logging program that takes into account the type of fluid
in the borehole, or vice versa. Remember that most logging tools
. require a liquid-filled hole.

2. Design a logging program that takes into account the expected
mudcake thickness and depth of invasion.

a. A microlog tool requires. mudcake. It wili not work in an air-
rotary, auger, or cable-tool hole even if it is filled with fluid.

b. Moderate to low porosity aquifers will have deep invasion. In
order to determine the depth of invasion and make corrections
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to the deep reading curve, three resistivity curves should be
included in the logging program.

3. A good quality mud program must be designed that is appropriate

for the drilling conditions (see Appendix Ill for details). The mud
properties should be specified in the drilling contract. The
following generalized ranges for each property may need to be
adjusted according to local hydrogeological conditions:

Mud weight: less than 9 to 9.5 Ib/gal. .
Viscosity: 32 to 38 sec/qt. :
Filtercake thickness: less than */,, inch.
Filtrate loss: 12 to 15 cc.

Sand content: less than 2 percent by volume
pH: 8 to 9.5.

Specify the frequency of the tests.

© o000 oo

During the drilling

1.

A good quality mud should be malntalned (see 3. above and
Append:x I"y.

The mud properties should be measured on a regular basis: mud
weight, viscosity, filtercake thickness, filtrate loss, sand content,
pH, resistivity, and temperature of the mud at the time of the
resistivity measurement.

The sample should be taken from the flowline before the mud has
traveled through any surface equipment.

Any signifiéant changes to the mud system should be documented.
The mud circulation system should be well designed.

a. The mudpit design should maximize settling time.

b. The mud pump suction should be kept off the bottom of the
mud pit.

c.. A shale shaker should be used.

d. If necessary, desander cones should be used.

e. The pump pressure should not get too high.
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6. Good drilling practices should be maintained.

During the logging

1.

The hole should be logged as soon as possible after T.D. is
reached. This will minimize the effects of invasion. On rare
occasions it may be desirable to log the hole as soon as a
particular zone is drilled, then drill and log the rest of the hole.

The type of fluid in the hole, density, viscosity, pH, and fluid loss
(filtrate loss) should be recorded on the Iog header.

The logging company should measure the resistivities of the drilling
mud (Rm}, mud filtrate (Rmf) and mudcake (Rmc). If the borehole
fluid is water, all that can be measured is Rm.

a. A circulated sample of the borehole fluid should be used. A
mud pit sample should be used only as a last resort.

b. Rmf and Rmc should be measured rather than calculated.

c. The temperatures of the mud and the filtrate at the time of the
resistivity measurements should be recorded.

d. The data should be recorded on the log header.

The logging company should run maximum recording thermometers
on every logging run, The highest temperature is used for bottom
hole temperature. This will allow the geothermal gradient of the
borehole to be calculated, from which the temperature at any
depth in the hole can be determined. Chapter 14 discusses the
calculations. Formation temperature can also be obtained from a
temperature log. Environmental corrections for Rm and Rmc must
be made at formation temperature.

Any major changes in mud properties during the drilling of the hole
should be recorded in the remarks section on the log header.

A caliper should always be run. It can be used to determine
mudcake thickness if the hole is in gauge.

Porosify tools should always be compensated. Compensated tools
correct for the influence of mudcake.
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Three resistivity curves (not counting the single point resistance)
should be run in order to determine the depth of invasion.

The log heading should be examined for information on the
horehole fluid. The fluid type, density, fluid loss, mud resistivity,
temperature of the mud resistivity measurement, and bottom hole
temperature are especially useful for log analysis.

A combined Rm/borehole size correction is the first environmental
correction that should be applied to mandrel-type resistivity and
induction logs. Rm must be converted to formation temperature
before making the correction. Equation 2-4 is used to make the

Mud resistivities also can be obtained from a mud fog. Ifa |
microlog was run, a mud log may have been made. A mud log is a
recording of the microlog curves as the collapsed tool is lowered
down the borehole. Certain sections of the curve will record mud

a. Spiky intervals are where the tool was bumping against the
borehole. The resistivity value is a mixture of the mud and
borehole resistivities.

b. A flat section over several feet is probably recording mud
resistivity. Shale sections are the best candidates for good Rm
values, since shales often wash out and washouts make it

~easier for the tool to avoid any borehole influence.

¢. The mud log Rm can be compared with the Rm on the log
header. '

d. Old logs of the Trinity aquifer in north and central Texas often
include a microlog and a mud log.

8.
After the logging
1.
2.
conversion.
3.
resistivity.
4,

It must be determined whether or not any of the curves need
corrections for mudcake thickness. . The vast majority of the time
no corrections will be needed.

a. Compensated porosity toois automatically factor out the effect
of mudcake.
b. Sidewall neutron tools require a correctlon for mudcake.
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c. Microresistivity tools require mudcake thickness and Rmc
corrections, but only if quantitative log analysis is being
conducted on a formation (e.g. Resistivity Ratio Method for
calculating water conductivity). Rmec must be converted to
formation temperature before making the correction.

If a caliper was run, it is used to determine mudcake thickness on
zones of interest. The mudcake thickness is % (bit size - borehole
diameter). For a caliper on a conventional density tooi the
mudcake thickness is bit size - borehole diameter. If a formation
has mudcake, no correlation exists between thickness of the
mudcake and porosity or permeability.

There are several kinds of calipers and they vary in their ability to
measure mudcake thickness {Chapter 11).

a. Finger-type caliper arms have small contact areas that will slice
through the mudcake and thus not record it. High-resolution
calipers fall into this category. '

b. Pad-type tools have a larger contact area and a lower contact
pressure. They generally override the mudcake and therefore
give a better measurement of mudcake thickness. Among the
pad devices, density calipers are less sensitive to mudcake
‘because the tool has greater contact pressure and it has a skid
to cut through the mud. | ‘

c. The ability of bowspring calipers to detect mudcake depends on
their design.

d. The ability of common openhole calipers to detect mudcake, in
order of increasing sensitivity, is: density, sonic, microlog, and
3 or 4 arm finger-type caliper.

If a caliper was not run, the log header should be examined for
information on mud quality, which can be used to make an
educated estimate of mudcake thickness. For a critical zone, the
corrections for mudcake thicknesses from % to 1 inch can be
calculated in order to determine the range of possible correct
values.

It must be decided whether or not the deep reading resistivity
curve requires a correction for filtrate invasion. In ground-water
log analysis such correction is usually not needed or not practical.
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High porosity formations (more than 15 to 25 percent):l

The depth of invasion is usually shallow, so the deep,reéding

“curve is little affected by filtrate and reads Rt.

The long normal curve. will read Rt for these formations if the
bed is over 20 feet thick.

“Most ground-water aquifers will be high porosity formations.

b. Low to moderate porosity formations (less than 20 percent):

iii.

The depth of invasion is moderate to deep and filtrate
significantly affects the deep reading curve.

Invasion corrections should only be made when the
resistivity values are being used to determine water quality.
Few ground-water aquifers are low to moderate porosuty
formations. :

9. Three resistivity curves (not counting a single point resistance) are
required to make a correction for moderate to deep filtrate
invasion. Environmental corrections for borehole size, Rm, bed

“thickness, and the resistivity of adjacent beds have to be made
first. Chapters 8 and 9 discuss these corrections in detail.

a.

With Dual Induction-SFL, dual guard-Rxo, and dual laterolog-Rxo

suites, both the diameter of invasion and Rt can be calculated.
b. For old electric logs (short normal, long normal, and lateral) the
accuracy of invasion corrections is very questionable because:

The lateral curve is severely affected by bed thickness. A
bed must be at least 40 feet thick before any confidence
can be placed in the resistivity value.

The diameter of invasion, which the log analyst can only
estimate, is used to select the proper departure curve.
Therefore, the correction will be only as accurate as the
estimation of mvas:on diameter.

10. As Iong as Rmf and Rw are different, it is possible to visually
estimate the depth of invasion. This gives a good approximation
of the influence of filtrate on the deep reading curve {Figure 6-4).
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11. If Rmf and Rw are similar there will be no invasion profile no matter
what the depth of filtrate invasion. The resistivity curves will
stack no matter what the depth of invasion. In such cases the
resistivity logs offer no supporting: evidence as to whether water
samples obtained by packer tests or wireline sampling devices are
actually the formation water.
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Figure 6-4. Generalized invasion profites for estimating the depth of invasion and the effect
of filtrate on the deep reading resistivity curve. The log patterns represent curves that
already have been carrected for all other influences (e.g. Rm, bed thickness, and tool design).



TOOL DESIGN AND ITS EFFECTS ON LOG RESPONSES

" Chapter 7

* This chapter discusses, in general terms, the effect of tool design on
depth of investigation and vertical resolution. For information regarding a
specific tool, consult Chapters 8 through 13, a good reference work such as
Serra (1984) or Helander {1983), or the tool manufacturer’'s technical
literature. :

In addition to being affected by the borehole environment, log
responses are also significantly influenced by the tool design. Of particular
importance is the configuration and spacing of the sensor(s), since it controls
the depth of investigation and vertical resolution of the logging tool. Both
qualitative and quantitative log analysis require an understanding of how the
sensor design affects log curves.

There are basically three types of sensors:

Single sensors. Some logging devices have a single sensor (e.g. an

. electrode in the case of the SP and the single-point resistance tools,
and a sodium iodide crystal in most gamma ray tools}. Theoretically
{i.e. in a homogenous formation with no borehole}, the tool measures a
spherical volume of rock with the sensor at the center. In reality the
shape of the volume is a function of the borehole environment.

Emitter-receiver sensors. Many tools use an emitter or source {e.g.
current electrodes and radioactive source) and a single detector {e.q.
measuring electrode, receiver coil, and radioactivity detector).
Resistivity, induction, and uncompensated neutron and density -
{gamma-gamma) tools are in this category, along with slimhole
"compensated” neutron and density tools that do nothing more than
display the near and far count rates as separate curves. The height of
the volume of rock measured by the tool is approximately the emitter-
receiver spacing.

Dual detector sensors. Compensated sonic, neutron, and density
{gamma-gamma} tools use the difference between the two detector
readings to calculate a formation property. The spacing between the

]
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two detectors is approximately the height of the volume of rock
investigated by the tool.

Remember, logging tools (at least common ones) do not take point
measurements. At any instance in time the sensors are measuring a finite
volume of formation and borehole around the sensors. Therefore, any point
on a log curve is an average value. The shape and dimensions. of the volume
represented by this value are largely determined by the sensor configuration.

The guiding principle is that a greater depth of investigation and an
increase in the vertical resolution are mutually exclusive (Figure 7-1). A
small emitter-to-receiver spacing allows a tool to resolve very thin beds but
the depth of investigation is very shallow. A longer spacing gives a greater
depth of investigation at the expense of the vertical resolution.
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Figure 7-1. As the depth of investigation of a logging tool increases, the vertical resolution
decreases. The 16" short normal {SN) and the 64" fong normal {LN) curves serve as an
excellent illustration of this point. The long normal curve has a much deeper depth of
investigation, but its vertical resolution is much poorer. i does not recognize the thin
resistive beds discernible on the shart normal curve. ’
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Depth of investigation

As stated in the introduction, logging tools take volumetric rather than
point measurements. This means that just as they do not take point
measurements vertically in the borehole, neither do they take discrete
measurements at a certain distance x horizontally into the formation. The
contribution of the formation to the log signal increases in a cumulative
manner, as illustrated in Figure 7-2. Any point on a logging curve, therefore,
represents an "average" value that has both a horizontal component {(depth
of investigation) and a vertical component (vertical resolution).
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Figure 7-2. This figure illustrates what is meant by the terms depth of
investigation and geometric factor., The contribution of the formation to the
log signal increases in a cumulative manner away from the logging tool
(Modified from Rider, 19886).

Depth of investigation is the width of the zone from the logging tool
horizontally into the formation that provides most of the log-response. The
width of this zone is governed by the geometric factor {G) of the tool, which
is a measurement of how the contribution of the formation to the log signal
increases with increasing distance into the formation (Figure 7-2). Ata
given depth into a formation, G designates the percentage of the log
response that is generated by the interval between the probe and the given
depth. Geometric (G) or pseudogeometric (J) factor charts can be
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constructed for all logging tools (Figure 7-3)." For nuclear tools the depth of
investigation is customarily defined as G = 0.9 and for resistivity tools it is
G = 0.5 (Tittman, 1986). For resistivity tools a G of 0.8, on the average,
corresponds to a depth twice the depth of G = 0.5 (Dewan, 1983). In this
report, as in most introductory logging literature, the term depth of

- investigation is used instead of geometric factor.
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Figure 7-3. Pseudogeometric factors for various resistivity tools in an 8 inch diameter barehole {Modified from
Helander, 1983).

The depth of investigation of a iogging tool is a function of the
following:

Technically, the induction log is the only too! for which the concept of geometric factor is reasonably
rigorous (Schlumberger, 1989). The charts for other tools {such as Figure 7-3) are actually pseudo-
geometrical factors, since the geometric factor changes as borehole conditions change. For resistivity
tools a chart is valid for only one set of conditions - there are no all-purpose charts {Schiumberger, 1989},
Nonetheless, such charts are instructive for comparative evaluation of different tools.
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1. The emitter-receiver spacing.

2. The type of measurement being made.
3. The nature of thé formation.

4. The nature of the borehole fluid.

The principal limit on depth of investigation is the emitter-receiver
spacing: the longer the spacing, the greater the depth of investigation (see
Table 7-1). For some logging tools the nature of the logging measurement
itself also determines the depth of investigation (Rider, 1986). For instance,
the depth of investigation for nuclear tools is in large part determined by the
penetration rate of the nuclear particle.

The nature of the

formation (whether or not it is
susceptible to penetration by 6" Borehole
the particles emitted by the ) . ' Volume Producing
tool} also has a significant L, (-5 D 90 % of the
influence on the depth of o 32" m infinite - volume
investigation. For instance, 2 ‘ response
the depth of investigation of 2 24
neutron tools will decrease as 23 & <
- porosity increases (Figure 7- = S ~—— ]
4), g €
§' oL Porosity
The depth of 0% ety
investigation of unfocused '

resistivity tools can be greatly Figure 7-4. Depth of investigation of neutrons as a function of
reduced by excessively saline porasity {Modified from Schlumberger, 1958).

borehole fluids {salt muds}). ' ‘

The mud short circuits the current path. Most of the current stays in the
borehole rather than traveling into the formation.

Logging tools, especially resistivity tools, are classified according to
their depth of investigation. The four catergories are micro, shallow,
medium, and deep reading tools. Micro-reading tools investigate less than a
few inches into the formation. Many of these are pad-type tools {microlog,
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Logging Emitter to  Minimum Minimum bed thickness  Approximate - Percent of
Tool } Recaivar vortical ~  for true log values under depth of circumference of 8 %
Spacing resolution ideal conditions investigation  inch borehole surveyed
inches inches inches inchas
CALIPERS

3-Arm Bow Spring
Recarded with:

Induction Electric 18 . [+] 25%
Compensated Sonic 18 L+] 5%
1-Arm
Compensated Dansity 8 [+] 8%
Sidewall Epithermal :
Nautron 6 . 0 6%
2-Arm
Proximity-Microlog 12 , 0 36%
Microlaterolog : 12 0 . 36%
4-Arm . .
4-Arm Dual Caliper 1 - 0 4%
High Resolution :
4-Arm Diplog . 12 o 50%
5P 12 ] 100%
GAMMA RAY 24 ] 100%
SINGLE POINT. 2-3 2-3 - [} 100%
RESISTANCE
RESISTIVITY
16" Normel 18 24 60 ' 32 100%
64" Normal 84 96 . 240 128 ' 100%
18" 8" Lateral 224 . 240 448 224 100%
Dual Induction
SFL 12 12 12 40 100%
Meadium Induction : 40 48 48 70 100%
Deep Induction 40 48 48 120 100%
Laterolog 3 12 12 24
Laterolog 7 32 32 a0 120
Lateroleg 8 14 \ 14 24
Dual Laterolog
Shallow Laterolog 24 24 30 30 100%
Dseep Laterolog 24 24 30 120 100%
Microlog
Micro Inverse 1 2 1 7%
Micro Normel 2 4 2 7%
Proximity Log 1 12 4 ' 10 7%
Microlaterolog 1 4 7%
PORGSITY . :
Sidewall Sonic 6 Oto 4 4%
Compensated Sonic 12-38 12-36 24 Oto 4 100%
Compensated Denasity 18 18 24 . 4 12%
Compensated Neutron 24 24 - 24. 8 30%

This table provides average values. Values may very depending upon the portlcular brand of logging equipment and the specific borahole
conditions. (Modified from McCoy, ot al., 1980}
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microlaterolog, microspherically focused, and density)'. However, a few are
mandrel-type tools (single-point resistance, neutron, sonic, gamma ray, SP,
and the 4r density)’. For the common openhole Iogs shallow, medium, and
deep investigating devices are all mandrel-type resistivity tools. Shallow tools:
investigate only a foot or two, medium tools read approximately 2 to 6 feet,
and deep resistivity tools measure 6 to 20 feet into the formation. Borehole
conditions and the porosity of the rock {see Chapter 6) determine the actual
depth of investigation in a given situation. Table 7-1 lists the approximate
depths of investigation for common openhole tools under ideal
circumstances.

Depth of investigation is mainly of concern in regard to resistivity tools,
since the log value will be significantly altered depending on how much of
the invaded zone the tool is responding to. Deep investigating tools usually
read the resistivity of the uninvaded zone. Micro-resistivity tools read the
mudcake and/or the flushed zone. Shallow reading tools measure the -
invaded zone, and medium reading tools measure the invaded or uninvaded
zone (Figure 8-3). Chapters 6, 8, and 9 discuss how resistivity tools with
varying depths of investigation are used to characterize the invaded zone.

When designing a logging program or evaluating a log curve, depth of
investigation must be kept in mind when considering the effect of the
borehole environment on a log response. This relates back to several of the
points made in Chapter 6, THE BOREHOLE ENVIRONMENT AND ITS
EFFECTS ON LOG RESPONSES. Also, the depth of investigation of a
particular logging tool is not a single value. It varies according to the nature
of the formations and the borehole conditions. Depth of investigation is
important in ground-water and environmental logging for the following
reasons: '

1. Micro-reading tools (microresistivity, density, neutron, sonic,
gamma ray, and single-point resistance) will not be recording true
rock properties if:

é. The drilling method (e.g. augering} has disturbed the formations
for a few inches away from the borehole.

Pad -type tools have the sensors mounted in a pad that must be pressed against the borehole wall. (For
further details see Chapter 8).

Mandrel-type tools consist of a probe that stands away from the borehole wall. {For further details see
Chapters 8 through 13.}
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b. The formation is washed out. Instead of recording rock
properties, the tools will record a combination of rock and
borehole fluid properties. Pad-type tools are adversely affected
when the washout is of such a nature that pad contact with
the formation is lost. The single-point resistance which is a
micro-resistivity tool, will be adversely affected when the

~ washout is greater than a few inches.

c. The mudcake is too thick. This will adversely affect
microresistivity and uncompensated porosity tools. The log
response will include too large a contribution from the
mudcake.

Such conditions will yield porosity calculations that are too high
and specific conductances calculated by the Resistivity Ratio
method that are either too high or too low. ‘

For specific conductance calculations that utilize Rt and Rxo, it is
very important to make sure that the depth of investigation of the
resistivity tools for a particular set of borehole conditions is such
that the tools actually read Rt or Rxo. |
In extremely large boreholes, mandrel-type tools with micro or
shallow depths of investigation may record little more than the
properties of the borehole fluid.

Vertical Resolution

The vertical resolution of a Idgging tool determines how well the too!
delineates bed boundaries and how accurately it measures a particular-
physical property of a bed. Vertical resolution depends on several factors:

1.

2.

The emitter-receiver spacing.
The type of measurement being made.
The contrast between adjacent beds.

Auxiliary too!l responses.

 Time constant and logging speed.
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The emitter-receiver spacing, which is itself governed by the type of
measurement the tool makes, is the main control on vertical resolution.
These two factors control the voiume of formation that the tool investigates.
At any point on the log, the tool is measuring a volume of rock ‘with a
vertical dimension equal to the emitter-receiver spacmg

A logging tool will make a true measurement and delineate bed
boundaries only if the bed is thicker than the emitter-receiver spacmg A bed
~that is thinner that the emitter-receiver spacing may be to some degree
identifiable on the log, but the true log value will be unattainable. The bed
will only contribute some percent x of the log response. The thinner the
bed, the smaller the contribution, until the bed disappears (Figure 7-5).

Emitter- Bed Log
Receiver Thickness Response
Spacing ' ' !
L ————
|
i |
‘ Aty
L
Wl ? ’
' ' == True formation value
. u — === Tool response
r M |
I
| 1

Figure 7-5. Beds dlsappear on a log curve as they become thinner than thé emitter-receiver
spacing.

Table 7-1 lists the emitter-receiver spacing, minimum vertical
resolution, and minimum bed thickness for true log values under ideal
conditions for common openhole tools. The values are averages.
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The emitter-receiver

spacing also determines the Bed , Emitter- Log
sharpness of bed boundaries. Boundary Receiver Response
The smaller the spacing, the ‘ Spacings
sharper the bed boundary e tee, '
(Figure 7-6). PRRRAA N

c'n".".-.-:. l V4

o. - 'o - L3 ot ,

The effect of bed - - o~ I | Rehort soaci

thickness' on verticali —_ - I k L epnena
resolution was largely covered — - - Leng spacing

in the previous paragraphs on
emitter-transmitter spacing.
The thinner the bed, the harder Figure 7-6. The sharpness of a bed boundary depends on the
itis for a |Qgging tool to emitter-receiver spacing.

delineate the bed and measure

a particular physical property of the bed. As a bed becomes thinner, its log
response takes on more and more the characteristics of the adjacent beds.
Hartmann (1975} quantified how the vertical resolution of different logging
tools varies according to the contrast in bed thickness between adjacent
beds. Figures 7-7 to 7-9 illustrate the effect of bed thickness on the vertical
resolution of resistivity tools. Departure curve corrections for bed thickness
are discussed in Chapters 8 and 9. ’

Resistivity tools are sensitive to the resistivity contrast between
adjacent beds, as well as being sensitive to the contrast in bed thicknesses.
The resistivity contrast affects both the resistivity readings and the vertical
resolution of the curves. The greater the contrast the poorer the vertical
resolution and the greater the effect on resistivity values. Departure curves
are available to correct for the effects of adjacent beds. The same chart
corrects for bed thickness. Bed thickness and adjacent bed corrections. are
closely linked, since resistivity tools are affected by both the resistivity and
the amount of an adjacent bed that a tool averages in with a particular
measurment. Bed thickness/adjacent bed correction charts are discussed in
Chapters 8 and 9. Figure 7-10 illustrates how the vertical resolution of a
iaterolog varies according to the resistivity contrast between adjacent beds.

' The abbreviation for bed thickness is h, but in the literature prior to the 1960's @ was used.

[}
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Figure 7-7. Effect of bed thickness and emitter-receiver spacing on resistivity log responses in
a sandstone with thin interbedded shales. Long spaced tools give very little indication of the

thin shale bed {Modified from Hartmann, 1975).
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Figure 7-8. Effect of bed thickness and emitter-receiver spacing on resistivity log responses in
a shale with thin interbedded sandstones. Long spaced tools give very little indication of the

thin sandstone beds (Modified from Hartmann, 18765).
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PORCUS LAYER WITH
100% WATER SATURATION

NON-POROUS LAYER

Porosity

Figure 7-9. Effect of bed thickness and emitter-receiver spacing on resistivity log responses in

a carbonate with alternating porous and nonporous intervals, Many of the porous intervals are
very hard to identify with the long spaced tool {Modified from Hartmann, 1975).
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-

Thin resistive bed surrounded by
thick conductive beds.
A.

Thin conductive bed surrounded by
thick resistive beds.
B.

Figure 7-10. Vertical resolution of a laterolog varies according to the resistivity contrast between the beds.
A. could be a sandstone with fresh to slightly saline water surrounded by shale. B. could be a porous

carbonate with water of any salinity surrounded by very low porosity carbonate (From Dresser Atlas, 1982).
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Auxiliary tool responses, which are a product of tool design, aiter log
values and distort or hide bed thickness. They are common to normal and
lateral curves {see Chapter 8 for further elaboration).

Time constant and logging speed affect only the nuclear tools. Nuclear
reactions are random by nature, so it is necessary to accumulate counts over
a span of time (called the time constant}) and then use the mean as the log
value (Serra, 1984). The time constant needs to be chosen according to the
count-rate level of the formations and the particular tool design (type of
detector, strength of the nuclear source, etc.). The logging speed is
adjusted so that the tool moves 1 foot in one time constant period (see
Table 7-2). The faster the tool moves, the poorer the vertical resolution and

the less accurate the log values (Figure 7-11).

TABLE 7-2. RECOMMENDED MAXIMUM LOGGING SPEEDS

" Logging Maximum
tool logging speed’
| (ft/min)

SP 1007
Induction : 1007
Sonic 70 -
Later'olog 50*
Microlaterolog f 20
Neutron ' 30

GR : 20
Density 15

'"These are generalized speeds. The actual value varies
with specific tool design.

The logging speed is noted on modern conventional logs by a break in
the vertical grid-lines at the left and right edges of the log (Figure 7-8).
Every break represents one minute of logging time. Slimhole logs and old
conventional logs do not have this notation. Some slimhole tools note the
logging speed on the log heading, but there is no way to be sure this was
the actual speed. '
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Figure 7-11. Effect of detector length and speed of logging on the vertical resolution of the
gamma ray curve. A detector of zero length illustrates how increasing the logging speed
distorts vertical resolution. For a detector of finite length distortion is due to detector length
and movement during the time constant (From Pirson, 1963).
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Different types and different brands of fogging tools vary in vertical
resolution due to differences in emitter-receiver spacing and other aspects of

tool design. The following conditions explain the differences observed when
comparing different logging curves:

1. Measurements made by different brands of the same logging tool
will not be identical (although they should be very close). Figure 7-
12 illustrates this principle with two sonic tools. The conventional
compensated sonic is in good agreement with the slimhole sonic.
The differences are largely due to variations in tool design.

2. Measurements made by different types of resistivity tools do not -
agree, even when there is no invasion (which occurs when there is
no porosity or when formation water is the only fluid in the
borehole). Figure 7-13 demonstrates this. There is no invasion in
the formation so the three curves, each with a different depth of
investigation, should read the same. They do not, however, due to
differences in vertical resolution. The shorter the emitter-receiver
spacing, the smaller the volume of rock measured for any
particular point on the log, the sharper the bed boundary, and the
more accurate the resistivity value. The "invasion profile"” seen in
the thin beds {e.g. 776 feet, 856 feet, 875 feet, etc.) is simply an ‘
artifact of the varying vertical resolutions. It is not caused by a
horizontal resistivity gradient in the formation water due to mud
filtrate invasion. ' '

3. Count-rate gamma ray curves {most slimhole tools) may appear to
have better vertical resolution than curves scaled in APl units
{conventional logs). Statistical variations in the gamma ray count,
‘which have no relationship to vertical resolution, give count-rate
curves their spiky appearance. When the counts are standardized
to API units, the statistical variations may also be filtered out
resulting in a curve that is smoother. Figure 7-14 illustrates this.

Vertical resolution is not critical for the log analysis of ground-water

aquifers that have very high transmissivities {e.g. highly porous carbonates
such as the Edwards and thick, massive sands like the Carizzo-Wilcox). It is
critical, however, in sandstone aquifers which have interbedded shale or
tightly cemented zones {Trinity and north central Texas Paleozoic aquifers),
aquifers that produce mainly from fractures, and carbonate aquifers that.
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Figure 7-12. A comparison of the vertical resolution of a slimhole and a conventionat sonic toel. The two are
in good agreement. The differences are largely due to variations in tool design. This weli is in the Edwards
aquifer, New Braunfels, Texas. The well is the Edwards Underground Water District, A-1 (state well number
68-23-616). The bit size is 7 ".inches. The borehole fiuid is formation water.
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Figure 7-13. Effect of vertical resolution on resistivity curves. There is no invasion in the formation {the well
was drilled reverse air-rotary). The curves do not overlay in thin beds becasue each tool has a different
vertical resolution. The SP is flat because the borehole fluid is the same as the formation water. IDPH =
Phasor Deep Induction, [IMPH = Phasor Medium Induction, SFLU = Unaveraged Spherically Focused Log.
This well is in the Edwards aquifer, New Braunfels, Texas. The well is the Edwards Underground Water
District, A-1 (state well number 68-23-616}. The bit size is 7% inches. The baorehole fiuid is formation water,
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Figure 7-14. Difference in appearance of a gamma ray curve scaled in API units versus the same curve scaled
in count rates. The well is in the Ellenburger Group, McCullouch County, Texas. The well is the TWDB, Brady
Test Hole #2 {state well number 42-62-910). The bit size is 7% inches. Bm is 14 ohm-meters and Rmt is 9.5
ochm-meters at formation temperature (732 F). Mud density is 10.2 Ib/gal. Figure B-14 is also from this
interval.
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have interbedded porous and tight zones (Ellenburger). Fighre 7-15
illustrates how the excellent vertical resolution of the microlog is invaluable
in determining the net feet of sand and screen setting in this Trinity well.

Vertical resolution is also important for any type of detailed geological
analysis of an aquifer such as is required in environmental and geotechnical
site assessments. Good vertical resolution is essential to identifying vertical
permeability barriers. It is also very helpful in characterizing depositional
facies and in identifying some diagenetic products (e.g. cemented zones).
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delineating porous/permeable streaks in aquifers with alternating porous and nenparous intervals, This log is
the Trinity aguifer. The caliper log shows mudcake buildup on porous-permeable zones {borehole diameter is
less than 14,75 inches}, The well is the J.L. Myers, Tri-County Water Supply Corp. #5, Falls County, Texas.

The bit size is 14.75 inches. Rm is 1.8 ohm-meters and Rmf is 1.1 chm-meters at formation temperature
{122° F),



NONFOCUSED RESISTIVITY TOOLS

Chapter 8

Resistivity logs are a standard component of both ground-water and
petroleum openhole logging programs. In many ground-water and hazardous
waste studies, they are one of the few logs run. In such cases resistivity
curves are the principal borehole geophysical source of geological and hydro-
geological data. The curves can be used to correlate stratigraphy, identify
lithology, estimate texture, and identify depositional facies. Quantitatively,
resistivity data can be used to calculate water quality (total dissolved solids
content and hardness), permeability {hydraulic conductivity), and porosity
(Alger and Harrison, 1988; Taylor, et al., 1988; Chapter 14, TECHNIQUES
FOR CALCULATING Cw FROM LOGS).

The induction tool is the only resistivity tool that works in cased holes
- and it only works in nonmetallic casing. Several companies are currently
working on resistivity tools that will work in metallic casing.

A variety of resistivity tools is available (Table 8-1). Resistivity tools
can be divided into two types: electrode and induction. Electrode tools are
what are properly known as resistivity tools. Electrode tools can be further
divided as to whether or not the current is focused and whether the
electrodes are embedded in a mandrel {cylindrical probe housing) or in a pad
that attaches to the probe. Pad tools are pressed against the borehole wall,
while mandrel tools dangle centralized or eccentered in the well bore.

Selecting the proper tool is critical, because they vary widely in tool
design, curve response, and application. Failure to run the proper tools and
lack of environmental corrections are mistakes that will nullify or, at best,
significantly reduce the value of the log data.

This chapter and Chapter 9 review resistivity tools. Tool theory, curve

response, environmental corrections and applications to ground-water
investigations are discussed for each tool.

154
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TABLE 8-1. CLASSIFICATION OF RESISTIVITY TOOLS

ELECTRODE
Nonfocused

Mandrel
Single-point
Normal
Lateral
Limestone lateral

Pad (Microelectrode})
Microlog

Focused

Mandrel
- QGuard
Point-electrode
Shallow investigating
Spherically focused
Dual focusing

- Pad (Microelectrode}
Microlaterolog
Proximity
Microspherically focused

INDUCTION
Dual Induction
Phasor Induction
Array Induction
Slimhole Induction

RESISTIVITY

Resistivity is the specific electrical resistance of a given volume of
material to the flow of an electrical current through the substance. The unit
of measurement is ochm-meter? per meter, which is commonly abbreviated to
ohm-meter or simply ohm-m. in conversation it is often further abbreviated
to ohm. The symbol for ohm is Q. Another way to determine this same
physical property is to measure the ability of a substance to conduct an
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electrical current. This is called conductivity and it is the reciprocal of
resistivity. It is measured in mhos per meter (ohm spelled backwards). To
avoid decimal points, log analysts usually express conductivity in millimhos
per meter (mmhos/m). Most log analysts convert conductivity measure-
ments to resistivity units. The relationship between resistivity and
conductivity is as follows:

1,000

ReSiSIiVity (Ohm"m) = —_
Conductivity

(mmhos|m) {8-1)

Under ideal conditions (i.e. no borehole and no filtrate invasion) the
resistivity of the formation (Rt} is a function of the amount of water present
(porosity), the resistivity of the formation water (Rw),.and the geometry of
the pores. A fourth factor, which is usually inconsequential, is the resistivity
of the rock.

Resistivity of the Rock. Most rocks are infinitely resistive so only
water in the pores conducts electricity (Figure 8-1). However, a few
minerals such as glauconite, pyrite, graphite, and galena conduct electricity
and have low resistivities. Clay minerals and shales have low resistivities
because of their cation exchange capacity (CEC). lons that are loosely
attached to the surface of the clay platelets move under the influence of an
electrical potential and conduct an electric current. .

Electrical current

Nan-conductive rock

Water-filled pores

Figure 8-1. Only the formation water conducts an electrical current in
normal rocks. This figure depicts the homogenous, intergranular pore
system common to sandstones and also present in a few carbonates.
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Amount of water present (porosity). Since the rocks in most ground-
water aquifers are infinitely resistive, the resistivity of the formation {Rt) is in
large part determined by the amount of water in the formation. Porosity, in .
turn, controls the amount of water. As porosity increases, resistivity
decreases. The relationship between porosity and Rt has been quantified by
log analysts. The relationship is discussed in Chapter 14.

The degree to which pores are filled with water will also influence Rt.
if air or hydrocarbons partially fill the pores, the amount of water is reduced
and the resistivity is increased. Neither condition is common in the |
saturated-zone of ground-water aquifers, so these exceptions are not
considered in this discussion.

Geometry of the pores. The more heterogeneous and tortuous the
pore geometry, the harder it is for current to flow through the rock and the
higher the resistivity. Sandstones normaily .have intergranular, homogenous
pore structures (Figure 8-1), while carbonates often have more heterogenous -
and tortuous pore paths (Figure 8-2). Thus sandstones normally have lower
resistivities than carbonates. Sandstones usually have more porosity than
carbonates, which also contributes to the lower resistivities of sandstones.

The rélationship_between Rt and pore geometry has also be'en
quantified. Chapter 14 discusses the relationship.

Non-conductive rock
11

Figure 8-2. This figure depicts the heterogenous, tortuous pore system that is often present in carbonates.

The formation water still conducts all of the electrical current, but the route the current follows’ is longer and
therefore resistivity is higher than in an intergranular pore system.

Resistivity of the formation water. Rt is, in large part, determined by
the resistivity of the formation water (Rw), which is a function of the total
dissolved solids in the water. Dissolved solids are in an ionic state. Under
the influence of an electrical field, the ions move and conduct an electrical
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current through the water (see Chapter 2). As the total dissolved solids
content (often called salinity) of the water increases, the resistivity -
decreases.

Formation resistivities vary from 0.1 to 2000* ohm-meters. As a
general rule, very low porosity formations with fresh to very saline waters
will have Rt's ranging from hundreds to thousands of chm-meters. High
porosity, shale-free, sand and carbonate aquifers with fresh’ water will have
Rt's in the tens to 100" ohm-meter range. High porosity sands and
carbonates with very saline water will have Rt's from 0.1 to 10* ohm-
meters. The presence of clay minerals can significantly reduce Rt.

THE ENVIRONMENT OF RESISTIVITY MEASUREMENTS

As was pointed out in Chapter 6, THE BOREHOLE ENVIRONMENT AND
ITS EFFECTS ON LOG RESPONSES, resistivity measurements are never
made under ideal conditions. Rt measurements are always affected to some
degree by the borehole environment: borehole size (d,), bed thickness (h; e
in older literature}, mud resistivity {Rm), resistivity of adjacent {also called
shoulder or side) beds {Rs), mud filtrate resistivity (Rmf), and depth of mud
filtrate invasion {Figure 6-3). Rt is also affected by tool design (Chapter 7}.
“The uncorrected resistivity recorded on the log is actually an apparent
resistivity (Ra). Ra is a composite of Rt, Rm, Rs, Rmf, and tool design. Ra
may equal Rt only after environmental corrections (departure curves) are
applied to the log.

Environmental corrections for mandrel resistivity and induction tools
group into three categories:

Borehole corrections. This correction compensates for the effect of
borehole size and Rm on Ra.

. Bed thickness and adjacent bed corrections. This correction
compensates for the effect of Rs and bed thickness on Ra.

Invasion correction. This correction compensates for the effect of
depth of invasion and Rmf on Ra.
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Corrections must always be made in the same order: borehole, bed
thickness and adjacent bed, invasion. Not all three corrections have to be
applied in every case. Pad-type tools only require a correction for Rmc.

Departure curves are discussed for each resistivity tool. Corrections
for Rm and Rmc must be at the temperature of the formation being analyzed.
The equation used to calculate formation temperature is discussed in Volume
il, Section 3, explanation 3. Equation 2-4 is then used to convert Rm and
Rmc to formation temperature.

A problem with all departure curves is they have to be constructed for
specific conditions such as no invasion, thick beds, centered tool, 8 inch
borehole. The conditions upon which a chart is based are seldom the same
as those in a particular borehole. However, they are the best available
method of correcting for the effects of the borehole environment.

Choice of a resistivity logging suite should be based on the
compatibility of tool and borehole conditions. Myriad combinations of
borehole influences mean that no single resistivity tool is applicable to all
situations. Furthermore, varying depths of mud filtrate invasion mean that a
single deep reading curve may or may not be unduly influenced by Rmf.
Three resistivity curves of varying depths of investigation are necessary to
insure that the deep resistivity curve is reading Rt. There are a plethora of
resistivity tools, each with a different depth of investigation {Figure 8-3).

The effect of mud filtrate invasion on Rt measurements is discussed in
detail in Chapter 6. In high porosity formations invasion is usuaily very
shallow and mud filtrate has minimal effect on the deep investigating tools.
In fact, invasion may be so shallow that microelectrode tools are affected by
Rt. Two resistivity curves (shallow and deep) may be adequate to determine
Rt. But the only way to be certain that the deep curve has not been overly
influenced by Rmf is to run a third curve with a medium depth of
investigation. In low and moderate porosity formations three resistivity
curves are necessary.

As was pointed out in Chapter 7, depth of investigation and vertical
resolution for a particular resistivity tool varies according to borehole
conditions and the nature of the formation. Even though in this chapter
specific values are assigned for each tool, the numbers are average values
that are valid only for ideal conditions. The actual values may be
considerably smaller.
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Figure 8- 3 Approximate' depths of investigation of various resistivity tools under average borehole
-conditions {(Modified from Rider, 1986}. ) =
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RESISTIVnITY' VERSUS 'INDUCTION TOOLS

There is a fundamental difference between resistivity and.induction
tools. Resistivity tools measure resistivity. The tools use electrodes to send
a current into a formation and to measure the ease with which it flows
through the rock. Induction tools measure conductivity. The tools use coils
to induce an electric current in a formation and to measure the amount of
the current.

Petroleum logging service companies use the term induction tool and
display the measurements in resistivity units. The tool uses Equation 8-1 to
.convert the conductivity measurements to resistivity units. Some ground-
water slimhole induction tools are called conductivity tools. The logs are
scaled in conductivity units {millisiemens per meter or mS/m, which is the
International System of units). Millisiemens per meter are equivalent to
millimhos per meter. Some ground-water log analysts prefer the term
conductivity rather than induction. This study uses induction.

In most logging literature. it is common practice to inciude induction
tools under the term resistivity tools because both types of tools record
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_resistivity. A distinction between the two becomes important and is made
when discussing tool theory and operation. For instance, resistivity tools
require a conductive fluid in the borehole in order to operate; induction tools
do not. In Table 8-1 all the electrode tools, except for a few Iaterologs are
résistivity tools.

NONFOCUSED MANDREL ELECTRODE TOOLS

From the inception of wireline logging in 1927 until about 1950, the
only tools available for measuring formation resistivity were nonfocused
electrode devices (also called conventional resistivity logs or E logs). The
three types of tools in this category are single-point, normal, and lateral.

In the 1950's nonfocused
electrode tools were replaced by A = Rs
focused electrode and induction tools -
in the petroleum industry.
Nonfocused tools were abandoned Rs
because the tools have a serious |
problem - the current direction is not ?
controlled. Consequently the current ' !
takes the path of least resistance, |
preferring very conductive mud and !
conductive side beds over the '

/

[
=

Focusing System
(Laterolog)

resistive beds opposite the current Ri > Rs \
electrode (Figure B-4). As the A
resistivity contrast (Rt/Rs and Rt/Rm) // ———
increases, so does the difficulty of , ‘ ' ,
obtaining an accurate resistivity i A e
value. Both nonfocused and focused !6
centralized electrode tools work best |
when Rm is 3 to 5 times Rw (Frank, !
1986). :

|

An additional limitation, shared ‘Ndnfocusing System
with all other electrode tools, is that. {Normal Device) r
nonfocused mandrel electrode tools - 1
require a conductive borehole fluid. Figure 8-4. Generalized schematic comparing current
It will not work in oil-based muds,_ distribution in a resistive bed oppositeAa nonfocused
air-filled holes, or foam-filled holes. 29 2 focused tool {From Frank, 1986).
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The nonfocused nature of these tools has important consequences for
designing the proper ground-water logging suite. In ground-water
environments with high Rt/Rm values, nonfocused electrode tools are not the
best resistivity tools to run. When they are run, the log values often require
significant corrections in order to have Rt’s that are accurate enough to be
used to calculate log-derived hydrogeological parameters.

All three types of nonfocused tools continue to be used routinely in the
ground-water industry. Their popularity is probably due, in large part, to the
fact that very few other types of slimhole resistivity and induction tools are
available.

The log files of petroleum and ground-water firms are full of pre-1960
vintage normal and lateral logs. A regional ground-water study anywhere in
Texas will include a high percentage of these logs, so ground-water log '
analysts need to be familiar with them.

Because these tools are considered antiquated by the petroleum
logging industry, there are few reference books available. The best
reference is Hilchie (1979). Other good references include SPWLA (1979)
and Frank (1986).

Single-Point Resistance

Single-point resistance tools are also known as single-point, point-
resistance, or single-electrode tools. The tool was rarely used in the
petroleum industry. For a limited time, Halliburton and Lane Wells used the
single-point as a substitute for the short normal {Hilchie, 1979). Only
slimhole single-points are available today. They are used extensively in
ground water, coal, uranium, and environmental site assessment logging.

Tool theory. The single-point is the simplest type of "resistivity" too!.
The too! actually measures resistance rather than resistivity. Resistance is a
function of both resistivity and the geometry of the material being measured.
The relationship between resistance and resistivity can be illustrated in terms
of a copper wire. The wire has a specific electrical resistance for a given
volume, meter? per meter, which is its resistivity. It is an inherent physical
property of the wire which does not change in value. The resistance of the
wire to the flow of an electrical current is a function of both its inherent
resistivity and the length of the wire (geometry of the material). Resistance
changes as the geometry of the wire changes. A long wire has a high



resistance while a short wire has a
very low resistance.

There are two types of tools:
conventional and differential. The
conventional single-point system
consists of a surface and a
downhole electrode (Figure 8-5}.
The differential system has both
electrodes downhole; the return
electrode is the probe housing
(Figure 8-6).

In the conventional single-
point system, AC current travels
down electrode A, moves radially
throughout the surrounding mud
and rock, and returns to the ground
electrode, B (Figure 8-5}. In the
differential system the current
flows from electrode A around an
insulated section of the tool to the
probe housing which serves as the
B electrode {Figure 8-6). Both
tools measure the potential
difference between the two
electrodes in volts. The potential
difference between A and B is
proportional to resistance, thus
allowing resistance to be
measured.

The A electrode serves as
both a current and a potential-
sensing electrode. This gives the
tool a very short electrode length
and a very shallow depth of
investigation. The length of the
electrode {2 to 3 inches)
determines the depth of
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Figura 8-6. Electrode arrangements of a differential single-
point and SP tool (From Keys, 1988).

investigation and the vertical resolution. The depth of investigation for 50
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percent of the signal is twice the glectrode length (Hilchie, 1979). The
vertical resolution is equal to or greater than the electrode length. The
differential single-point has better vertical resolution than the conventional
tool (Keys, 1988). '

Not much literature exists on the single point. Guyod {1944) has an
excellent discussion of the tool. Keys {1988) gives a detailed discussion of
the tool theory for both the conventional and the differential single-point
systems.

Log presentation. Both conventional and differential tools measure the
resistance in chms of the materiai lying between the two electrodes. The
log curve is a solid line and is scaled in ohms per inch (Keys, 1988). Itis
possible to convert resistance to resistivity if the electrode dimensions are
known (Keys and MacCary, 1971, p. 32-34; Hallenburg, 1984). However,
borehole environmental corrections are often so severe that quantitative
resistivity values are very inaccurate.

Interprétation. The single-point has a few strengths and several
weaknesses.

Strengths.

‘1. The electrode configuration giveé excellent thin bed resolution (2
to 3 inches, depending on the iength of the electrode). See Figures
8-7 and 8-8. .

2. The tool is able to detect fiuid-filled fractures. However, for
serious fracture identification, tools such as the borehole
televiewer, full waveform sonic, and formation microscanner
should be used.

3. The curve is symmetrical. The tool configuration eliminates
distorted curve shapes such as are common. to normal and lateral
curves.

4. Measurements can be made to the bottom of the borehole and
right up to either metallic casing or fluid level (Guyod, 1944).
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Figure 8-7. Typical single-point curve responses {Modified from Guyod, 1944).

Weaknesses.

1. The shallow depth of investigation means that the current path is
dominated by the borehole fluid and borehole diameter. The tool is
adversely affected by large boreholes and high Rxo/Rm values
(Figure 8-9). Hallenburg (1984) and Guyod {1944) have published
the only single-point borehole correction charts that this author has
located. Hallenburg (1984) points out that correction charts have
not been verified for single-point tools.

a.

- measuring the resistance of the borehole fluid.

b.

For boreholes much farger than 5 inches, the tool is primarily

2. The severity of the borehole effect, plus the nonlinear curve
response, means that no confidence can be placed in the
resistance values. The curve is strictly qualitative, showing
nothing more than relative changes in resistivity.

When the flushed zone resistivity is greater than the borehole
fluid resistivity (Rxo/Rm greater than 1), which is usually the

case in ground-water aquifers, the tool measures far less than
true resistivity.
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borehole fluid is water and Rm is 18.5 chm-meters at 76° F. Rm is very close to the resistivity of the
formations (20'to 35 ohm-meters) which explains why the single-point has such good resolution in a large

borehole. A bottom hole temperature was not available. The log is a sand-shale sequence in Kern County,

California.
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Figure 8-9. Theoretical single-point resistance departure curve corrections far Rm and hole size. Rm must be
at formation temperature {From Halfenburg, 1984).

3. As with all nonfocused electrode tools, the single-point is adversely
affected by any type of stray electrical currents (e.g. grounding
problems, powerlines, etc.).

Recommended use. In view of its limitation the single-point should
never be the primary resistivity log. Other resistivity tools can distinguish
bed boundaries just as well as the single-point, plus give accurate resistivity
values (Figure 8-10). '

Normal

The normal tool was introduced in 1931. Normal curves were an
integral part of every resistivity logging suite until the 1950’s when they
were replaced by induction and laterolog tools. Today they are the mainstay
of ground-water and environmental slimhole resistivity logging suites. in
fact, slimhole logging companies are the only ones still running the tools.
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There are no trade names for the normal tool. The logging suite
consisting of a short normal, long normal, lateral, and SP was variously
called an Electrical Survey (ES), an Electric Log (EL) or an E log.

Ground-water log analysts today must be familiar with the log respohse
of normal tools because:

1. Petroleum and ground-water log files are full of pre-1960 normal
logs. A ground-water study of any area in Texas will include a
sizeable percentage of these logs.

2. Some water wells in Texas are still being logged with normal
tools. :

Tool theory. The normal tool is also called the two-electrode tool. In
practice, three electrodes are downhole as illustrated in Figure 8-11. The N
electrode is the bare cable armor. Between N and the normal device, a
distance of 10 to 20 feet, the cable is wrapped with insulating tape. The
electrodes can be arranged so that N is on the surface, which makes the tool
a true two-electrode tool.

The tool measures the voltage (Vmea) between electrodes M and N. Ra
is calculated from the equation K{Vmea/l} = Ra. K is a constant which is
dependent on the electrode configuration. !is the survey current. For a
more detailed discussion of tool theory see Helander {1983) or Jorden and
Campbell {1986), which also has a chart supplement (sections 6.4.1 to
6.5.1)} detailing resistivity tool specifications.

The position of the N electrode determines how close to fluid level and
~ to metallic casing the tool can log. If N is on the surface, the tool can log
right up to either. If, however, N is the cable armor, the tool can only log to
within an AN spacing of either.

Through the years the electrode spacing (initially designated as AMoo,
but standardized as AM) has ranged from 8" to 84". Halliburton’s 18 inch
spacing was designated as 2Z 18". Many slimhole tools offer four spacings
(8", 16", 32", and 64"). Only two of the spacings can be run at one time.
The most popular AM spacings .are a 16" short normal for Ri and a 64" long
normal for Rt.
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Depth of investigation increases

as the electrode spacing increases. For
normal tools the depth of investigation conFace 8 B
in isotropic, homogenous formations is ELECTRODE —‘D“ [—D-
equal to or less than 2AM. This means " '
that a short normal will have good
vertical resolution, but the tradeoffis a . /
shallow depth of investigation which ; k
makes for a significant Rxo influence on :f'EDCLTEmeK A g
the curve. _
. CURRENT-

However, the ability to measure eLectropes 7B |
Rxo is desirable when attempting to vEAsURE a
calculate Rw by means of a resistivity ELECTRODES
ratio method. In a consclidated .
formation of low to moderate porosity ' e J
(less than 20 percent), invasion may be | 0 UATERAL | | NORMAL
deep enough for the short normal to y /
measure Rxo. N A\/

Log presentation. The curves are

. . . Figure 8-11. Generalized schematic of lateral and
presented in either t_rack 2 (F'gure 8-8) normal tools. A constant survey current flows from

or tracks 2 and 3 (Figure 8-20). The electrode A to electrode B {(From Labo, 1986).
short normal is always a solid curve. :

The long normal is usually dashed. However, some slimhole logs also have
the long normal as a solid line.

Environmental corrections. Borehole size, mud resistivity, bed
resistivity, bed thickness, mud filtrate invasion, and resistivity of adjacent
beds all adversely affect the curves. Resistivity values will usually be correct
only after environmental corrections (called departure curves) are applied to
the log. Environmental correction curves were never constructed for any of
the slimhole norma!l and lateral tools. However, Guyod's research with
analog models indicated that correction charts for conventional size tools are
also valid for slimhole tools (1957, p. 1-5). Departure curves for normal
tools will work for any brand of tool (see Scott, 1978).

Eccentricity of the tool in the borehole, mudcake thickness, and mud
weight have no effect on the curve (Pirson, 1863).
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Borehole corrections. The definition and sharpness of the curves
decreases as hole size increases and as mud resistivity decreases.
Corrections for borehole size and Ra/Rm values should be routinely applied
(Figures 8-12 and 8-13}. Rm must be converted to formation temperature
before using the chart. Ra is R,e in Figure 8-12 and Rg,- in Figure 8-13.
Either the "%/ or the "'/ value is entered into the chart and at the
intersection with the appropriate hole diameter the R,g-,,,/Rm or the
Rgscon/Bm value is read. This value multiplied by Rm equals Rt.

Several pertinent facts about normal curve responses can be gleaned
from these two charts: :

1. Resistivity decreases as borehole diameter increases.

2. The short normal is more adversely affected by borehole diameter
than is the long normal.

3. Long normal curves require corrections when Ry,./Rm is greater
than 20. Ra is greater than Rt in these cases.

4. Short normal curves in 8 to 10 inch boreholes require corrections
when Ry,./Rm is greater than 50. Ra is less than Rt in these
instances.

5. As formation resistivity increases, the long normal starts reading
higher than the short normal. As resistivity increases, the
separation increases (Figure 8-14).

Bed thickness and adjacent bed corrections. Beds thinner than 1.5AM
cannot be corrected. Beds thicker than 4AM (5 feet for the 16" short
normal and 20 feet for the 64" long normal) require no cosrection. - For beds
between 1.5AM and 4AM correction charts are available but are seldom
used (Hilchie, 1979). Corrected values are of dubious accuracy because the
charts apply to specific borehole conditions such as hole diameter, Rm, Rs,
etc. Suffice it to say that Ra is less than Rt in resistive beds (beds with a
higher resistivity than the adjacent beds), while in conductive beds (beds
with a lower resistivity than the adjacent beds) Ra is greater than Rt.

Invasion corrections. Departure curves are available to correct for the
influence of mud filtrate invasion. Guyod and Pranglin (1959) published the
best set of departure curves. Hilchie (1979) discusses the Lane Wells
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Figure 8-14. The separation between the short and long normal curv
current-in a borehole with highly resistive formations
with an invasion profile. indeed there is ver

es is due to the behavior of nonfocused
{high Ra/Rm ratios). The separation has nothing to do

y little invasion in this rock. Porosity is 1% to 3% and Re is 1000+
ohm-meters (as obtained from other logs). The SP curve just wanders, since the carbonate is highly resistive
and contains few shale beds. This log is the Ellenburger Limestone in McCulloch County, Texas. The well is
the TWDB Brady Test Hole #2 (state well number 42-62-910). Bit size is 7% inches. Rm is 23.4 ohm-meters
at 449 F and Rmf is 15.8 chm-meters at 45° F. Figure 7-14 is also from this interval.

The short and long normal curves will read very similar after corrections for borehole size and Ra/Rm
are applied. As an example, the interval from 220 feet to 230 feet corrects as follows: R
i. The Rm of 23.4 ohm-meters at 44° F is adjusted to formation tem

equation {2-4), 23.4 ohm-meters x **/,, = 14 ohm-meters

Figure B-12 is used to correct the short normal curve., Using Ryg- = 1000 ochm-meters and Rm

= 14 ohm-meters, R,s-/Rm = 71 and Ryg-corr/fRm = 75. R,corr is- 1050 ohm-meters.

3. Figure 8-13 is used to correct the long normal. Using Rg,- = 1800 ohm;meters and Rm = 14
ohm-meters, Rgp-/Rm = 129 and Rg,-cort/Bm = 90. Rg,.corr is 1260 ohm-meters.

The short and long normal curves now agree much better: 1050 ohm-meters and 1260 ohm-
meters respectively.

perat'ure {73° F) 'tj.ls'ing .
2.
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curves and is a good reference on invasion corrections. Despite their
availability, departure curves are not worth using because:

1.

4,

High porosity ground-water aquifers will normally have shallow
invasion and thus do not require corrections. :

Low porosity formations will have deeper invasion that may require

~corrections, but these formations will usually have thinner beds
and/or alternating porous and nonporous intervals. Curve shapes

become very distorted in these environments. It is very difficult to
derive an accurate resistivity value to use in a departure curve.

Three resistivity curves {short normal, long normal, and lateral) are
required in order to make the correction. Often only two curves
are available. A single-point resistance curve cannot be used as
one of the three curves. -

The charts are not simple to use.

The following guidelines are an alternative to using departure curves:

1.

The long normal or the lateral curve is used as Rt in high porosity
formations. |f both curves are available, they should be compared.

The lateral is used as a quick approximation of Rt in low and
moderate porosity formations.

Hilchie {1979) suggests using the followmg empirical relationship
to calculate Rt:

Roar x Rear. | (8-2)
R16”

Rtn:

Electrode spacing. The ratio of the AM spacing to bed thickness has
considerable effect on curve response, especially for resistive beds. (This is
one of the auxiliary tool responses mentioned in Chapter 7 in the Vertical
Resolution section.) Figures 8-15 and 8-16 illustrate the curve responses for
resistive and conductive beds of varying thicknesses. Resistive beds are by
definition beds that have a higher Rt than the adjacent or shoulder beds.
Conductive beds have a lower Rt than adjacent beds. Figure 8-17 illustrates
the curve response in highly resistive formations.
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Figure 8-17. Normal and lateral curves take on asymmetrical triangular
curve shapes in highly resistive formations. AMN and AQ are the
electrode spacings {From Schlumberger, 1949).

Interpretation. Normal curves should be interpreted according to the
following guidelines:

1. Resistivity values are picked at the point of maximum deflection.
2. Normal curves are symmetrical in resistive beds that have less than
about 200 ochm-meters {Douglas Hiichie, personal communication,

1986) and in conductive beds.

3. Bed boundaries are not sharp because the tool is averaging a
'sample volume equal to the diameter of the AM spacing,
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Resistive beds appear thinner than they are by an AM ”spacing
(Y2AM spacing at the top and 2 AM spacing at the bottom). Refer

to Figure 8-15.

For resistivé beds, the accuracy of Ra varies with bed thickness.
Refer to Figure 8-15.

a. Beds thicker than 4AM record the true resistivity value.

b. For beds between 4AM and 1.5AM in thickness, as bed
thickness decreases, so does the resistivity value.

c. Beds thinner than 1.5AM "disappear" and appear to be
conductive beds. Horns appear above and below the bed.

Conductive beds appear thicker than they are by an AM spacing

(%2 AM spacing at the top and %2 AM spacing at the bottom). Refer

to Figure 8-16.

The thinner a conductive bed is, the higher the log resistivity.
However, it always appears as a conductive bed no matter how
thin it becomes. Refer to Figure 8-16.

Above about 200 ohm-meters (Hilchie, personal communication,
1986} resistive beds take on asymmetrical triangular curve shapes.
Refer to Figure 8-17. The peak is displaced upward toward an
adjacent conductive bed. It occurs a distance of AN below the
upper resistive bed boundary. The curve is asymmetrical because
the tool has three electrodes downhole. If two electrodes are used-
downhole, the curve maintains a symmetrical shape at high
resistivities (Schlumberger, 1987).

In a low resistivity formation at the bottom of the hole, the curve
will read.too high and in a high resistivity formation at the bottom
of the hole it will read too low (Pirson, 1963).

In thinly bedded sequences of varying resistivities (e.g. sand-shale
or porous-nonperous carbonate sequences) the adjacent beds begin
to influence each other’s log values and greatly complicate the
curve shapes. In order to interpret these curve shapes, Guyod

- {1958) did extensive modeling of normal curve shapes using

analog models. His report is not easy to obtain because few
copies were printed and it was only published as an in-house
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report. However, Hilchie (1979) has included a brief summary of
Guyod’s analog models that is detailed enough for most work.

Recommended use. The following guidelines outline when to run
normal tools:

1.

In high porosity, fresh ground-water environments with beds
thicker than 20 feet and in high to moderate porosity, saline
aquifers with beds thicker than 20 feet, normal curves work well
(Figures 8-18 and 8-19). The values will not require a correction
for bed thickness and the 64" normal will read Rt. However, a
Ra/Bm correction may be necessary for the fresh water formations.

In low porosity formations with fresh or saline water and in
moderate porosity formations with fresh water, Ra/BRm values are
high. The logs require a large borehole correction. Invasion may
be deep, in which case the 64" normal will not record Rt.

For beds much thinner than 20 feet, focused tools {induction,
guard, and latero) will give much more accurate resistivity values
(Figures 8-20 and 8-21).

Normal curves are not the best resistivity tools for detalled
lithological characterization of formations.

a. They do not do a good job of detailing thin, impermeable
streaks such as shale beds and tightly cemented intervals in
sandstones.

b. Neither do they do a good job of delineating thin porous and
nonporous intervals in carbonates (Figures 8-20 and 8-21).

. If the N electrode is the cable armor, the tool cannot log closer

than the AN spacing to fluid level or metallic casing.
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Figure 8-18. This log is a stimhgle 16" normal, 84" normal, and SP. A comparison with the deep induction-
guard curves run in the same borehole {Figure 8-19) confirms that normal curves work well in high parosity
formations thicker than 20 feet. The 64" normal agrees very well with the deep induction even without
borehole corrections to either curve. The 16" normal, with its deeper depth of investigation, reads higher than
the guard. Anather explanation for the difference is that the amount and depth of mud filtrate invasion has
changed between logging runs. (The narmal curves were run while the well was being drilled, 13 days before
the induction log.) See Figures 8-19 and 12-7 for further details on this well.
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Figure 8-19. This log is a conventional deep induction, guard, SP, and gamma ray. It was run in the same
borehaole as the log in Figure 8-1B. The guard curve has better vertical resclution than the deep induction and
both curves have better resolution than the normal curves in Figure 8-18. Porosity in these sands is 30 to 36
percent. The lithology is a sand-shale sequence in Cameron County, Texas. The well is the TWDB-PUB Test
Well Site F (state well number 88-59-410). Borehole size is 8.5 inches. Borehole fluid is bentonite based
drilling mud with an Bm of 2.1 ohm-meters at formation temperature (89° F).



181

1150

1200

1] . DHH~H 400
GAMSNAT? RESC 16N

-an My 20 0 ~ OHM-M 400 |
R T RESCHAN

Figure 8-20. This log illustrates several of the problems inherent in interpreting normal curves:

1. Resistive beds appear thinner than they are by an AM spacing. The long normal curve between
1180 and 1190 feet shows the bed to be thinner than it actually is by about 5 feet, which is the
AM spacing (64"}, The short normal curve with a smaller AM spacing (167} is closer to the
actual bed thickness. ‘

2. Resistive beds thinner than the AM spacing disappear. This is especially evident on the long
normal at a number of depths (1158 feet, 1195 feet, 1200 feet, and 1220 feet).

3.  Thin conductive beds have log resistivities that are too high. This is why the fong normal reads -
higher than the short normal from 1237 to 1242 feet.

This slimhole log should be compared with laterologs from the same hole (Figure 8-21}. The lithology
is predominately limestone with thin shale beds. Porosity ranges from 9 to 15 percent. The log is the Cow
Creek Limestone Member of the Pearsall Formation, Trinity Group, Travis County, Texas. The well is the
TWDB, Balcones Research Center Test Well {state well number 58-35-721}. Borehole size is 6 inches.
Borehole fluid is water with an Bm of 4.5 ohm-meters and an Rmt of 4.1 ohm-meters at formation temperature
{101° F}.
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Figure B-21, The resistivity curves are a deep laterolog {LLD}, shallow laterolog (LLS), and a microspherically
focused log {(MSFL).” A comparison of these curves with the normal curves in Figure 8-20 demonstrates the
superior vertical resolution of the lateralog and the even better resolution of the MSFL tool. The SMNQ and
SMIN curves in track 1 is a microlog. "5" is Schiumberger’s designation for a particular madel of microlog.
The caliper curve shows the hole to have only one washout {1170 to 1184 feet). The intervals with high
gamma ray counts such as at 1190 feet are shaly zones. Nate that these features are two feet higher than in
the curves in Figure 8-20. For further information on this well see Figure 8-20. - ' :
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Lateral

The first log ever run was a lateral or three-electrode curve (Hilchie,
1979). Until the 1950’s, resistivity logging suites were a combination of
lateral and normal curves. Today a 6 foot slimhole lateral is run by a few
ground-water logging companies. The tool has no trade name.

Even though the lateral tool is seldom run today in Texas, ground-
water log analysts still need to be familiar with lateral log responses.
Petroleum and ground-water log files are full of pre-1960 lateral logs. A
ground-water study anywhere in Texas will include a sizable percentage of
these logs.

Tool theory. Tool theory is summarized in Figure 8-11. The electrode
spacing (AQ) ranges from 5 to 24 feet, but 18'8" became the predominate
spacing in the petroleum industry. Halliburton designated their electrode
spacing 3iZ. ‘

Depth of investigation equals the electrode spacing. A long tool
spacing gives the lateral the greatest depth of investigation of any
nonfocused electrode tool. The tool usually measures Rt.

Log presentation. The standard oilfield presentation in Texas was a -
solid lateral curve in track 3. The presentation varied in other parts of the
country.

Environmental corrections. Eccentricity of the tool in the borehole,
mudcake thickness, and mud weight have no effect on the curve (Pirson,
1963). Departure curves are available for bed thickness, adjacent bed
effects, borehole size, Ra/Rm, and invasion. Published departure curves can
be used for any brand of tool.

Borehole corrections. The definition and sharpness of the curve
decrease as hole size increases and as mud resistivity decreases. Borehole
effects become significant when Ra/Rm is greater than 20 (Figure 8-22). Ra
is greater than Rt in these cases. Rais R,g. in Figure 8-22. Rm must be
converted to formation temperature before using the chart. Enter the chart
with the R,g¢-/Rm value, move horizontally to the hole diameter, and then
move vertically to read R,gg..../Rm. This value times Rm equals Rt.
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Figure 8-22. Borehole size and Rm corrections for the 18’87 lateral. Rm must be at
formation temperature (SPWLA, 1979, atter Schlumberger).

. Bed thickness and adjacent bed corrections. Bed thickness effects
become: significant when bed thickness is less than twice the tool spacing
(Jorden and Campbell, 1986). This correction is seldom made.

Invasion corrections. Departure charts are available but are seidom
used. (See this same section under normal tools for further explanation).

Electrode configuration. The effect of the electrode configuration
makes the curve very difficult to interpret. Figures 8-23 and 8-24 illustrate
curve responses for resistive and conductive beds of varying thicknesses.

Interpretation. The following guidelines should be used to interpret
lateral curves: -
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Figure 8-23. Typical lateral curve responses for resistive beds of varying thicknesses (Modified from
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Figure 8-24. Typical lateral curves for conductive beds of varying thicknesses (Modified from Guyod,
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All lateral curves are asymmetrical {(Figures 8-23 and 8-24).. -

Resistive beds, no métter how thin, always appear to be resistive '
(Figures 8-23 and 8-24).

In thick resistive beds only one spot on the curve is Ra and the
location of that point varies with bed thickness (Figures 8-25 and
8-26). The rest of the curve is an artifact of the electrode
configuration {Figure 8-23).

~a. A decay zone with a very low resistivity is present at the top of

the bed. It has a length aqual to AO. :

b. The base of the bed has too high a resistivity.

c. A "low resistivity” notch is sometimes present at the upper bed

~ boundary.

d. The lower bed boundary is sharp and is correctly defined by the
curve.

e. Below the base of the bed it takes an AO spacing for the curve
to return to the value of the adjacent bed.

Res‘istive beds thinner than the AO spacing have the foliowing
characteristics (Figure 8-23):

a. Ra is much less than Rt. _
b. Both bed boundaries are sharply defined at the correct depths.
c. A reflection peak consisting of an increase in resistivity is
present at an AO spacing below the base of the bed.
d. Between the base of the bed and the reflection zone is a blind
zone: The curve shape of the blind zone always appears to be
".a conductive bed, but it in no way reflects the true resistivity of
this interval. The zone may be conductive or resistive, there is
'no way to tell from the lateral curve. However, the normal
~ curves will reveal the resistivity of the zone.

Conductive beds are easier to interpret (Figure 8-24).

a. The upper bed boundary is sharply defined by the curve at the
correct depth. A "high resnstnvnty“ notch is also present at the
bed boundary.

b. The fower bed boundary is harder to define. The curve
gradually trails off to the value of the adjacent bed.
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Figure 8-25. This suite of resistivity tools illustrates several points:

1. Resistive beds, no matter how thin, remain resistive on the lateral curve while on the long
normal beds thinner than & feet disappear.{look at 250 feet and 382-90 feet). In many respects
the lateral has better resolution than the long normal, but not as good as the short normal.

2. Zones A, B, and C illustrate how to pick Ra from the lateral curve for beds of varying
thicknesses as detailed in Figure 8-26. Bed A is 33 ochm-meters, bed B is 40 ohm-meters and
bed C is 27 ohm-meters. For each zone only one spot on the curve is Ra. The 18°8" decay
zone at the top of each bed bears no resemblance to Ra.

3. Inzones A, B, and C the lateral and long normal curves read identical Ra’s. This indicates that
mud filtrate invasion is shallow and that both curves. are reading Rt. One would expect this to
be the case in high porosity sandstones such as these.

4. in zone C the short normal shows thin shale laminations in the sandstone. The long normal
gives no hint of their presence, but both the SP and the lateral confirm their presence.

The curve gaing off scale in track 2 is an amplified short normal, which is a short normal curve with
an expanded scale {in this case 0 to 10 ohm-meters rather than 0 to 50 ohm-meters). The lithology is
alternating sands and shales. The hole size is 6% inches. The borehole fluid is native mud. Rm is 10 ochm-
meters at 87°F. A bottom hole temperature was not available. The well is the Layne Texas, Gum Springs
Water Supply Corp. Area Test #6-66 in Harrison County, Texas.
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Midpoint Method. Use for beds thicker than 2A0 (40 feet for
an 188" tool). Locate the point midway between the top and
bottom of the bed. Move an AO spacing below the midpoint
and use the resistivity value at this point as Ra.

% Rule. Use for beds between 2A0 and 1.5A0 in thickness
{about 40 feet to 28 feet for an 18'8” tool). Go down an AO
spacing from the top of the bed. Fram this point move two-
thirds of the distance toward the peak value at the base of the
bed and read Ra. Note: If the bed has a backup curve, the
scale changes for the backup curve. Therefore, two-thirds of
the distance no longer corresponds to two-thirds of the
difference between the two resistivity values. Use two-thirds
of the difference as Re.

R,.. Use for beds between 1.5A0 and 1AQ in thickness
{about 28 feet to 18 feet for an 18’8" tool). Take the peak
value for Ra. :

Thin beds. Use for beds less than 1AQ in thickness {less than
18 feet for an 18'8" tool). The equation shown at right gives
an approximation of Ra. Ra is usually at least 4 times R,
{Hilchie, personal communication, 19886}

Midpoint —s
A0l

Use Midpoint Method

Rt 2 Bmax x Rg/Rmin
-

Flmin - Rs

Figura 8-26. Guidelines for picking the lateral resistivity valﬁe {Ra) for resistive beds of varying thicknesses
when the surrounding beds are homogenous. The Ra value is usually assumed to be Rt. AD is 18’ 8". Rs is

the resistivity of the side bed (Modified from Schlumberger, 1988},

c. As the bed thickness decreases, the resistivity value increases
but the curve continues to read close to Rt. '
d. Use the lowest value in the lower half of the bed as the

resistivity of the bed.

6. In a low resistivity formation at the bottom of the hole the curve
will read too low and in a high resistivity formation at the bottom
of the borehole it will read too high (Pirson, 1963).

7. Resistive adjacent beds greatly influence the log response and can
make the log all but impossible to read. Hilchie (1979) and Guyod
(1958) are good references for explanations of the complex curve
shapes that can be generated by the tool.
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Recommended use. The following guidelines can be used to determine
when to run a lateral tool. |

1. Lateral curves are so difficult to interpret that they should not be a
part of modern slimhole logging suites.

2. In massive sandstones (thicker than 2A0) the curve will yield a
good Rt value.

3. In thin interbedded sandstones such as the Trinity and Paleozoic
aquifers and in carbonate aquifers such as the Edwards the curve
is very difficult to interpret because the curve responses interfere
with one another.

Limestone lateral

The limestone lateral is a
double lateral tool. It was 5
designed to detect porous ' N, T 'T‘
intervals in massive carbonates. Resistive t :’:'
Most of the logs were run in West Lime L ||-m,
Texas between 1945 and 1956. — | Na
Its popularity declined after the e
introduction of the microlog L t{___’_ L
(Frank, 1986). il b

. P2 LN e e

The curve is symmetrical Resistive ConduIclive
(Figure 8-27). In a zone with very | time Streak
low porosity, Ra is a functionof | __ | | _____
borehole size and Rm. Ra remains Shale
constant until the tool is opposite
a conductive (porous) zone. Figure 8-27. Schematic illustration of the limestone lateral

curve shapes of a very low porosity zone and a porous

RESISt'VIty decreases in a {conductive) zone {From Frank, 1986).

conductive bed. On the log the

height of the conductive bed is the bed thickness plus the length of the
electrode array (L in Figure 8-27). The electrode array was usually 32 inches
(a few were 37 inches). In a conductive bed the tool measures Ri.

Figure 8-28 is an example log. The limestone lateral was recorded in
track 2 along with a 10 inch normat. A 19 foot lateral is in track 3.
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Figure 8-28. Example of a limestone lateral in a water well.
limestone and 10 inch normal curves are very similar,
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County, Texas. Bit size is 7% inches.

recorded.

0 10" NORMAL

0 f9' LATERAL 50

0 ]

The formations are not low porosity, so the
The well is the Layne Texas, Phelps Dodge #4, El Paso

Rm is 6.6 ochm-meters at 76° F. Bottom hole temperature was not
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Anl approximate porosity can be calculated with the limestone lateral.
Hilchie {1979) explains the porosity calculations.

NONFOCUSED PAD MICROELECTRODE TOOLS

The nonfocused microelectrode tool, commonly called the microlog,
was introduced in 1948. Microlog is Schlumberger’'s commercial name that
has become a generic name. Today the tool is also called a Minilog (Atlas
Wireline). In the past it was also referred to as a Contact log, Permalog,
Micro-contact log, and Micro-survey log.

In many aréas of Texas
the tool is still used extensively
by petroleum logging
companies. It is occasionally
run in water wells, most
commonly in the Trinity aquifer.
Slimhole micrologs are rare.
Micrologs are very abundant in
petroleum log files from the
1950's. Usage tapered off in
the 1960's with the
introduction of modern porosity
tools. Old ground-water log
files, especially Trinity wells
occasionally contain a microlog.

Electrically Operated Arms

Hydraultc Pad

Button
\ Eloctrodes

Tool theory. The microlog : \J |
tool consists of three dime-size g
electrodes imbedded 1 inch Back-up Pad (o
apart in a rubber pad (Figure 8- !
29). The original hard rubber 25

pad (Type D) was replaced by a

hydraulic pad {(Type H}. The

;l?::tergg:: fsl'gf]lcil’s\;t-‘s?‘\ort- !:iggrsa).B-ZQ. Schematic diagram.of a microlog {(Helander,
circuiting action of the drilling

mud. The pad is pressed against

the borehole by means of two arms

‘\.
]
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(Figure 8-29) which at the same time make a caliper measurement. The
caliper measures the borehole diameter with an accuracy of ¥s inch
{Schlumberger, 1958). Up until about 1956 the arms were actually
bowsprings. The bowspring was not flexible enough and so the caliper
measurement was too optimistic (Douglés Hilchie, personal communication,
1986). .

The tool can only be run coming up the hole. The pad overrides the
mudcake and makes two resistivity measurements (Figure 8-30): a 2 inch
normal measurement (2" Micronormal) between electrodes A and M, (Figure
8-29) and a 1 inch by 1 inch lateral type measurement (1" x 1" or 12"
Microinverse) from electrodes A to midway between M, and M, (Figure 8-
29). The micronormal has a deeper depth of investigation than the
Microinverse {about 4 inches verses 1.5 inches). The vertical resolutlon of
each curve is a few inches (Schlumberger, 1958).

Log presentation. Figure 8-30 is a typical microlog. The micronormal
(dashed) and microinverse {solid) curves are scaled in ohm-meters. The
scales are usually limited to resistivities less than 20 times the mud
resistivity {Rm). In petroleum wells, which usually have Rm’s less than a few
ohm-meters, 20 times ‘Rm is usually the maximum microlog resistivity
encountered in porous, permeable zones. Generally the resistivities of
permeable zones are only a few times Rm (Schlumberger, 1958). This is
why petroleum micrologs are usuaily scaled O to 20 or O to 40 ohm-meters.
The same ratio holds true for fresh to moderately saline water wells.
However, the scale may have to exceed 0 to 40 ochm-meters because BRm is
usually greater than a few ohm-meters.

Track 1 usually contains a caliper and SP curves (Figure 8-30). The
caliper is labeled a microcaliper by Schlumberger. The earliest micrologs did
not have a caliper. If the SP curve is from the electric log a dashed curve is
used. A line representing the bit size is often present.

On most old micrologs permeable zones were flagged in the depth
~column (Figure 8-30). Different symbols were used to denote good; good
but broken; and poor permeability. The term "porosity” was used, but a
more accurate term is permeability. These notations, which are
interpretations of the curves, were drafted onto the log. On many modern
logs positive separation is automatically shaded (Figure 7- 15).
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Figure 8-30. Example of a 1950's vintage Schiumberger microlog. Positive separation {micronormal resistivity
greater than microinverse resistivity) denotes mudcake, which is an indication of permeability. Permeable
zones (called porosity on old micrologs) are flagged in the depth column. Pasitive separation occurs at 1976-
78 feet (A} but the microcaliper and SP curves indicate that the interval is an impermeable shale. Positive
separation at 2007-08 feet {B) does not indicate permeability because the microlog resistivities are too high.
The well is the Layne Texas, Chance Vought #3-A, Dallas County, Texas. Rm is 4 ohm-meters at formation
temperature (30° F). The log is part of the Trinity aguifer. Figure 8-34 is also from this well.
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Interpretation. If mudcake

is present on the borehole wall, _ SP ., 08, ”‘°'°'°°"'f"5”"" 20
the micronormal {dashed curve} ' o

usually reads higher than the Shote | == :

microinverse {solid curve). This A | =—

. " .. " . : / ‘ LIII I
is called "positive” separation /] Lime bt 3
(Figures 8-30 and 8-31). 4

Positive separation occurs
because the microinverse
measures primarily the resistivity
of the mudcake {Rmc), while the
micronormal measures primarily
the more resistive flushed zone
{(Rxo}. Mudcake is usually limited
to porous, permeable zones, so
positive separation is a means of
identifying permeable zones.

Porous lime

N

e —y——

Impermeable zones such
as shales and very low porosity
carbonates do not develop a
mudcake. Opposite a formation
with no mudcake either the
microlog curves have no ( very Sorous e
separation or the micronormal
reads lower than the . Oense
microinverse, which is called - —— — - , -
" . " . . Figure 8-31. Principles of qualitative microlog interpretation

negative" separation (Figure 8- (Pirson, 1963, after Schlumberger).
31} Negative separation is
common in homogenous formations W|th no mudcake because a small
negative separation is built into the tool response {Jorden and Campbell,
1986). It will also occur when Rm is greater than the resustwlty of the shale,
which often occurs in water wells.

{Large caving) "\

~| Shale b

Shales sometimes have slight positive separation (Schlumberger,
1958). In such cases the shale is recognizable by the fact that it has a
lower microlog resistivity than either permeable sandstones or carbonates
with positive separation. Shales have much lower microlog resistivities than
impermeable carbonates and impermeable streaks in sandstones.
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In impermeable zones with no mudcake, microlog resistivities are lower
than Rt. This occurs because: (1) current leaks around the pad and (2)
borehole: rugosity allows mud to be present between the pad and the
formation (Jorden and Campbell, 1986).

Many people interpret the microlog too casually. Microlog
interpretation is not always straightforward. Positive separation does not
always imply permeability and negative or no separation does not always

mean impermeable. Micrologs should be interpreted according to the
following guidelines:

1. Positive separation denotes only the presence or absence of
mudcake and, by inference, permeability. It says nothing
qualitative or quantitative about the permeability. Neither the
amount of positive separation nor the microlog resistivity .values
have any correlation with the amount of permeability in a zone.
Neither can they be used to compare the permeabilities of different

zones (Figure 8-32).
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Figure 8-32. Two intervals with similar positive microlog separation but very different permeabilities. Zone A
has core permeabilities from 2.5 md to 10 md. Zone B, which has a microlog character similar to zone A, has
permeabilities ranging from 20 md to 342 md, with three feet having 245 to 340 md. The core permeabilities
are plotted in track 3. A iithologic description of the core is in the depth column, The letter "B" on the scale
refers to a particular version of Schlumberger’s microlog. The log is an oil well in the Paluxy sandstone in East
Texas. The well is producing from zone B. The bit size is 7% inches. Rm is 1.13 ohm-meters and Amf is 1
ohm-meter at formation temperature {167° FL.
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Figure 8-33. Positive microlog separation when the permeability is less than 1 md. Zone A has core
permeabilities less than 1 md, and half the zone has 0.1 to 0.2 md. The borehole enlargement is large enough
for the microlog to maintain good pad contact, so the curves are not affected by the borehole enlargements.
The well is a Pennsylvanian Canyon limestone in Narth Texas. Hydrocarbaons are present in the pores. Core
porosities reach 17 percent. Permeabilities are low because the pores have developed an isolated, biomoldic

pore system. Bit size is 7% inches. Rm is 1.75 ohm-meters and Rmf is 1.3 ohm-meters at formation
temperature {93° F).

2. Positive separation can occur when the permeability is as low as
0.1 md (Figure 8-33). Therefore, the microlog must be used with
caution to calculate the net feet of permeable rock and to estimate
the specific capacity of a well. Look for hints of low permeability
on the SP and gamma ray curves. Additional logging tools
(porosity logs, repeat formation testers, and sidewall coring
devices), as well as pump tests, will provide further information
about permeability (hydraulic conductivity} and specific capacity.

Positive separation occurs opposite washouts when the

_microinverse reads the resistivity of the mud and the micronormal
reads the resistivity of the formation. This may lead to an
interpretation error if it is an impermeable zone that has washed
out. Fortunately, shales are the only impermeable rocks that
routinely wash out. To identify positive separation-as a shale look
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for borehole enlargement on the caliper curve {Figure 8-30, point
A). Also examine the SP and gamma ray to determine if the zone
is a shale. '

If a washout is large enough, the curves will have no separation.
Both the microinverse and the micronormal will read the resistivity
of the mud. The washout may be in impermeable shale or in
permeable rocks such as semiconsolidated or unconsolidated, high
porosity sandstones and vuggy or fractured carbonates. The '
caliper curve and the fact that the microlog curves read a
resistivity equal or close to Rm are used to identify such washouts.
The SP and gamma ray curves are then used to determine whether
or not the washout is shale. - :

Opposite permeable zones that have mudcake and positive
separation the caliper will often, but not always, show borehole
diameters less than bit size. In high porosity, semiconsolidated to
unconsolidated sandstones, the borehole may wash out slightly.
Even though mudcake is present, the hole diameter will remain
greater than bit size. ' L ‘

impermeable sandstones, carbonates, and dense shales with
microlog resistivities greater than 20 times Rm may occasionally
have spiky positive separation (Figures 8-31 and 8-30, point B).
This may be ignored. It is usually due to a poor fit of the pad
against the formation {Hilchie, 1979). . o

The microlog does not work well if the mudcake is too weak to
hold the pad off the borehole wall or if the mudcake is very thin.
In such instances there will be very littie positive separation. Most
salt muds and low-solids, low water-loss muds form such
mudcakes.

The microlog cannot be used to identify permeable zones if the
borehole fiuid does not form a mudcake.

The microlog may not show positive separation if the mudcake has
been disturbed considerably by previous logging runs, pump tests,
etc. |
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10. Normal microlog interpretation is predicated on the assumption
that neither curve reads beyond the flushed zone and that Rxo is
greater than Rmc. If the depth of filtrate invasion is less than 4
inches, the micronormal curve will be influenced by Rt and this
assumption breaks down. A highly permeable zone may have
positive, negative, or no separation. The type of separation
depends on the resistivity contrast between Rt and the Rmc and

Rxo values. Several COﬂdlthﬂS can create invasion of less than 4
inches:

a. Very high porosity sandstones such as Gulf Coast and Carrizo-
Wilcox aquifers.

b. Low-water-loss muds (not usually the case in water wells or in
the upper portions of petroleum test wells which is where slight
to moderately saline waters occur).

c. Near T.D. where there has been less time for invasion (possible
in water wells).

Recommended use. The microlog was initially designed to determine
porosity and Rxo. {n fact, on old micrologs positive separation was labeled
porosity (Figure 8-30). Charts are available for calculating porosity from
micrologs. Hilchie (1979) and Helander {1983} have detailed explanations of
the calculations, Charts from different service companies are not
interchangeable because they are empirically constructed to fit a particular
tool design (Pirson, 1963}. Unfortunately, the microlog does not provide a
means for caiculatlng elther porosity or Rxo. The calculations work best
when:

1. The value of Rxo/Rme is less than about 15, which generally
corresponds to a porosity greater than 15 percent.

2. The mudcake thickness is less than % inch.
3. Depth of invasion is greater than 4 inches (Schlumberger, 1989).

Very seldom today is the microlog used to calculate either porosity or
Rxo. Density, neutron, and sonic tools are used to calculate porosity, and
focused pad microelectrode resistivity tools are used to measure Rxo. These
tools are not available in old log files. Even though the microlog is about the
only method of calculating porosity and Rxo from old logs, the technique is
not recommended because calculated values will not be consistent, little
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i

confidence can be placed in the values, and there is no way to check the
accuracy of the calculations.

The microlog is best used to determine the presence of mudcake and
as an indicator of permeability. If used in conjunction with the SP, gamma
ray, and/or caliper, the microlog does a good job of delineating permeable
- zones. In ground-water studies the microlog is a quick, visual means of
calculating the net feet of permeable rock and of making an inference about
the capacity of a well. It is especially useful in sandstones with alternating
permeable and highly cemented zones such as the Trinity aquifer (Figure /-
15) and in carbonates with sporadic permeable zones. It is excellent for
delineating thin shale laminations in sandstones. The excellent vertical
resolution of the microlog means that it is about the best curve for picking
bed boundaries. Conventional micrologs work in 6 to 20 inch boreholes.

The microlog also can be used to make a mud log (Figure 8-34). A
mud log is made by recording the microinverse and micronormal curves with
the arms in a retracted position as the tool is run to the bottom of the hole.
The electrodes have such shallow depths of investigation that in washouts
and caves they only read Rm and the two curves will overlay {Figure 8-34, at
1350 feet}). When the curves-are spiky and the micronormal reads higher
than the microinverse, the curves are being influenced by the resistivity of
the mudcake and/or the formation (Figure 8-34, zone C). The mud log
provides a good check on the accuracy of the Rm measured at the surface
and recorded on the log heading. But the two Rm’s have to be measured at
the same temperature before a valid comparison can be made. Equation 2-4
is used to adjust one of the Rm's to the temperature of the other.

A mud log should be made whenever a microlog is run. However, the
logging service company will not make a mud iog unless asked to do so.
There is no additional charge for the mud log.
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Figure 8-34. Example of a 1950's vintage Schlumberger mud log. Rm decreases down the borehole. At 1800
feet Rm is about 4 ohm-meters, which agrees with the resistivity of the mud pit sample. At zone A the
electrodes are against the borehole wall and both curves are responding to the formation resistivity. At zone B
the Microinverse is reading Rm and the Micronormal is reading Rm plus a little formation resistivity. At 1350
feet the curves overlay because the interval is washed out {as seen on the microcaliper on another part of the
fog). At zone C both curves are reading a combination of mud and formation resistivities. Figure 8-30 is from
the same well.



FOCUSED ELECTRODE AND INDUCTION TOOLS

Chapter 9

Focused electrode tools gained widespread usage in the petroleum
industry during the 1950’s. The tools were developed in response to the
need for a resistivity tool that could handle very conductive muds (salt
muds), thin beds, and highly resistive formations. Curve response is vastly
improved over nonfocused tools (Figures 8-10,.8-20, 8-21, and 9-1).

Resistivity
o 25 50 75 100 125 150 175 200 225 250
I 1 | ] { | I 1 1 1
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Figura 9-1. Comparison of log responses of nonfacused (short normal, long normal, and lateral} and focused
tools opposite a thin, noninvaded bed with very salty mud {From Schlumberger, 1989

These tools are still used by the petroleum industry. They are readily
available only in West Texas where salt muds and high resistivity formations
are common’'. The tools have been used sparingly by the ground-water
industry. However, with sufficient notification, a logging company will ship -
a tool to any part of the state. A few slimhole tools are available; most are
single curve guard tools.

! This statement is slightly misleading. The Dual Induction log, which is run throughout Texas, utilizes
a focused electrode tool as the shallow reading resistivity device.

201
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FOCUSED MANDREL ELECTRODE TOOLS

There have been various types of
focused electrode tools used through
the years. This section reviews the
salient features of the different types
of tools and documents their
application to ground-water studies.

Focused electrode tools control
the current path by the use of auxiliary
current electrodes above and below
the primary current electrode. Two:
types of tools are available, the guard-
focusing device and the point-
electrode system.

Mud Flushed Invaded Undisturbed
Zone Zone Formation

The current path for focused _ ) -
electrode tools is a series circuit. The A
Ra Va‘_ue measured by the_ t°_°_| ‘IS a Figure 9-2. Current path of a focused electrode tool. All
combination of all the resistivities -the resistivities from A, to B contribute to Ra (From
between the probe and its depth of Dresser Atlas, 1982).
investigation. For deep reading tools this means Rm, Rmc, Rxo, Ri, and Rt
(Figure 9-2). As long as Rm is less than Rw, Rxo and Ri will be less than Rt
and will not significantly contribute to Ra. A shallow depth of invasion also
means that Rxo and Ri have little effect on Ra. This makes the tool ideal for
many ground-water wells, since the borehole environment usually satisfies
these conditions.

The Laterolog 7, Lateroclog 3, deep Guard tools, and the deep laterolog
of the Dual Laterolog tool measure Rt. The Laterolog 8 and the Spherically
Focused Log measure Ri. The number in the name refers to the number of
electrodes. The tools will not work in cased holes.

Guard

Commercial names are Guard (Halliburton Logging Service), Focused
Log (Atias Wireline), and Schlumberger’s Laterolog 3 {LL3) which is obsolete.
Three different types of guard tools exist: resistivity, conductivity, and
multiple measuring devices. See Jorden and Campbell {(19886) for details on
tool theory. These tools are available on a limited basis today. Figure 9-3
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has a schematic of the electrode configuration of the LL3. The guard
electrodes A, and A', are each 5 to 6 feet long. The guard electrodes force -
current from A, to flow into the formation as a horizontal sheet with the
same height as A, (12 inches). The depth of investigation is equal to the
point at which the current starts to flare -- about three times the length of
one guard electrode (Helander, 1983). The longer the guard, the greater the
depth of investigation (Pirson, 1963). Guard tools measure Rt.

LATEROLCG 3 LATEROLOG 7 DUAL LATEROLOGS . SPHERICALLY
shallow dee FOCUSED TOOL
5=30.5 em (127) 5 =813 cm (327) P :
P S$=61 cm (247) 5=61cm (247} 5=76.2 {307
alectrodo [[] insulatien [ emitted currenm sheet 5 spacing 0 = zero poteatial

Figure 9-3. Schematic electrode configuration of several Schlumberger focused mandrel resistivity tools.
A = electrade, M = monitoring electrode {From Rider, 1986)._

Point-Electrode

The point-electrode tool commercially known as the Laterolog 7 (LL7)
is obsolete. Some dual laterologs employ a point-electrode as the shallow
laterolog. The current is focused by point electrodes (Figure 9-3). The LL7
has seven electrodes. M,, M,, M’,, and M’, are potential measuring
electrodes. Current to electrodes A, and A’, is adjusted so as to maintain a
focused current beam from A,. The O to O’ spacing {32 inches) is the
current height and vertical resolution. The bed appears thinner than it
actually is by an OO’ spacing (Figure 9-3). The depth of investigation is
somewhat greater than A, A’, which is 80 inches. Point-electrode tools
measure Rt. '
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Shallow Investigating

Various shallow investigating focused tools have been run through the
years in combination with the induction log (Table 9-1}. The devices are
either guard or point-electrode tools. Shorter guard lengths or electrode
spacings give shallower depths of investigation {Ri). The LL8 has a vertical
resolution of 14 inches and a depth of investigation of about 30-inches
(Schiumberger, 1989). See Jorden and Campbell’s (1986) Chart 6.28 for -
specifications on the various tools.

TABLE 9-1. SHALLOW INVESTIGATING FOCUSED TOOLS
THAT HAVE BEEN USED WITH THE DUAL INDUCTION

Logging Company - _ Tool Namé
Atlas Wireline (Dresser Atlas) Focused Log
Halliburton Logging Services Guard Log
Gearhart Laterolog
Welex Guard Log
Schiumberger lé?)tr?;?it:oa%f étlc-:ﬁ;;d (SFL)

.
obsolete

The Spherically Focused Log (SFL} replaced the 16" short normal and
the LL8 as the shallow investigating tool on Schlumberger's Dual Induction
Log. The SFL does not focus the current intc horizontal beams as guard and
point-electrode tools do. Instead the tool uses auxiliary currents to create
essentially spherical equipotential shells around the current electrode (Figure
'9-3). The SFL measures conductivity which is converted to resistivity
values. Schlumberger (1989) has more details on tool theory.

The SFL is better than the LL8 or 16" short normal at measuring Ri
because the electrode configuration reduces borehole effects, bed thickness
effects, and depth of investigation {Jorden and Campbell, 1986). The depth
of investigation is about 20 inches. The tool is accurate over a high range of
Re;/Rm values, but boreholes greater than 10 inches or less than 7 inches in
diameter require some correction (Figure 9-4). No correction is required for
bed thickness. The vertical resolution is about 1 foot. The SFL curve is
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often averaged over a 3 foot interval to reduce its detail to that of the
induction curves (Dewan, 1983).

Dual Focusing Electrode

Dual focusing electrode tools are known as Dual Laterologs (DLL) or
Dual Guard Logs {Figures 8-10 and 8-21). Every major logging company
" now runs a Dual Laterolog. (Welex had a Dual Guard Log). This is the
focused centralized electrode tool presently being used by the petroleum
industry. Both the deep (LLD) and the shallow (LLS) use the same
electrodes. Different focusing changes the depth of investigation so that the
tool measures Ri and Rt. Jorden and Campbeli’'s (1986) Chart 6.30
summarizes tool specifications.

Current beam thickness and vertical resolution (2 feet) is the same for
both curves {Schlumberger, 1989). The LLD has a deeper depth of ,
investigation than previous laterologs (LL7 and LL3). The DLL has a range of
0.2 to 40,000 ohm-meters, which is much wider than previous laterolog
tools {(Schlumberger, 1989).

One drawback to using the tool in some water wells is the length of
the tool. The probe is 28 feet and the bridle attached to the top of the probe
is 40 to 80 feet long. The bridle has to be in fluid for the tool to work, so
the tool cannot measure closer than to within 68 to 128 feet of the water
level.

Log presentation. The dual laterolog is presented as a logarithmic
scale across tracks 2 and 3. The deep laterolog curve is long dashes and the
shallow curve is short dashes or a solid line. An Rxo curve is often included
as a solid curve (Figure 8-21).

Environmental corrections. Departure curves are available for several
tools, but only the point-electrode tool has been evaluated extensively for
composite effects of borehole, bed thickness and invasion (Jorden and
Campbeli, 1986). Due to variations in tool design, departure curves are only
valid for one particular brand of tool. Slimhole tools do not have departure
curves. Environmental corrections must aiways be made in this order --
borehole, bed thickness, invasion. The LLD is not significantly affected by
eccentering the tool, while the LLS is greatly affected.
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Figure 9-4. Borehole size and Rm correction chart for the Schlumberger SFL tooel. Rm must be at formation
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Borehole corrections. Very little correction to the LLD is required for
high Rt/Rm values and 8 to16 inch boreholes {Figure 9-5). Generally the
corrections are less than for other resistivity and induction toocls. Rm must
be adjusted to formation temperature before using the chart.

The LLS requires more correction, but it is not used for Rt when the
LLD is functioning. Borehole correction charts are available for the various
types of conventional focused electrode tools.

Bed thickness and adjacent bed corrections. Correction charts are
available for idealized conditions (infinitely thick shoulder beds and no

invasion). Figures 9-6 and 9-7 are correction charts for one particular
generation of LLD and LLS tools. The charts (Figures 9-6 and 9-7) reveal the
following characteristics of the Dual Laterolog:

1. If the adjacent beds are more resistive than the bed of interest, Ra
is too high (bottom half of each chart). The phenomenon is

Squeeze: RJ/R, = 30, Antisqueeze: R/R, = 30

2.4

RiLocoRuin
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!
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figure 9-6. Bed thickness and adjacent bed departure curve for Schlumberger’s LLD (Version DLS-D/E}). The
chart assumes no invasion, semi-infinite adjacent beds, and an '8 inch borehole (From Schlumberger, 1989). .
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Figure 9-7. Bed thickness and adjacent bed departure curve for Schiumberger’'s LLS (Version DLS-D/E). The
chart assumes no invasion, semi-infinite adjacent beds, and an 8 inch borehole (From Schlumberger, 1989}

4,

5.

referred t6 as "squeeze”. But above a bed thickness of 10 feet
the effect reverses for the LLS tool and the bed of interest appears
to be slightly less resistive than it actually is.

If the adjacent beds are less resistive than the bed of interest, Ra is
too low (top half of each chart}). The phenomenon is called
"antisqueeze". - The LLS is hardly affected if the bed is thicker than
20 feet. ‘

The LLD is much more affected than the LLS.

Beds 2 feet thick can be accurately measured.

Both tools have the same vertical resolution..

However, these corrections are seldom used because idealized
conditions are seldom encountered in a borehole. The corrections, if made,
are much less than would be required for induction tools.
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Invasion corrections. Invasion effects on the LLD or the deep Guard
will usually be small in high porosity ground-water environments. Invasion
corrections are not needed in such cases. In moderate to low porosity
formations invasion corrections should be made (Hilchie, 1982). Invasion
corrections require three curves,
either a DLL-MSFL (Schlumberger),
DLL-MLL (Atlas Wireline) or Dual
Guard-FoRxo {Halliburton). The
chart book of the company that
logged the well must be consulted
for invasion correction charts.

30

tnduction Log
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Above Appropriate

: * \ A, Curve
20}

15

Recommended use. Focused
mandrel electrode tools are exceillent
for many ground-water environ-
ments and should be used more
often. They are the best tools to | Use Both Logs
use when Rt is greater than 100 Below Appropriate

R,, Curve
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101

N fez01 -
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L 7}4

ohm-meters, Rt/Rm is high, Rt/Rs is [ | | | M
high, Rmt/Rw is less than 3 (Figure 00507 1. 2 3 48 7 10 20 30
9-8) and good vertical resolution is ARy ——

needed. One or more of these Figure 3-8. Preferred ranges for using induction logs

and laterologs under normal borehole conditions {From

conditions is met in most water Schiumberger, 1989).

wells.

FOCUSED PAD MICROELECTRODE TOOLS

Focused microelectrode tools are used to. measure Rxo. In fact, they
are commonly called Rxo tools. The tool was developed to overcome the
problem of high Rxo/Rmc values, which affects the nonfocused pad tooi
(microlog). The Microlaterolog (MLL} was the first focused pad tool.
Schlumberger and Dresser Atlas added the Proximity Log (PL}); WhICh
Schlumberger replaced with the Microspherically Focused Log (MSFL).
Welex ran a FoRxoLog, but Halliburton now runs a Mlcrosphencally Focused
Log. :

Tool theory. Ali the tools have a closely spaced focusing electrode
arrangement mounted on an insulated pad (Figure 9-9).  The tools are
basrcally pad-mounted, microversions of the focused centralized electrode
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MICAOLOG MICROLATEROLOQ MICRO | PROXIMIT I
ML, MLL SFL Y

guard slactrods
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eiecirode  current ; \MSFL Tool
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monlloring .
slecirodes

elecirode

PAD ELECTACDES (schemalic)

pad -

Figure 9-9. Schematic electrode configuration of focused pad microelectrode tools. A and M.are electrodes
(From Rider, 1986). . : :

tools. The MLL and Proximity tools are similar in design, while the MSFL
design is somewhat different (see the SFL section). :

The MLL tool was replaced in fresh muds because mudcake thickness
greater than % inch significantly affects the resistivity values. " Its
replacement, the Proximity Log, has a deeper depth of investigation, which
means that the mudcake influence is less (negligible if mudcake thickness is
less than % inch). The greater depth of investigation, however, means that
for the Proximity Log to read Rxo requires deeper invasion (a radius of about
20 inches). Invasion is not this deep in most high porosity formations, so
the curve is influenced by Ri and/or Rt. The MSFL was developed to better
deal with the problems experienced by the MLL and the Proximity tools. It
has a shaliower depth of investigation {about 2 to 3 inches) than either the
MLL {3 to 4 inches) or the Proximity (6 to 20 inches). Also, it tolerates thick
mudcake better than the MLL (little correction for less than % inch).

" The vertical resolution of the Proximity tool is 6 inches to 12 inches.
The MSFL and the MLL tools have a vertical resolution of a few inches.

Environmental corrections. ‘Mudcake corrections and Rxo/Rmc
. correction -charts are available for each Rxo tool. Figure 9-10 is a correction
chart for an early MSFL tool. ' In ground-water environments where invasion
" is sufficiently deep and mudcake thickness is normal, the MLL and the MSFL
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is sufficiently deep and mudcake thickness is normal, the ‘MLL and the MSFL
will still require an important environmental correction. Rmc must be
adjusted to formation temperature before using the chart. Rxo/Rmc values
are usually less than 15, which causes the log values to read considerably
higher than Rxo. Figure 9-11 is an example of an MSFL curve before and
after corrections for the Rxo/Rmc value. The Proxumlty Log does not require
this correction.

Recommended use. Rxo values are essential to determining water
quality by the resistivity ratio method. The MSFL, with corrections for
Russ /Rme, is the best log for measurmg Rxo. It should be run in more
ground-water studies. -

A mud log can be made with an MLL or an MSFL tool. The resistivity
value in washouts (identified from the caliper) is Rm. Rm values are harder to
establish than with a microlog mud log, which has two curves to compare.
The logging service company will not make a mud log unless asked to do so.
There is no additional charge for the mud log. '

A synthetic microlog can be made from the MSFL data by the legging
engineer. The quality of the log varies according to the borehole conditions.
The logging company should provide assistance with interpreting the curve.

25— .

a MicroSFL ]

@ 20 o H-(25 4 mm)

=
o ‘ / ~

s ©5Chlumberger // \1 |
o u - 1£2"(12.7mm) 3/47(19mm) |
™ 7&3 s amm =T gt |
2 08 1 e L i e ———t—

z TF_-— o - -"":-,,-.1 " Ao
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Figure 9-10. Mudcake and Rxo/Rme correction for the MSFL tool in an 8-inch borehole. Rmc must be at
formation temperature (From Schlumberger, 1979).
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Figure 9-11. Example of resistivity curves corrected for borehole effects. The curves-in track 2 have not been
corrected. This is why the MSFL is consistently reading about 30 percent too high. The error is noticeahle
because the difference between the MSFL and the other resistivity curves is very consistent and in the shales
(1490 to 1550 feet} the MSFL does not agree with the other resistivity curves. The SFL reads higher in the
shales than the ILD and the ILM curves, which overlay, because the laminated nature of this shale increases
the SFL values. The curves in track 3 have heen corrected for borehole effects. An Rxo/Bme correction was
applied to the MSFL (Figure 9-10). Track 1 has a lithology log with the volumes of clay (VCL), quartz, (VQTZ),
and calcite (VCAL) graphed. The lithologies were calculated by cross plotting the porosity and gamma ray
logs. Also in track 1 are SP and gamma ray curves. The SP curve has serious problems. It does not correlate
very well with the other curves because a sine-wave pattern with a 6 foot wavelength is imposed on the
curve. A microlog is in the depth column. The only positive separation is the sandstone at 1594 to 1608
feet. The shales are not clean, as indicated by the spiky nature of all the curves and the slightly elevated
resistivity values. The sandstones are calcareous, as indicated by the lithology plot. The differential caliper
(DCAL] in tracks 2 and 3 shows the borehole to have few washouts. Mudcake is present across the
sandstone at 1594 to 1607 feet. The log is the Woodbine sandstone. The well is the J.L. Myers, Bristol
Water Supply #2, Ellis County, Texas. Bit size is 12% inches. At formation temperature (95° F) Rm is 2.6
ohm-meters, Rmt is 2.9 ghm-meters and Rme is 2.2 ohm-meters. Figure 14-25 contains additional information
on this well.
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INDUCTION

Induction tools were introduced in the 1950’s. The tool was
developed for boreholes with nonconductive fluids (oil-based mud, air, or
foam}. It is the only resistivity tool that will work in nonconductive borehole
fluid and in nonmetaliic casing. (No resistivity tool works in steel casing.)
Today in the petroleum industry it is the most commonly run resistivity log.
It is the resistivity log of choice for boreholes with low to medium resistivity
formations and muds that are more resistive than the formation waters.
Slimhole tools are available, but are not commonly used in the ground-water
industry. '

The induction too! has been part of several different tool combinations
through the years. Petroleum and ground-water well files are filled with
these logs and any ground-water log analysts should have some familiarity

- with them. Schlumberger ran most of them, so their terminology is
"emphasized in this discussion.

1. Induction-electric survey {IES), induction electric log {IEL), and
induction electrolog are trade names for a combination of 16 inch
short normal, induction and SP. Schlumberger’s induction was the
6FF40. (Six refers to the number of coils and 40 is the number of
inches between the main transmitter-receiver pair). This logging
suite was common in the 1960’s.

2. Schlumberger’s induction-SFL {ISF) had an SFL in place of the
short normal, an SP, and an induction similar to the 6FF40. This
tool is still available today, but the Gulf Coast is one of the few
areas where it is still commonly run.

3. The Dual Induction tool was introduced in the 1960’s. The tool
consists of a deep induction {ILD), a medium induction (ILM), a .
shallow reading focused tool, and an SP. Schlumberger used an
LL8 for the shallow reading focused tool. Other service companies
use guard or laterolog devices (see Table 9-1). ILD and LM are
actually Schlumberger’s terminology, but they are often used as
generic abbreviations. 8FF34 is Schlumberger's medium induction
and 6FF40 is their deep induction.
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4. The DIL-SFL was introduced by Schiumberger in the mid 1970's.
The SFL replaced the LL8. ThlS is still Schlumberger’s principal

induction tool.

5. In the mid-1980’s Schiumberger introduced the Phasor Induction
SFL. The tool consists of a deep induction (IDPH), a medium
_induction {IMPH), an SFL, and an SP.

6. Array induction tools are being mtroduced by several service

companies today.

7. Schlumberger's 6FF28 tool is their "slimhole" tool. It is 2% inches
in diameter. The induction device is a scaled-down version of the -
B6FF40. The tool includes a 16 inch short normal and an SP.

8. Robertson Geologging, Geonics, and Century Geophysical
manufacture induction tools that are less than 2 inches in

diameter.

Tool theory. Induction tools
induce a current in the formation. A
high-frequency alternating current in a
transmitter coil creates an alternating
electromagnetic field in the formation.
The alternating magnetic field induces
Foucault currents-in the surrounding
formation (Figure 9-12}. These currents
flow in horizontal ground loops in the
formation. The currents create a
magnetic field in the formation which

induces a voltage in a receiver coil. The

induced voltage is proportional to the
formation conductivity (C), which is the
reciprocal of resistivity (R mmeters =
1000/C, . mhos/m) -

—
Amplitier
And
Oscillator -
Housing
Receiver
Coit
Recaiver
Amplitier G“’”"d)
Loop
Foucault )
Cuirent Formation
Transmitter
Transmitter Coil .-
Oscillator . - \E
S| Borehole

ATl

Figure 9-12. Basic two-coil induction system (From

Schlumberger, 1983).

Figure 9-12 illustrates a simple unfocused two-coil system. Such a
system would be significantly influenced by the borehole, the side beds, and
the invaded zone. In reality induction tools are focused by employing an
array of coils {Figure 9-13). The deep induction typically employs 6 coils
(three transmitters and three receivers), while the medium induction uses



215

fewer. A few deep induction tools employ more than 6 coils. A focused
tool has better vertical resolution, increased depth of investigation,
minimized adjacent bed effects, and minimized borehole effects

(Schlumberger, 1989).

Borehole

m Adjacent bed o,

T, = Transmitter

R = Receiver -
. A k__a r\

Uninvaded

Invaded

40 in.

Main coil pair

Adjacent bed o,

Figure 9-13. A focused induction tool uses additional transmitter and
receiver coils to focus the main coil pair. This conceptual tool follows
Schiumberger's §FF40. Conductivity is ¢ and the subscripts are mud {m},
invaded zone (i}, uninvaded zone (t), and adjacent bed (s) (From Etnyre, -

1988}

Vertical resolution is about 3 feet for the medium induction and 4 to 5
feet for the deep induction. Depth of investigation is greater than 5 feet for
the deep induction, about 3 feet for the medium, and about 4 feet for the

6FF28 (Schlumberger, 1989).
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Log presentation. Induction curves are always in.tracks 2 and/or 3.
The curves are displayed as resistivity. The only time that conductivity .
values appear on the log is on a 2 inch linear scale where the deep induction
conductivity is in track 3 (Figure 9-14). The conductivity values can be used
as a quality control check of the log (Figure 9-14). The deep induction curve
is long dashes, the medium induction curve is short dashes, and the shallow
reading curve such as the SFL or Guard is a solid line (Figure 9-15),

Environmental corrections. Departure curves are available for all the
conventional tools but are not available for the Geonics and Century tools.
Corrections must be applied in the proper order: borehole, bed thickness,
invasion. Departure curves apply only to a particular brand of tool.

Borehole corrections. Figure 9-16 is the borehole correction chart for -
Schiumberger's deep and medium induction tools. This chart illustrates
several important principles of borehole corrections that apply to all toots.

1. Rm’s greater than 1 ohm-meter require virtually no correction to
any of the tools, no matter what the hole diameter and whether or
not a standoff is used. The fresher the mud, the less the
correction. Air is a perfect medium for the tool. Most water well
muds are fresher than 1 ohm-meter and therefore require no
borehole correction. '

2. As Rm decreases below 1 ohm:meter, borehole corrections can
become significant depending on hole size and whether or not a
standoff is used. Rm's below 1 ohm-meter will commonly be
encountered in many petroleum wells.

a. In almost all cases, for all induction tools, Ra is less than Rt.
b. Using a standoff, which is a rubber fin device designed to keep
the tool away from the borehole wall, significantly decreases
the borehole correction. Also, it is difficult to get a good repeat

log without a standoff (Etnyre,.1989). A 1.5 inch standoff is
standard, but other sizes are available. :

c. The deep induction with a standoff requires little correction in .
boreholes less than 12 inches in diameter no matter what the
Rm. . . . : . '

d. The medium induction requires little correction in boreholes less
than 9 inches in diameter no matter what the Rm. Above 9
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Figure 9-14. Typical log presentation of the deep induction (ILD) and shallow focused (SFLA) curves, along
with the deep induction conductivity {(CILD) curves. An amplified SFLA curve (O to 10 ohm-meters) is also
present. It is-nat needed and is just cluttering the log. The conductivity curve should be used as a quality
control check of ILD. The induction curve is wrong as evidenced by:

1. The conductivity curve (C,p) reads less than 0, which is an impossibility. The tool was miscalibrated.
A statistical study indicated that the C,p zero was actually -25 mmhos. This being the case, all R
data above 40 chm-meters {25 mmhos) was lost.

2, R.o is greater than Rgy in shales, when it should be R.o is less than or equal 10 Ry .

3. At 730-50 feet R, is 150 ohm-meters {6.7 millimhos) and R, is 40 ohm-meters (25 milliimhos). The
two curves should be reading about the same because the bed is porous {40 percent porosity) and the
flat SP indicates that Rmi is close to Rw. By adding a 25 millimhos correction to By, the two curves
are now close: 31 ohm-meters {32.7 millimhos)} versus 40 ohm-meters {25 millimhos). R, reads 40
ohm-meters after a bed thickness correction is applied.

The log is the Gulf Coast aquifer and the lithology is alternating sandstone and shale. The well is the
Alsay, Cypress Creek U.D. #3, Harris County, Texas. Bit size is 9% inches. At formation temperature (82°
FJ. Rmis 15.5 chm-meters and Rm¢ is 8.2 ohm-meters. Figure 14-24 contains additional information on this
well.
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Figura 9-15. Dual Induction-SFL log on a 5-inch linear scale. The deep induction conductivity {CILD} curve is
in track 3. SFLU means that the SFL is unaveraged. The SFL curve has much better vertical resolution than .
the induction curves. The resolution of the SFL is similar to that of the gamma ray curve. In zones A and B
the SFL reads higher than the induction curves, which read about the same. Without. applying bed thick-
ness/adjacent bed corrections these zones would be interpreted as having Rt less than Rmi and shallow
invasion. After corrections are applied (Figures 9-17 and 9-18) the induction curves read the same as the SFL
curve. Invasion is now interpreted as either being very shallow with all three curves reading Re, or Rmf equals
Rw with any amount of invasion possible. Either scenario is possible. The log is alternating sandstones and
shales of the Gulf Coast aquifer. The well is the Alsay, Kingwood B-3, Harris County, Texas. Bit size is 9%
inches. At farmation temperature (92° F) Rm is 13.6 ohm-meters and Rmf is 8.4 ohm-maeters,
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The hole-conductivity signal is to be subtracted, where necessary, from the induction log conductivity read-
ing before other corrections are made.* This correction applies to all zones (including shoulder beds) having
the same hole size and mud resistivity. _

Rcor-4 gives corrections for 6FF40 or 1D, IM, and 6FF28 for various wall standoffs, Dashed lmes lllus—' .
trate use of the chart for a 6FF40 sonde with a 1.5-in. standoff in a 14.6-in. borehole, and Ry, = 0.35
{1»m. The hole signal is found to be 5.5 mS/m. If the log reads R, = 20Q+m, C. (conductivity) = 50 mS/m.
The corrected C‘[ is then (SO -5 5) = 44.5 mS/m. R; = 1000/44.5 = 22.4Q*m

*CAUTION Some mducnon logs espec1ally in salty muds, are adjusted 50 that the hole sngnal for"‘the«f'
nommal hole size is already subtracted out of the recorded curve. Refer to log heading,

_Figura 9-_16. Inducti_on log borehole corrections for Schlumberger's toals. The size of the standoff is given in
inches (circles) and in millimeters {squares) (From Schlumberger, 1989).
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inches the correction is considerable and above 17 inches the
amount of correction starts to decrease.

e. The medium induction requires more correction than the deep
induction.

Borehole corrections assume round boreholes (Hilchie, 1982).
Corrections for out-of-round boreholes are normally extremely difficult to
make, if for no other reason than because three- and four-arm calipers are
seldom available. .

A borehole correction can be applied as the log is being run. A .
notation to this effect should be on the log heading. The correction will be
for a particular bit size. If borehole enlargements in a zone of mterest are
larger than this, additional corrections wnll be made..

Remember that borehole corrections will not be needed as long as
Rm's are greater than 1 ohm-meter, which inciudes almost all. water wells. It
also includes the shallow part of many petroleum logs where the water-
bearing units have less than 50,000 ppm TDS, Drilling practices (not
mudding up until the borehole is below this depth) and the lengthy amount
of time this interval of the borehole is exposed, usually create considerable
borehole enlargement. However, as long as Rm is greater than 1 ochm-meter,
‘borehole enlargements in this interval will not affect the induction tools.

Bed thickness and adjacent bed corrections. Figures 9-17 and 9-18
are Schlumberger’s resistive bed departure curves for the deep and medium
induction tools. Resistive beds are by definition any bed that is more '
resistive than its surrounding beds. The charts were constructed assuming
thick, homogenous adjacent beds. The charts also assume a shoulder-bed
resistivity (SBR) of 1 ohm-meter. The SBR setting, which is recorded on the
log heading, is a filtering process designed to improve tool response (Etnyre,
1989). These charts illustrate several important principles of bed thickness
and adjacent bed corrections of resistive beds that apply to all induction
tools.

1. Ra decreases as Rs decreases. For each tool there are departure
curves for Rs values of 1, 2, 4, and 10 ohm-meters. These
conditions correspond to sandstones with fresh to moderately
saline water surrounded by shale. They can also include
formations with waters up to 50,000 ppm TDS depending on how
low the porosity is.
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INDUCTION LOG BED THICKNESS CORRECTION
&FF40 or ILd and 6FF28

These charts give bed thickness corrections for the 6FF40, ILd, and 6FF28 in beds thicker than 4 feet
(1.2 m). A skin-effect* correction is included in these charts. Sefect appropriate chart for valve of adja-

nate values of (R;1)...

To use these curves for the small-diameter 8FF28, simply multiply the bed thickness by the
ratio of the spacings. For a 6FF28 tool reading In a 7-ft bed, the bed thickness used to enter the chart
s 40/28 X 7 = 1041,
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* Skin effect corrections are made automatically by Schlumbaerger Induction tools. Hawaver, these internal corractions
are necessarily based on the total canductivity signal measured by the tool, and are therefore corract only in homoge-
neovs, anisotropic beds of considerable extent. In thin beds, adjustments are needed 1o the corrections made by the
toal, und are included in thess charts,

cent-bed resistivity (R,). Enter the bed thickness and proceed upward to the proper R, curve: Read ordi- -

Figure 9-17, Schiumberger’s bed thickness and adjacent bed corrections for the deep induction tool in cases

of resistive beds. Charts are for Rs's of 1, 2, 4, and 10 chm-meters {(From Schlumberger, 1979},
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INDUCTION LOG BED THICKNESS CORRECTION

These charts are for the ILm in beds thicker than 4 feet (1.2 m), A skin-effect* correction is included
in these charts. Select appropriate chart for value of adjacent-bed resistivity (R.). Enter the bed thick-
ness and preceed upward to the proper Ry, curve. Read ordinole valves of (Ryy)c.- .
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* Skin effect carrections are made outomatically by Schlumberger Induciion tools. However, these internal corrections
are necaunsatily based on the total conductivity signal measured by the tocl, and are therefore correct only in homoge-
neous, anisolropic beds of considerchla extent. In thin beds, adjusiments are needed to the corrections made by the

Figure 9-18. Schlumberger’s bed thickness and adjacent bed corrections for the medium induction tool in

cases of resistive beds. Charts are for Rs's of 1, 2, 4, and 10 chm-meters (From Schlumberger, 1979).
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2. Beds less than 5 feet thick cannot be corrected to Rt.
3. The deep induction reads much lower Ra’s than the medium.

4. The deep induction requires correcting for a wide range of bed
thicknesses and Rs's.

a. Ra's above 20 ohm-meters are significantly lower than Rt when

Rs is less than 4 ohm-meters. For.an Rs of 10 ohm-meters,

Ra's above 40 ohm-meters are significantly less than Rt.

Beds up to 28 feet thick read much lower than Rt.

¢. In some circumstances a thick bed may require more correctlon
than a thin bed with the same Ri.

o

Bed thickness and adjacent bed corrections for resistive beds are often
overlooked by log analysts. They are extremely important in ground-water
log analysis. Formations with fresh to moderately saline water that are less
than 30 feet thick will have an Ra that is too low (Figure 9-15}. Low
porosity beds less than 30 feet thick will have a pseudoinvasion profile and
appear to be permeable (Figure 7-13). The deep induction will be less than
the shallow reading tool, so it will appear that Rw is less than Rmf.

A bed thickness correction must always be applied before making
invasion corrections. Unfortunately, computer programs have not been
developed to make the correction. Some computer programs calculate
invasion corrections without inputting borehole and adjacent bed corrections.
This practice is not recommended.

Conductive beds thicker than 4 feet do not require any correction.
Beds thinner than 4 feet require considerable correction. "This correction will
generally be used for thin porous intervals in an otherwise nonporous
carbonate. Thick sandstones with very saline water would not require this
correction. Schlumberger’s chart book has a thin conductive bed correction
chart for the deep induction, but not for the medium.

Invasion corrections. Figures 9-19 and 9-20 are examples of invasion
correction charts. The chart is commonly called a tornado chart {due to its
shape). Tornado charts are either for the condition of Rt less than Rxo
(Figure 9-19) or Rt greater than Rxo (Figure 9-20). They are constructed for
a particular tool string {Figure 9-19 is for Schlumberger’s DIL-SFL, DIS-EA
type tool} and for a given set of borehole conditions (thick beds, 8 inch hole,
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DIL* Dual Induction - SFL* Spherically Focused Log
ID—IM—SFL . ' VY

" Thick Beds, 8-in. (203-mm) Hole, Skin-Effect Corrected,

RyofRym = 100, DIS-EA or Equivalent

D_I \._n_mm

RIMJ‘H[D .

Rint-2¢

*Mark of Schlumberger

This chart is used when Rt is less

R is the deep induction curve, Ry, is the medium induction curve, and Rg is the SFL curve

Figure 8-19. Schlumberger invasion correction chart for the DIL-SFL tool.

than Ri.

{Schlumberger, 1988}.



and Rxo/Rm of 100 for Figure 9-19).

Most tornado charts, including Figure 9- dlinches) ., /7R

19, require the log to have been » 3%

corrected for skin effect (see the ,";Ri
LD

following section on skin effect}. Most
induction logs have been corrected for
skin effect and a notation to this effect 10
should be on the heading.

Tornado charts are used to
correct the deep induction tool for the

RiLp
effects of invasion. The chart also g J
estimates the diameter of invasion and !
Rxo.

The charts should be utilized
" according to the following guidelines:

1.
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THICK BEDS

' 8in. BOREHOLE
STEP PROFILE

. NO SKIN EFFECT

The induction log must first
be corrected for borehole, bed
thickness, and adjacent bed
effects. ‘ 1

4

2
RiLo/Ritm
The appropriate invasion chart Figure 9-20. A Dresser Atlas invasion correction

. chart for when Rt > Rxo. Uses an Rxo log, if
must be_se|ECtEd accordlng to available (From Dresser Atlas, 1982).
the service company and tool
string.

If a skin effect is required by the c'hart, it is essential that a skin-
effect correction was applied to the log.

The appropriate chart is selected according to whether Rt/Rxo is
less than 1 or greater than 1. Charts for.Rt greater than Rxo are

not readily available. The logging company that ran the log may be

able to provide a chart.

The Ru/Rp and Rgr /Ry values are then entered in the chart. The
point at which the values intersect defines the diameter of the
invasion, Rt/R;, and Rxo/Rt.

The value of Rt/R,;, multiplied by R,; equals Rt.
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The value of Rxo/Rt muitiplied by Rt equals Rxo. Much credence
should not be assigned to the Rxo value. It will not usually be
accurate enough to use in the Rxo/Rt method of determining water
quality.

Several important principles about invasion corrections can be gleaned
from Figures 9-19 and 9-20: ' ' ' ) '

1.

If the diameter of invasion is shallow to moderate (less than 35
inches), the deep induction reads Rt. This also can be stated in
terms of R,,/R,, being less than 1.2. This condition will usually be
satisfied in high porosity sandstones such as the Gulf Coast and
Carrizo-Wilcox aquifers, low water loss muds, and the part of the
borehole close to T.D. '

For diameters of invasion beyond 35 inches, the effect of invasion
on Ra is a function of the contrast between Ri and Rt plus the -
depth of invasion.

As the diameter of invasion increases, the difference between the
deep and medium curves increases.

For deep invasion when Rt is less than Ri, Ra is greater than Rt.
For deep invasion when Rt is greater than Ri, Ra is less than Rt.

For the case ‘of Rt greater than Ri, the dual induction works within -
certain limitations.

a. An Rxo value {(MSFL, Microlaterolog, etc.) needs to replace the
shallow reading value (SFL, Focused Log, Guard, etc.) on the
chart. This is because a shallow reading device is overly

_influenced by Rt under these conditions and as depth of
invasion changes the shallow reading toof will not show much
change (Dresser Atlas, 1982). An independent value of Rxo is
needed. :

b. To make a valid correction with the chart, invasion diameter
should be less than 35 inches.

¢. Beyond an invasion diameter of 35 inches, the deep induction
resistivity (Ra) rapidly drops lower than Rt. At an invasion
diameter of 50 inches Ra is half of Rt. This change is much
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more rapid than when Rt is less than Ri (Figure 9-20). When at
50 inches, Ra is only 12 percent different than Rt. -

The explanation for this goes back to the theory of induction
measurements. Because the invaded zone and the uninvaded
zone act in parallel for the induction tool, the higher
conductivity contributes more to the zone with the log value
(Dresser Atlas, 1982). Therefore, the influence of invasion on
the induction tool is greater if the invaded zone has a lower
resistivity than the uninvaded zone, or to put it another way, if
Rmf is less than Rw. When Rmf is greater than Rw, the invaded
zone does not contribute as much to the conductivity signal
and the deep induction is not as dramatically affected. This
goes back to Figure 9-8 and explains the differences between
induction and laterologs. The deep induction gives its best
measurement of Rt when a resistive fluid (Rmf>Rw) occupies
the invaded zone. The dominant influence on the induction will
be the more conductive uninvaded zone. On the other hand,
the laterolog gives its best measurement of Rt when a
conductive fluid {Rmf <Rw) occupies the invaded zone. The
dominant influence on the laterolog will be the more resistive
uninvaded zone. The induction tool works best when Rmf/Rw is
greater than 3. ‘

If the invasion diameter is definitely less than 35 inches in the zone of
interest, an invasion correction is not needed. Such cases are low water
loss muds and high porosity sandstones. If the invasion diameter is possibly
greater than 35 inches, an invasion correction should be done after borehole,
bed thickness, and adjacent bed corrections have been made. When
invasion is deep, if Rt>Ri {restated as Rw > Rmf) then Ra is less than Rt, and
if Rt<Ri (restated as Rw< Rmf) then Ra is greater than Rt.

Sonde error. Even after proper calibration, the DIL has a sonde error of
*2 mmhos/m. The sonde error is due to an imbalance in the receiver circuits
or to residual coupling between the transmitter and receiver coils (Dewan,
1983). For low resistivity formations the error is not significant, but for a
formation above 100 ohm-meters {10 mmhos/m) the error in the resistivity
value is greater than or equal to 20 percent (see Table 9-2). Low to
moderate porosity fresh water formations have Rt's of more than 100 ohm-
meters and can therefore not be logged accurately with induction tools.
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TABLE 9-2. EFFECT OF A SONDE ERROR'
ON THE Ra OF RESISTIVE AND CONDUCTIVE BEDS

Effect of a *2 Effectof a *2 Effectof a2 Effectof a2
True True m:::;c:sé(r:‘m mg:::::sé(‘:]m m;'\rr:)(:sé(:]m mmhos/cm
Conductivity Resistivity ductivi L ductivity err'or. o.n
mmhos/cm  ohm-meters conductivity resistivity -.conductivity resistivity
umhos/cm ohm-meters umhosfecm ohm-meters
Resistive 10 100 12 83 .8 125
Bed : . .
Conductive 50 20 52 19 48 21 ’
Bed . :

The sonde error can be reduced by downhole calibration in a low
porosity, high resistivity, thick formation. Unfortunately, such.a formation
will not be present in most water wells.

- Skin effect. Skin effect, more properly called propagation effect, is a
reduction of the conductivity signal generated in a formation due to
interference between the current ground loops. It makes the formation (and
therefore Rw) appear more resistive than it actually is. Skin effect increases
as formation conductivity increases and as the transmitter-receiver coil
spacings increase. The phenomenon is predictable and can be automatically
corrected. The correction should be noted on the log heading. Skin effect
only becomes significant when Rt is less than 1 ohm-meter (Schlumberger,
1989), which corresponds to a water conductivity of 60,000 yumhos/cm or
greater. Therefore, skin effect is normally of no consequence to ground-
water log analysis.

Interpretation. Bed boundaries are best picked in combination with
other curves (Figure 9-21, zones C and D). Usually, however, bed boun-
daries are more accurately picked from another curve: gamma ray, shallow
focused curve, or microlog. In thin resistive or conductive beds the peaks
point in the right direction, but low values are not low enough for conductive
beds and for resistive beds the values are not high enough (Figure 9-21,
zones A and B). In thick beds an average value is taken for Ra (Figure 9-21,
zone C). Some intervals are best zoned into two or more resistivity values
(Figure 9-21, zone D). : '

In shales, induction values will be either equal to or less than the
shallovw reading curve. An isotropic shale makes the curve read too low.
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Figure 9-21. This log illustrates how to pick bed boundaries and resistivity values on an induction log. Zones
A are more resistive than they appear to be on the ILD curve (as confirmed by the SFL curve). The resistivities
are decreased by the conductive side beds. Zone B is a shale bed less than 2 feet thick. It shows to be
conductive but due to the more resistive side beds the resistivity is not low enough. Zone C has an average
value of 23 chm-meters. Zone D is best divided into two intervals with an average value taken for each (20
ohm-meters and 30 ohm-meters). The bed boundaries for both C and D are best picked from the gamma ray
curve. Only the lower boundaries match the midpoint on the resistivity curves. The SFL has been averaged
{SFLA} to smooth the curve out and make it agree better with the poorer resolution of the ILD. The logging
tool is a DIL-SFL. The ILM was left off at the request of the drilling contractor. The log is the Paluxy
sandstone. The well is the J.L. Myers, City of Van Alstyne #3, Grayson County, Texas. Bit size is 9% inches.
Rm is 5.4 ohm-meters and Rmf is 4.3 ohm-meters at formation temperature (98° F).
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It has’ nothlng to'do with invasion. This explams the separatlon between the
shales at 370 to 384 feet and 474 to 520 feet in Flgure 8-19.

The resnstawty tool with.the smallest emztter rece:ver spacmg has the
‘best vertical resolution. The microlog has the best vertical resolution,
followed by Rxo tools, then shallow reading tools (SFL, Guard, short,nprmél),
laterologs, induction, and long normal. Lateral curves have good resclution,
better than induction tools, as long-as there |s not mterference from side
beds {Flgure 8-25). : ~

For most logging suites the short normal or a shallow focused tool
(Guard or SFL) will be the resistivity curve with the best vertical resolution.
The curves can yield considerable geological information. -They can be used
as lithology/porosity indicators. The curves will respond to thin shale
stringers and variations in por03|ty (Figures 8-19, 8-25, 9- 15 and 9- 22)

The amount of separation between the three curves is a functnon of
_the depth of invasion and the Rmf/Rw values. - When plotted on a logarithmic
scale this separation can be used to estimate the depth of invasion and Rw

- of porous permeable formations. As the depth of invasion increases the
separation between ILM and ILD increases (Figure 6-4). This assumes that
Rmf and Rw are not equal. If they are the same all three curves will agree no
matter what the depth of invasion. |If Rw is greater than Rm, Ry, will be
greater than R, and as the resistivity of the formation water’ increases in
relation to Rmf, so will the separation between the two curves. If Rwis less
than Rm, R, will be less than R,..1., @and the separation will increase as Rm
decreases. This technique is only.valid if any heeded borehole and bed
thickness corrections have already been applied to the curves (Figure 9-15)..

Recommended use. "Induction tools provide accurate- resistivity values
if environmental corrections are first applied and if they are-used in the -
appropriate environment (Rt is'less than 100 ohm-meters and Rmf/Rw is
greater than 3). In other environments focused electrode logs (Laterologs
and Guard Logs) are the best choice. . Figure 9- 23 compares a deep laterolog
and a deep induction. Induction logs do not require borehole corrections if
Rm is greater than 1 chm-meter. Bed thickness corrections are extremely
important for resistive beds less than 30 feet thick. They should be applied
routinely. Invasion corrections are only needed if the invasion diameter is
greater than 35 inches. Induction tools are the only. resistivity tool that will
work in air-filled boreholes and in nonmetallic: casing. (Figure 9-24). '
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Figure 9-22. When Rw remains fairly constant over an interval, Ra is a function of porosity. The induction
tool, a Phasor Induction SFL, follows very closely changes in porosity. The borehole fluid is the same as the
formation water (the well was drilled reverse air-rotary), so the SP is flat. Bit size is 774 inches. The log is an
interval in the Edwards aquifer. The well is the Edwards Underground Water District, B-1, New Braunfels,
Texas (state well number 68-23-6186). Figures 13-5, 13-8, 13-28, 13-32, and 13-33 are also from this well.
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Figure 9-23. Comparison of a deep laterolog {B,,} and a deep induction {Ry,). R, values are more accurate
and have better bed resolution. The LL bed resolution is close to that of the gamma ray. The induction values
are low by about 100 percent in thin beds because the tool is influenced by the surrounding shales. The
induction curve requires extensive thin-bed corrections. Notice that the bed at 1920-34 feet is not a shale, .
even though it falls on the shale base line. The bed is not shale because the gamma ray values are low and
the resistivity values are high. The zene has no SP deflaction because it is a nonpermeable sandstone or
limestone. The log is an interval in the Trinity Group. The well is the J.L. Myers, City of Van Alstyne #3,

Grayson County, Texas. Bit size is 9% inches. At formation temperature 180° F}-Bm is 6.6 ohm-meters and
Rmf is 5.6 chm-meters.
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Figure 9-24. Comparison of a slimhole induction tool in a borehole {open and cased). The tool has excellent
repeatability in the nonmetallic casing. The open hole diameter is @ inches. The cased hole is 4 inch PVC and
is grouted with 5 percent bentonite cement. The open and cased hole gamma rays also have excellent
repeatability. The lithalogy is volcaniclastics. The well is in Colorado. The nature of the borehole fluid is not
known. :
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Phasor Induction

The Phasor induction SFL was introduced in the mid 1980's by
Schlumberger. The tool makes the standard ILD and ILM (R-signals)
measurements, plus a deep and a medium quadrate signal (X-signals). These
four measurements are combined utilizing new advances in signal processing
and electronics technology to produce an improved Dual Induction log
(Schlumberger, 1989).

Most environmental corrections are done automatically by the tool.
This was not possible with the DIL-SFL because of the nonlinearity of the
R-signals, which were the only measurements made by the tool.

Advantages of the Phasor over the DIL include:
1. A calibration error of less than *1 mmho/m {versus *2 mmhos/m).
2.. Thin bed resolution to 2 feet {versus 5 feet).
3. Most environmental corrections are automatic.

a. Shoulder effect and thin bed resolution {not possible with the
:?:\i/_;sion effects (not possible with the DIL)
Skin effect {possible with the DIL)

Borehole and cave effect {possible with the DIL}
Large boreholes {DIL requires considerable correction)

oo

Figure 7-13 is an example of a Phasor Induction. Figure 9-25
demonstrates the accuracy of the tool in a 23 inch hole. ‘

The Phasor Induction should be used instead of the Dua!l Induction. It
works fine in many conditions in which the Dual Laterolog is normally the
preferred tool. The Phasor Induction will be the best induction too! until the
Array Induction is readily available.

Slimhole tbols

Only a few slimhole induction tools are available {Table 5-3). The
 slimhole tools are not as well focused as conventional size tools, and
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Figure 9-25. Comparison of a Phasor Deep Induction curve
{IDPH} in a 12.5 inch diameter borehole that was then
reemed to 23 inches (From Schiumberger, 1989).
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“environmental correction curves are not available. Taylor et al. {1989) is the
only published evaluation of a slimhole induction'tool.

Slimhole ind‘uction_too!s have numerous applications in ground-

water/environmental studies. However, more and better tools need to be
developed. ' [



GAMMA RAY AND SPECTRAL GAMMA RAY TOOLS

Chapter 10

This chapter discusses two tools that are very useful for ground-water
studies. The gamma ray should be a standard part of every ground-water
logging suite. The spectral gamma ray is a specialized tool that should be run
routinely in parts of the state which have problems with radioactive water.

Gamma Ray

The gamma ray tool measures the natural radioactivity of formations.
The log is used to distinguish shale and clay from other rock types, to pick
bed boundaries, to correlate, and to calculate shale volume in sandstones
and carbonates. In this discussion shale and clay are used interchangeably.

The tool may be used in open or cased holes. It is usually run in
combination with other tools. Gamma ray is the only name for the tool. A
variety of slimhocle and conventional tools are available.

The gamma ray curve correlates well with the SP curve (Figure 10-1).
It is substituted for an SP curve when conditions are such that an SP curve
is featureless (low porosity formations, air-filled and cased holes, and Rmf
equal to Rw). '

Tool theory. The gamma ray tool is basically just a gamma ray

. detector. Most conventional tools use a scintillation counter which consists
of a sodium iodide crystal and a photomultiplier tube. Each gamma ray that
strikes the crystal produces a light flash. The light flashes are converted to
electrical pulses by the photomultiplier and multiplied into a voltage that can
be counted. The tool records the number of pulses per unit of time.

Modern conventional tools and a few slimhole tools are scaled in API
(American Petroleum Institute) units. An AP! unit is defined as '/,¢, of the
response generated by a calibration standard at the University of Houston.
The standard is composed of known amounts of uranium, potassium, and
thorium. It was designed to have twice the gamma ray response of an
average shale, ‘which is considered to be 6 ppm (parts per million} uranium,
12 ppm thorium, and 2 percent by weight potassnum (Dewan 1983). Thus
most shales measure about 100 API units.
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Figure 10-1. This log shows a typical gamma ray presentation. The gamma ray and SP curves are both scaled
so that shale-free formations are to the left and shale content increases to the right. The SP and gamma ray
curves correlate well, with the gamma ray having the best bed resolution. Bed boundaries are picked on the
gamma ray curve half way'between the high and low values. For example, point A at 2700 feet and point B
at 2720 feet are the bed boundaries for a sandstane. The 100 percent shale ling and the shale-free line have
been drawn on the log. The shale content of zone C is approximately 24 percent. {The calculation is
explained under the Recommended Use section in this chapter.) The bit size is 9% inches and the mud is 9
Ib/gal fresh water bentonite. See Figure 9-21 for more information an this log.
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Conventional tools prior to 1959 were scaled in different units of
measurement by each service company. Hilchie (1979) gives the conversion
factors for converting several service companies’ logs to APl units. Many
slimhole tools are simply scaled in counts per second (Figure 7-14).

Prior to the late 1950’s the detectors were ionization chambers and
Geiger-Mueller counters. These detectors were inefficient so they were long
(up to 3 feet) in order to increase the count rate. Long, inefficient detectors
yielded curves with poor vertical resolution and high statistical variations
(Hilchie, 1979). Also, the tools were often pulled too fast which further -
reduced the vertical resolution. Conventional tools and most slimhole tools
switched to scintillation chambers, which have an efficiency of 50 to 60
percent versus 1 to 5 percent for the old detectors (Serra, 1984). The
improved efficiency allowed the detector length to be shortened to 4 to 8
inches, thus improving the vertical résolution.

Depth of investigation and vertical resolution. The vertical resolution
of gamma ray tools with scintillation counters is about 3 feet (Dewan,
1983). Vertical resolution is a function of logging speed, detector length,
and time constant (see the next section). The depth of investigation, 6 to
12 inches, is a function of the penetrating power of gamma rays and the
formation density. Depth of investigation increases as formation density
decreases (i.e. as porosity increases). The effect of formation density on the
gamma ray count is not significant for gamma ray tools. However, it is the
basis of the density or gamma-gamma tool (Chapter 13). ‘

Statistical variations and logging speed. Gamma ray emissions
fluctuate greatly in a completely random manner when viewed from the time
span of a few seconds. This fluctuation, called statistical variation, is
inherent in all radioactivity measurements. It manifests itself on gamma ray
curves as small fluctuations in the curve response that do not repeat on
repeat passes (Figure 10-2). The fluctuation is *5 to 10 API units in shales
and 2 to 4 APl units in shale-free sandstones and limestones {Dewan,
1983). Major fluctuations in the log values, as well as small variations that
repeat, are due to lithology variations (Figure 10-2}.

Statistical variations are accentuated by the fact that only a small
proportion of the gamma rays emitted by a formation strike the detector.
For example, a cubic foot of shale emits about 100,000 gamma rays per
second (Schlumberger, 1958). But the gamma rays travel in all directions
and only a minute fraction of them (250 to 300 per second) intersect the
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Figure 10-2. Effect of statistical variations on gamma ray curves. Both
passes are the same eccentered tool pulled at 40 feet per minute.
Differences are due to statistical variations. Shales are reading about
70 APl units. The sandstones are shaly. Bed boundaries have excellent
repeatability. The caliper shows slight washouts in two of the shales.
The borehole fluid is fresh water bentonite mud. The log is the Paluxy
sandstone in Grayson County, Texas. Figures 9-21, 9-23, 10-1, 10-6

and 11-5 are from the same well.
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detector (Dewan, 1983). Over time intervals of a few seconds such a small
count rate yields statistica! variations even if the detector is stationary in the
borehole. The smaller the count rate the greater the percentage of statistical
fluctuation {Schlumberger, 1958}. Therefore, averaging the curve for a unit

of time is necessary to smooth the curve and avoid a spiky, hard-to-read

curve.
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When viewed from a longer time span (a few minutes), gamma ray
emissions are not random but rather average out to a constant value. Herein
lies the problem with gamma ray measurements -- it is too time-consuming
to make stationary measurements so measurements have to be made while
the tool is moving. In order to minimize statistical variations the count rate
is averaged for a unit of time (called the time constant). Accurate gamma
ray measurements require a logging speed that is not too fast.(30 to 40 feet
per minute is best) and a sufficiently long time constant for the detector to
receive a statistically valid sample. The longer the time constant the less the
fluctuation in the count rate. Time constants are usually from 1 to 5
seconds. The proper time constant depends on the relative radioactivity of
the formations. The lower the radioactivity contrast between formations the
longer the time constant. For instance, shaly Gulf Coast sands require a
longer time constant than clean north central Texas sandstones.

A time constant which is too long, however, rounds formation
boundaries and displaces the apparent bed boundaries upward. As logging
speed increases, this effect is accentuated (Figure 7-11). A balance must be
maintained between logging speed and logging accuracy. Many
conventional tools are run at a speed that moves the too! one foot during the
time constant (Dewan, 1983). This means that the time constant is
adjusted according to the logging speed. For a 2-second time constant this
is 30 feet per minute. Modern computer logging systems average over a
depth interval (typically 1 foot) which, at 30 feet per second, is equivalent to
a 2 second time constant (Dewan, 1983).

If a time constant is used, it should be noted on the log heading. The
logging speed is automatically recorded on modern conventional logs {see
Figure 5-8}.

Log presentation. The gamma ray curve is placed in track 1 on
conventional logs (Figure 10-1). It is almost always included with the
porosity log and is sometimes included on the resistivity log. The curve is
linear and is usually scaled from O to 100 AP! units or O to 150 API units,
depending on the radioactivity level of the shales in the well bore. Increasing
radioactivity is to the right, thus the curve mimics the SP curve.

Slimhole tools are often scaled in counts per second and there is little
consistency to the log presentation. A few companies do use API units.
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interpretation. Gamma rays are high-energy electromagnetic waves
that are emitted naturally from the nuclei of certain radioactive elements.
They are most commonly emitted by elements of the uranium-radium series,
the thorium series, and potassium-40, a radioactive isotope of potassium
that occurs in association with normal potassium. These elements may
either'be an allogenic {primary) constituent of the rock as part of the
chemical composition of the minerals or they may be an authigenic
(secondary) product, which is absorbed onto the surface of the mineral.” In
sedimentary rocks, shales and clays, both of which are referred to as shale
in this text, have by far the highest concentrations of these elements, while
rocks such as sandstones and carbonates usually have very little. This
means that the tool can be used to distinguish shale from nonshale and to
calculate the percentage of shale in nonshale formations. This is why many
people refer to the gamma ray curve as a lithology log. -

Figure 10-3 lists the API

units of various types of ot s
sedimentary rocks. In general’ P oveeevmPaaS TS B S R B S B R S R
gypsum, anhydrite, halite, and o "

coal have the lowest API ‘ ooLowie

readings. Carbonates are a little st u

higher and sandstones still a little e St

higher (20-30 API units). Shales | [

or clays are much higher, around

100 APl units. The radioactivity enicancous st

of a rock increases as the organic e A SAE

content increases due to the Lo oA s

affinity between organic matter The length of the line denotes the intensity range in API Gamma
and uranium and thorium. While Ray Units. The vertical width of the line increases with the fre-
it is true that shales generally quency of ocourrence.

have much higher gamma ray ' ' .
counts than other Sedimentary  Fe 105, Some o o T X S ae
rocks, there are important

exceptions. Each lithology has a range of gamma ray radioactivity rather
than a discrete value. Therefore, interpretation of a gamma ray curve is not
always straighforward. ‘

High gamma ray counts do not always correspond to shale. Both
feldspathic sandstones (arkose, granite wash) and micaceous sandstones
have high gamma ray counts due to high potassium concentrations.
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Glauconite, heavy minerals, volcanic ash, and uranium salts also give high
‘gamma ray counts and can occur in both carbonates and sandstones.

Conversely, low gamma ray counts do not always mean that a
formation is shale free. Kaolinite and chlorite are two common clay minerals
that have low radioactivity levels and are indistinguishable from sandstones
and carbonates (Figure 10-4). These clays are nonradioactive because they
do not contain potassium and they adsorb very few uranium ions due to very
low cation exchange capacities, which is the tendency of some clays to
absorb cations to fill unsatisfied electrical charges. Of the common clay
minerals only smectite (montmorillonite} and illite have a high APl value.
These two clays do have significant radioactivity because illite contains

potassium and both clays have an appreciable cation exchange capacity
(CEC). -

' Acidic and intermediate igneous rocks {those with potassium feldspar)
such as granite and rhyolite and metamorphic rocks have even higher radio-
activities than shales. Any formation with an appreciable amount of these
rock fragments will appear to be a shale. Basic igneous rocks {e.g. basalt
~and gabbro) have very low radioactivities. Some evaporites, principally
potash minerals, contain high potassium concentrations and are very
radioactive.

The gamma ray toof works very well in cased holes (Figure 9-24}. It
can be accurately interpreted by following a few guidelines. Steel casing
reduces the gamma ray activity by about 30 percent {Helander, 1983). PVC
casing only slightly reduces the gamma ray count. Cement, which contains
clay, may increase or decrease the gamma ray count depending on the
radioactivity of the formation relative to the cement. Bentonite grout will
significantly increase the gamma ray count. Cased holes with a few inches
of a fairly uniform thickness of grout or cement will produce an overall shift
in the gamma ray response, but shale/nonshale bed boundaries will stiil be
discernible. However, the gamma ray curve will- mask the formation ‘
response if the cement or the groUt is abnormally thick. If the cement or the
grout varies greatly in thickness up and down the well bore, the curve can
be misleading. '

Despite the aforementioned pitfalls, the gamma ray tool is still an
excellent shale indicator. It is a very valuable logging tool..
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Bed boundaries. Bed boundaries are picked halfway between the high
and low values {Figure 10-1)}. For a bed less than 3 feet thick, the peak is
taken as the gamma ray value. For thicker beds an average value should. be
used in order to compensate for statistical fluctuations.

Borehole corrections. Borehole diameter, mud weight, tool position,
and tool size affect the gamma ray count. Correction charts are available for
conventional tools but not for slimhole tools. Good computer log analysis
programs include these borehole corrections. Figure 10-5 contains
correction charts for two of Schlumberger’'s gamma ray tools. ideal
conditions for which the conventional tool {3% inch diameter) requires no
corrections are an 8 inch borehole with 10 b mud and the tool eccentered.
For heavier muds, larger boreholes, and centralized tools there is more
gamma-ray-absorbing matter between the borehole and the tool, so the
gamma ray count is reduced. Conversely, for smaller boreholes and lighter
muds or air-filled boreholes, the gamma ray response is increased. A

borehole correction shifts the entire curve by a fixed percentage (Figure 10-
6).

Ground-water wells norméily have mud weights close to 10 Ib/gal,
thus the curve will be little affected by mud weight. Boreholes over 12
inches in diameter will have a significantly reduced count rate.

If a gamma ray too! is run in combination with a density-neutron tool,
it is run eccentered. If it is run with induction or laterologs, it is usually run
centered in the well bore.

“Borehole corrections need to be applied only if the curve is used to
calculate the percentage of shale in a formation. For picking bed boundaries
and correlating, corrections are not necessary unless the borehole has
washed out several inches. If the shales are washed out, they will have too
low a gamma ray count, while if the sands are washed out the gamma ray

count may be too high or too low, depending on the borehole fluid.

Qil field muds containing potassium chloride will give a high
background level to the entire curve. Barite increases the mud density,
which reduces the gamma ray response. These additives should be noted on
the log heading.

Recommended use. The gamma ray is a very useful curve and should
- be included in every ground-water/environmental logging suite. Qualitatively,
the curve should be used to:
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sandstone in Grayson County, Texas. Figures 9-21, 9-23, 10-1, 10-2
and 11-5 are from the same well. )

Pick bed boundaries between shale and nonshale formations.

Recognize shale laminations in sandstones and carbonates.
However, shale laminations of chlorite and kaolinite will be

indistinguishable from the host rock, and statistical variations can

be misinterpreted as thin shale laminations.

Correlate from one well to another. Shales and thin limestone
stringers are especially good for correlation since they are often

247
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laterally continuous and mineralogically consistent. Sandstone
gamma ray patterns, on the other hand, are a product of the
depositional facies and are often laterally discontinuous.
Correlation of sandstones may be difficult.

4. Correlate between openhole logs and cased hole depths.
5. Identify depositional facies.
6. Recognize unconformitieé. Uranium-enriched phosphates and

organic matter are often associated with unconformities. The
zones appear as narrow, isolated high gamma ray spikes.

7. Recognize intervals with high uranium concentrations. Such
intervals, if screened, may give the water unacceptable radio-
activity levels. '

8. Recognize certain lithologies. Especially in a Iéc}alized area, certain
lithologies will have diagnostic gamma ray responses {(e.g. coal and’
halite will be very low; arkose will be very high).

9. Estimate relative permeability in sandstones. Sandstones with
‘shale laminations or clay-in the pore spaces will have reduced
permeability. However, remember that sandstones containing
kaolinite or chlorite will appear to be clay-free.

10. For qualitative use, slimhole tools scaled in counts per second are
just as good as curves scaled in APl units. However, a problem
develops when comparing gamma ray curves scaled in counts per
second from different logging companies. Each tool has a some-
what different response due to variations in detector size and tool
construction. In order to be able to compare curve responses the
curves must be scaled in a common unit of measurement {API
units).

Quantitatively, the gamma ray curve is used to calculate the
percentage of shale (clay) in sandstones. It can be scaled in either counts
per second or API units (Hilchie, personal communication, 1991). The
technique can be used with carbonates, but aquifer-quality carbonates have
very small amounts of shale. The technique:is not always accurate because
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some of the aséu‘mptions used to make the calculation are not correct in all
situations. The technique tends to give the upper limit. of a shale volume.

Shale or clay volume (Vg, or V¢, is calculated by:

1. Establishing the average gamma ray value in a 100 percent shale
close to the zone of interest. :

2. Establishing the average gamma ray value in a ‘nea‘rbylshale-free
formation that is the same lithology as the formation of interest.

3. Calculating the gamma ray shale index (lgg).

; . GR-GRy | (10-1)
@R " GRy, - GRy C

Where:
I, is the gamma ray shale index.

GR is the gamma ray response in the zone of interest.
GR, is the gamma ray response in a shale-free zone of the same lithology.

GRy, is the gamma ray response in 100 percent shale.

4. Converting lg to shale volume (Vg,) using Figure 10-7. Igg has’
been empirically correlated to the shale volume in different types of
formations. Gamma ray response decreases as formation density
increases: the older the formation, the greater the amount of

compaction, and the denser the rock.

a. Relationship 1 is linear and provides an upper limit to the shale
content in any type of formation. The gamma ray curve can be
scaled in counts per second or APl units. Using this
relationship the gamma ray curve can be scaled in equal
increments from O to 100 percent. *

. 'b. Curve 2 applies to highly consolidated Mesozoic and Paleozoic
rocks.

¢. Curve 3 apphes to younger, unconsolidated Tert|ary rocks

5. Vg, also can be calculated from the SP curve, the density-neutron
- logs, or the spectral gamma ray log. Vg, calculated from the
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gamma ray will not be —— N

accurate if the ‘ 1.0 T T T T T T

assumptions used in the L -

calculation are invalid: os _' - BRI i N

a. The shale (clay) in - A AR A T
the formation of osl ’ /i 4
interest may not . 2
have the same I ‘ T T
mineralogy and 04 - A -
radioactivity as the " ]
surrounding shale. : : o

b. The assumption that | %%[ ' T
shale is providing all e .
the radioactivity in | 4 ST T D T T S S
the formation of 0 20 a0 60 . 80 100
interest may be V.. (% Shaliness) .
invalid. ‘ Figure 10-7. Curves for determining shale content (V) from

¢. The shale may not the gamma ray shale m?ex (IGR)‘l(From _Dresse-fi '1 3982},

have an average radioactivity. s
d. The wrong lg/Vs, curve may have been used.

~In Figure 10-1 zone C is a shaly sandstone. After establishing the 100
percent shale line and the shalre free line, l;; can be calculated: |

40 - 15
j..o=2Y " 19 -0.36
GR 85 - 15

The I of 0.36 is input into Figure 10-7. Curve 2 is used since the rock is
Mesozoic (Cretaceous Paluxy sandstone}. Vg, is 24 percent.

Spectral Gamma Ray |

The spectral gamma ray too! also measures the natural radioactivity of
formations. In addition to measuring the total gamrna ray activity, the tool
measures the energy level of each gamma ray and calculates the concentra- -
tions of uranium, thorium, and potassium. )

Spectral gamma ray is a generic name for the tool. Each logging
company has its trade name for the tool: 'Spectralog ‘'or-SGR {Attas Wireline), -
Natural Gamma Ray Spectral Log or SGR (Gearhart); Compensated Spectral
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‘Natural Gamma Ray or CSNG (Welex and Halliburton Logging Services), and
Natural Gamma Ray Spectrometry Log or NGS (Schlumberger). A few

slimhole tools are also available.

Tool theory. Uranium,
thorium, and potassium-40 each
emit gamma rays of different
energy leveis (Figure 10-8).
Potassium-40 decays directly to
stable argon-40 and in the process
emits gamma rays of a single
energy level, 1.46 Me-V (million
electron volts). Uranium and
thorium, on the other hand, decay
through a series of daughter
isotopes before transforming to
stable lead isotopes. Each decay

series emits gamma rays of various

energy levels (Figure 10-8). By
measuring the energy level of each
gamma ray, the tool is able to
calculate the concentrations of
uranium, thorium, and potassium.

Separating the emission
spectras of uranium, thorium, and -
potassium-40 is not a simple task.
The gamma rays lose energy as
they move from the formation to
the detector (Compton scattering),
resulting in a continuous spectrum
of gamma ray energy levels (Figure
10-9). However, the diagnostic
peaks are still visible. By
combining proper instrumentation
with careful filtering and analysis
of the spectrum, the
concentrations of the three
radicactive elements can be
identified. The total amounts of
each element {radioactive and

Potassium

Thorium Series

2.62
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ol }
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Uranium- Radlum Ser:es

||ll1r|vll—-| b

2 25 3

Gamma Hay Energy (MeV) |

Figure 10-8. Gamma ray emission spectra of radioactive

. minerals. The energy leve! of the principal peak of each

element is noted (From Schlumberger, 1989).
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Exampile of a complex spectrum
detected by the spectral gamma ray tool (After
1976, in Rider, 1986).
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nonradioactive isotopes) can then be calculated from the known ratlos of the
radioactive to nonradioactive isotopes. ' K

The spectral gamma ray tool uses a scintiliation counter to detect
gamma rays. The energy of the gamma rays is determined by measuring the
intensity of the flashes they produce upon entering the sodlum iodide. - -
crystal. 4

The tool is run by itself or in combination with the‘.density—neutren- log.
Its depth of investigation and vertical resolution are about the same as the
ordinary gamma ray. Serra (1984) has a good in-depth review of the tool.

Log presentation. Curve scales and presentations vary according to
the logging service company. Figure 10-10 is-a fairly typical presentation.
Track 1 has both total gamma ray activity (SGR) and a gamma ray curve
minus the uranium radioactivity (CGR). Tracks 2 and 3 have separate
uranium, thorium, and potassium curves. The curves can also be plotted as
ratios. The scales are linear and are scaled in percent for potassnum and in
parts per million {ppm) for uranium and thorium. :

Statistical variations and logging speed. Statistical fluctuations are.
greater with spectral gamma ray tools because the counting rates of the
channels is 3 to 10 times lower than that of the standard gamma ray tool
(Dewan, 1983). This means that the time constant has to be increased to 4
to 6 seconds and the logging speed slowed to 10 to 15 feet per second.

Borehole correctlons. Spectral gamma’ray and ordlnary gamma ray
tools are affected by the same things. Correction charts for the spectral
gamma ray tool, however, are not published in service company chart books.
Correction charts must be obtained from the particular logg:ng company that
ran the log. :

Interpretation. Quantifying the amounts of potassium, uranium, and
thorium in a formation greatly increases the interpretative power of a gamma
ray log, since each of the three elements is somewhat restricted to particular
minerals or diagenetic environments. Therefore, shales can be identified
much more accurately and certain other lithologies can also be identified.

Uranium is very soluble and usually occurs as an authigenic
{secondary) mineral. As such, its occurrence is related more to specific
diagenetic conditions than to a particular lithology. Since uranium.is very
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Figure 10-10. Typical spectral gamma ray log. Track 1 has both total gamma ray activity {SGR) and a gamma
ray curve minus the uranium component (CGR). Tracks 2 and 3 have the individual curves. Thorium and
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below this sandstone has fairly typical radioactivities: thorium about 12 ppm, uranium 2 to 2 ppm, and
potassium about 2 percent. The bit size is 9% inches and the borehole fluid is a 9 Ib/gal native gel. The log is
an interval in the Gulf Coast aquifer. The well is the Alsay, NW Harris County MUD 21 and 22 #2. Figures
11-1, 13-3, 13-4, and 13-9 are from the same w*?ll.
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radioactive, a small amount can give any rock-type the total ‘gamma ray
count of a shale. It contributes 10 to 20 percent of the total radioactivity of
average shales. (Rider, 1986). Therefore, uranium-concentration is a poor
shale indicator. In fact, stripping the uranium response from the total
gamma ray count produces a gamma ray curve that is a much better
indicator of whether or not a formation is indeed shale. Uranium enriched
zones are usually irregularly distributed peaks on the uranium curve (Figures
10-10 and 10-11).

Thorium is a very stable mineral. Since it has a low solubility, it
concentrates in residual soils such as bauxite, in placer concentrations as
heavy minerals, and in shales {Rider, 1986). 'It has a fairly constant |
concentration in most shales (about 12 ppm) even though .its concentration
in individual clay minerals varies. This, plus the fact that it contributes 40
to 50 percent of the total radioactivity of average shales, makes the thorium
curve a very good shale indicatar. However, soil horizons and heavy mlneral
concentrations may be misidentified as shales :

Potassium is concentrated in mica, alkali feldspars {(orthoclase and
microcline) and in a few evaporites {sylvite, polyhalite, and-carnallite}. Its
concentration in clay minerals varies considerably, but in shales it is fairly
consistent at about 2 percent by weight. Potassium contributes 35 to 45
percent of the total radioactivity of average shales (Rider, 1986). Thus the
potassium curve is a fairly good shale indicator. It also can be used to
identify arkosic sands. ' ' :

When caiculaﬁng shale volumes from spectral gamma ray data, the
same procedure outlined in the Gamma Ray, Recommended use section
should be used. However, instead of using the total gamma ray curve one
should use either the thorium and potassium curves (i.e., CGR curve |n
Flgure 10-10} or the thorium curve scaled in API units.

In cased holes the lower-energy gamma rays are preferentially
attenuated by the casing and cement. The curves are thus weighted toward
the high energies {Serra, 1984).

Recommended use. Basically the spectral gamma ray can do
everything the ordinary gamma ray tool can do, only better. Additionally, it
allows the source of high gamma ray activity. to be identified. This is _
invaluable in determining whether high gamma ray kicks are really shate. In
ground-water studies it allows uranium-béaring intervals in aquifers to be
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Figure 10-11. A spectral gamma ray log shows uranium to be the cause of the high gamma ray count at 340
feet (arrow). The high gamma ray count is mainly due to uranium; the zone is not nearly as shaly as it appears
to be on the total gamma ray curve {SGR). The resistivity curves show a sandstone at 336-40 feet. The bit
size is 9% inches and the borehole fluid is 9 Ib/gal native gel. The interval is part of the Gulf Coast aquifer.
The well is the Alsay, Kingwood Well B-3, Harris County, Texas. \ ’
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identified. These intervals may then be cased off if the well is to be utilized
as a water supply. Spectral gamma ray curves are routinély used for this -
purpose in Harris County. They should be used in any part of the state
where water wells produce waters with high radioactivity.

Spectral gamma ray tools also can be used to decipher complex
mineralogies when rock samples {(cuttings and cores) are not available.
Theoretically the curves may be used to identify clay mlneralogles and to
calculate clay volumes, but "often, the result is ambiguous . . ."
(Schlumberger, 1989). This is because such interpretations utlhze several
generalizations about clay mineralogies. Another problem is that the
concentraticns of each element are the concentrations. as determined by the
tool, which are not the same as the concentrations in the formation.

. Attenuation of the gamma rays as they travel from the formation to the
detector masks the actual concentrations in the formation. Spectral gamma
ray interpretation techniques are still being refined.

All in all, the tool is best utilized as a qualitative indicator of shales,
nonshales, and uranium-bearing intervals. Ground-water fog analysts will
find the tool very useful for these applications. In the rare case where
mineral identification and volume are important, one should consult with
specialists from the particular logging company to design the optimum
spectral gamma ray logging program. :

For detailed mineralogical analysis, Schlumberger’s geochemical
logging tool (GLT) may be worth running. The tool combines a spectral
gamma ray tool with an aluminum activation clay tool and a gamma ray
spectrometer tool. The tool directly measures aluminum, uranium, thorium,
and potassium and calculates silicon, calcium, iron, sulphur, titanium, and
gadolinium. From these data the mineralogical composition of the rock can
be computed. Hertzog, et al. {1989) has a good discussion of the tool.



CALIPER TOOLS

Chapter 11

Caliper logs measure borehole diameter and shape. The tool is used to
calculate borehole volume, make environmental corrections for borehole size
and mudcake thickness, evaluate the condition of the borehole, identify
porous and permeable zones, correlate, identify shale, select packer seats,

. and identify fractures and cavities.

A variety of conventional and slimhole calipers is available. Caliper is
the generic name for the tool. Schlumberger used to run a bowspring
caliper which they called a Section Gauge. Their Borehole Geometry Tool
(BGT) is a borehole deviation tool with an X-Y caliper.

Tool theory. The physical movement of one or more arms on a logging
tool is converted to a borehole diameter by means of electrical circuitry. The
arms are spring loaded so that they press against the borehole wall. Caliper
tools vary widely in the number and types of arms which they employ.

The principal use of one-arm calipers is as an auxiliary measurement on
certain pad-type tools {density and some neutron tools). One-arm calipers
are standard on conventional pad-type tools, and many slimhole pad-type
tools also have them. A one-arm caliper actually has two arms, the
eccentering arm and the tool body, which is pressed against the borehoie
wall. True two-arm calipers are used on microresistivity and high frequency
dielectric tools. Three-arm, four-arm, and calipers with more than four arms
are also available. The caliper arms may be rod-shaped or bowsprings.
Three-arm bowspring calipers are typically standard on conventional sonic
tools and on some slimhole sonic tools where their primary function is to
centralize the tool in the well bore. Four-arm calipers are found on
dipmeters. Some calipers with four or more arms are stand-alone tools.
Slimhole calipers are as good as conventional calipers (Figure 10-4}.

The caliper tool has no depth of investigation. Vertical resolution
depends on the design of the arms.

Log presentation. The caliper curve is usually placed in track 1 on
conventional logs. It is scaled in inches (Figure 11-1). A line representing
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Figure 11-1. A typical conventional caliper iog presentation. The caliper is a one-arm tool, the eccentering
arm of a density tool. From 64 to 120 feet the hole has washed out greater than 21.5 inches. At 120 feet
the curve goes off scale at 16 inches, wraps around and pegs out as a flat line up to 64 feet. The flat line at
21.5 inches is the maximum hole diameter that can be measured by this tool. Checking the caliper reading in
casing is a good quality cantrol check. However, in this well the casing is 30 inches in diameter, so the caliper
response is a flat line at 21.5 inches. A quick look at the caliper may lead one to overlogk that the caliper
curve is on a backup scale, in which case the casing would appear to be 11.5 inches. , However, the casing
diameter is noted on the log heading. The hole is close to being in gauge (9% inches) at the bottom of the
well. However, from 910 to 926 feet a shale is squeezing into the borehole and the borehole is less than bit
size. An alternate explanation is that the tool is key seated {Hilchie, personal communication, 1981). Figures

10-10, 13-3, 13-4, and 13-9 are from the same well.
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bit size is sometimes added to track 1. Slimhole caliper curves may be
presented in any column.

The borehole diameter is sometimes displayed as a differential caliper
(Figure 9-11). This is typically presented along the border between tracks 2
and 3. The border represents bit size; enlargements in borehole diameter are
plotted to the right as positive values, while decreases in hole size are
plotted to the left as negative values. The differential caliper is also scaled
in inches. ‘

Calipers with four or more armé typically will have at least two caliber
curves. They may be presented as a separate log with the calipers plotted in
tracks 2 and 3 {Figure 11-2).

Interpretation. Borehole enlargements are due to fractures, cavities,
soluble rocks {e.g. salt and gypsum), and unconsolidated rocks that disinte-
grate and cave (Figure 11-3). Fractures usually occur in carbonates,
igneous, and metamorphic rocks. Cavities occur in carbonates. In Tertiary
age formations unconsolidated rocks may be shale, sand, or gravel. In
Mesozoic and Paleozoic rocks usually only the shales wash out.

A hole diameter less than bit size is due either to swelling, sloughing
shale or to mudcake buildup on permeable formations (Figures 11-1 and 11-
3). Most of the time it will be due to mudcake (Figure 7-15). A hole
diameter equal to bit size (an in-gauge hole} will be in a low permeability,
unconsolidated formation {Figure 11-3).

Calipers vary considerably in their resolution due to differences in the
amount of contact area on the arm {rod or bowspring}, the number of arms,
and the pressure exerted by the arms. Bowspring calipers are less sensitive.
Calipers with small arms or high pressure may cut through the mudcake,
while others ride on the mudcake.

Many boreholes are noncylindrical. Figure 11-4 illustrates how
different types of calipers theoretically behave in such holes. However,
remember that there is no way to be sure that each caliper tool is tracking
the borehole as described in the following discussions. One and two-arm
calipers both tend to measure the long axis. However, they each contact
the borehole wall and sense changes in diameter differently (Jorden and
Campbell, 1984). Three-arm calipers generally measure only one diameter --
something in between the maximum and minimum diameters. Four-arm



= T e 400 e v P
=- = > =
=: = 1.5 B R T )
E : :E _ - v_rii ‘_’\h r“vl_l - _é_':;’;——“j
= = HIE:=a e ' --f>r-—4 =
=] - Zb “'-} ; -
! 0
ANNULAR UOLLIME . 50, . _a_n_g_r@ _______ 10 19‘__B.I_T.__----------------5—-
CUBFT “IRNCH
Y
- B.H.V 50 CALIPER . 10l 10, CAP 50.
CUBFT INCH INCH g

Figure 11-2. Welex X-Y caliper. The casing extends to 340 feet'and its diameter is 18 inches. :The hole was
underreamed from 340 feet to T.D. with a 30 inch blt Bit size is represented by.a dashed line (barely visible

on the 30 inch lines).

The entire borehale has washouts. Two caliper measuements ‘perpendicular 1o each

other do a much better job of characterizing the borehole diameter. Along the left margin of track 1 is the

integrated borehote valume (B.H.V.). The annular volume for a particular casing size is.noted along the right .
side of track 1. Unfortunately, the casing size used in the calculation is not specified on the log. Each tic mark

is one cubic foot.
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BOREHOLE

Bit Size w=—

I | Casing

Washout - shale (clay) or unconsolidated sand
In Gauge - very low porosity, low permeability formation;
may be any lithology

Mudcake Buildup - porous, permeable formation;
' usually a sandstone or a carbonate

Cavern in Carbonate - the caliper is reading its
maximum value, but the.
cavern is larger.

Borehole Diameter Increases =

- Open Fractures in a Carbonate or Washed Out
Shale Streaks in a Carbonate or a Sandstone

Less than Gauge - swelling, sloughing shale or
a rock shift in a fractured zone

: Figure 11-3. Typica! caliper log responses.
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Figure 11-4. A comparison of the response of dn‘ferent types of calipers in the same noncylindrical borehole ‘

{From Jorden and Campbell,

1984}
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calipers {sometimes called X-Y calipers) display two perpendicular
measurements, generally the minimum and maximum diameters. Thus each
type of caliper gives a different picture of the well bore.

Rod -type arms such as those on one-arm calipers have small contact
areas and therefore generally slice through mudcake. However, the vertical
resolution of the one-arm caliper is better than that of the two-arm which
has a larger arm. Pad-type arms used on microresistivity tools tend to ride
on the mudcake. Bowspring arms may or may not cut through the mudcake,
depending on the pressure and width of the spring. One-arm calipers are
usually found on density and neutron tools which have a leading edge on the
sonde that cuts through the mudcake. Only the backup arm of the tool is
measuring mudcake. Thus, theoretically, the caliper measures only one-half
the mudcake thickness.

An additional complication is the fact that the same caliper tool will
not repeat perfectly on multiple runs. The tool will not always measure the
same part of the well bore on each pass (Figure 11-5).

Hilchie (1968) has an excellent, although somewhat outdated,
summary on caliper tool theory and interpretation.

‘ Recommended use. A caliper log is-essential to any logging suite,
since all tools are adversely affected by variations in borehole diameter. The
following guidelines are recommended for utilizing caliper logs:

1. At least one caliper log should be included in every logging suite.

2. All calipers run in the borehole should be printed out on the logs.
Sometimes when more than one pad-type tool is run, even though
each tool has a caliper, the logging company will display only one.
Each caliper varies in sensitivity and in the side of the borehole
that it transverses, thus each one provides a slightly different
picture of the borehole, and should be displayed.

3. Calipers should be used cautiously in formations that have a
history of gravel or consolidated rubble caving into the borehole.
Such debris may wedge open the caliper and stick the tool.

4. The caliper log should be utilized for the following purposes:
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6.01 CALT 16,00 DEPTH'
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Figure 11-5. Repeat passes of the same one-arm type
density caliper. The passes do not match exactly because
the caliper passes over different parts of the weil bore on
the repeat pass. This is the same well as Figures 10-2 and
10-6. :

a. Environmental corrections of other logs. Borehole diameter is
used in correction charts for mandrel resistivity, induction,
gamma ray, density, and neutron tools. Pad-type resistivity
tools use mudcake.thickness in their correction charts.

b. Permeability indicator in nonshales. Borehole diameter less
than bit size indicates mudcake. However, there is no
relationship between mudcake thickness and magnitude of
permeability (see Chapter 8, NONFOCUSED PAD MICRO-
ELECTRODE TOOLS). Mudcake can develop when permeability
is as low as 0.1 md (Figure 8-33). Also, if an unconsoclidated
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sand washes out and develops a mudcake, there is no way to
recognize the mudcake on the caliper curve.

Borehole volume for well completion. The volume of cement or
grout required to cement a given casing size can be computed.
The volume of gravel needed to gravel pack a water well also
can be calculated. Integrated hole voiume (l.H.V.), also called
borehole volume {B.H.V.), is placed in the depth column of
some conventional logs (Figure 5-11) as tic marks. Each tic
mark represents a given borehole volume. The hole is assumed
to be circular when a single caliper curve is used to calculate
borehole volume. For a two curve caliper the hole is assumed
to be elliptical (Krygowski, 1991). Calipers with three or more
arms provide the best calculations of borehole volume.
Selection of packer seats. Consolidated, in-gauge intervals
make the best packer seats.

Correlation. Some formations have diagnostic borehole
diameters due to their lithology and degree of cementation.
Certain formations routinely wash out, while others normally
remain in gauge.

Lithology determination. Shales almost always wash out
(Figures 11-1 and 8-19). Sands, gravel, and carbonates that

. are unconsolidated also sometimes wash out.

Fracture and cavern detection. In carbonate rocks caverns are
easy to detect. Open fractures may be detectable, especially
with sensitive calipers. Fractured zones that cave into the well
bore are also detectable. '



THE SP LOG

Chapter 12

The SP was one’ of the first logging measurements developed, yet it'is
still one of the most commonly run logs. The tool measures the naturally
occurring potential (voltage) in the well bore.

The SP curve is used to distinguish shale from other rock types, to
pick bed boundaries, to correlate, to calculate formation water resistivity
(Rw), to identify permeable zones, and to calculate shale {clay} volume in
sandstones. In this chapter, the terms shale and clay are used
mterchangeably

' 8P is the only name for the tool. SP stands for spontaneous potential
or self potential. On old electric logs the curve was labeled a porosity log.
An SP electrode is a standard part of conventional and slimhole resistivity
logging suites and is also built into many other logging tools. All SP logs are
the same and are interpreted the same way. :

The measurement only works in an open hole that is filled with .
conductive fluid. SP currents are not measured in air-filled holes and oil-
based muds. As with all logs, the measurement is normally made as the tool
is pulled up the borehole.

There is often a fundamental difference between the formation waters
in petroleum wells and those in water wells, which makes a difference when
studying research done on the SP curve. Petroleum wells in Texas normally
penetrate formations with sodium chloride (NaCl) waters that are saline and
have basically one type of cation, monovalent sodium ions. Water wells, on
the other hand, commonly penetrate formations containing fresh waters that
have appreciable amounts of divalent calcium and magnesium cations.
Calcium and magnesium ions have a larger ionic charge and have
apprommately ten times the ionic activity of sodium ions (Alger, 1966). This
means that ion for ion, divalent ions in formation water create a larger SP
deflection than monovalent ions. This difference affects some aspects of SP
interpretation, principally Rw calculations.

Gondouin, et al. {1957) state that in their' experience calcium and
magnesiUm have a significant effect on the SP curve in waters with an Rw
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greater than 0.3 ohm-meters at 75° F (32,500 gmhos per cm at 77° F).
They also found that waters with significant concentrations of sulfate (SO,~)
and bicarbonate {(HCO,), which includes many ground waters, behave the
same as when chloride (Cl) is the dominant anion.

Discussions of SP interpretation in petroleum logging literature assume
~ that the formation water is NaCl. In this chapter, explanations are given for
aspects of SP analysis for which divalent ions make a difference.

Most petroleum logging literature also assumes that the formation
water is more saline than the drilling fluid. However, the opposite is
frequently true in water wells, which makes a significant difference in SP
theory and interpretation. In this chapter the SP log is discussed in terms of
both cases.

Tool theory. The name
spontaneous potential aptly WINCH
summarizes the nature of the SP . puiLeyD o cine
measurement. The tool sends no
current into the formation; it simply // i
measures the natural potential
(voltage) difference between an
electrode moving up the borehole
and a stationary reference electrode.
The SP has very little depth of inves-
tigation {Figure 12-1). : /,

REFERENCE
/

ELECTRODE
2 .

The reference electrode, called
a fish, is normally located on the

surface, but it is sometimes placed /

on the logging cable. The electrodes
are usually lead. ja

. Figura 12-1. Schematic SP circuitry (Dresser Atlas,
The SP current is generated by 19s2).

a combination of electrochemical (E,)

and electrokinetic (E,) potentials. The electrokinetic potential is generally
negligible; if present, it produces an abnormal SP. Normally the SP is a
product of the electrochemical potential.

The electrochemical potential is a product of ions moving between the
borehole fluid and the uninvaded formation water. This potential is only
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generated when there is a contrast in the ionic concentrations of the two
fluids. An electrochemical potential-has two components: a liquid-junction
potential (E;) and a shale membrane potentral (E..). :

The shale membrane potential, or simply membrane potentral is
created by the flow of cations across a shale bed separating-a formation
water and a drilling fluid of different salinities. The negatively charged clay
minerals allow cations to pass through the shale while inhibiting the
movement of anions. The boundary between the shale and the less saline
fluid therefore becomes positively charged and the boundary with the more
saline fluid develops a negative charge {Figure 12- 2} -This creates a
potential difference across the shale. '

A liquid-junction potential, also called a diffusion potential, is created
because cations {(Na*, Ca**, Mg**} and anions {CI', HCOj3) diffuse at
different speeds between two liquids (formation water and mud filtrate) of
different ionic concentrations (Figure 12-3). Cations are less mobile because
they are larger and have an affinity for the sllght negative charge of water
molecules. For example, at 77° F (25° C) in a NaCl solution the Cl ion is -
approximately 1.5 times more mobile than the Na ion (Jorden: and Campbell,
11986). Therefore, at the contact or junction between the two waters the
less saline water becomes negatively charged and the more saline water
becomes positively charged (Figure 12-3). This induces a current flow from
the less saline to the more saline water. The intensity of the current is
proportional to the salinity contrast between the fluids.

~ The liquid-junction potential is normally one-fifth that of the shale
membrane potential. The liquid-junction potential is always smaller because
both cations and anions are migrating whereas in the case of the shale
membrane potential only the cations migrate. Since it is the excess of one
" type of ion versus the other that creates the potential, the shale membrane
potential is always larger (Schlumberger, 1989). -

The two potentials create polarities that are opposite. When Rmf is
greater than Rw, the liquid-junction potential creates a negative charge
opposite a permeable formation while the shale membrane creates a positive
charge opposite the adjacent shale (Figure 12-4). The result is a spontan-
eous current flowing between the borehole fluid, the permeable formation,
and the adjacent shale. The potential only changes at the bed boundary
between the permeable formation and the shale: The SP electrode detects
these changes in potentials in the well bore and records them as relative
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A. Rmf > Rw
Drilling
Fluid in
Borehole
cr Shale
Na*k"’_\
Na* Na“ Na*

Na™* Net Current Flow
cl Na*

cr cr Ccr cr

Na™
- Na*
Ccl
Permeable Formation
Mud Filtrate Formation Water
(Lower Salinity) {Higher Salinity)

B. Rmf < Rw
Drilling
Fluid in
Borehole
cr
Cr . Shale
Na* CI {7 Nal ‘
cIr cCI \Nat urrent Flow
e : l
Na* -
Na* ~Na* Na* Na*
cr Na* Ccl
Permeable Formation
Mud Filtraie Formation Water
{Higher Salinity) (Lower Salinity)

Figure 12-2. Shale membrane potential generated with a NaCl formation water, when Rmf is greater than Rw
and when Rmf is less than Rw.
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A. Rmf > Rw

Drilling
Fluid in
Borehole

B. Rmf < Rw

Drilling
Fluid in
Borehole

Shale

Mud Filtrate
[Lowaer Salinity}

Na* cl cr
ck o Na*

Na®* c¢r } Na*

Permeai:le Formation

Net Current Flow ﬁ

Formation Water
{Higher Salinity)

Shale
Na* cr cr
Na* cr Na*
cr Na*
Na* cr
cr cl Na*
Permeable Formation
< — Net Cﬁrrent Flow
Mud Filtrate Formation Water

(Higher Salinity)

{Lower Salinity)

and when Bmf is less than Rw.

Figure 12-3. Lliquid-junction potential generated with a NaCl formation water when Rmf is greater than Rw
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A. Rmf > Rw

sP
-1+

Shalag —»
Base Line

—

B. Rmf < Rw
SP

S

Shale >
Base Line

Drilling
Fluid in
Borehole

Shale
Membrane
Potential

Liquid-
Junction
Potential

Drilling
Fluid in
Borehole

Shale
Membrane
Potential

Liquid-
Junction
Potential

+
+
1 ‘
TS N\ Shale
+ .
+ Net Current Flow

Lot

— Permeable Formation

Formation Water
{Higher Salinity)

Mud Filtrate
{Lower Salinity)

— Shale

— 'Net Current Flow

D

Permeable, Formation

+ + + + + 4+

Formation Water
(Lower Salinity}

Mud Filtrate
{Higher Salinity}

Figure 12-4. SP currents generated by an electrochemical potential in a NaCl formation water when Rmf
greater than Rw and when Rmt is less than Rw.

s.
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negative values on the SP curve. |f Rmf is less than Rw, the current flows in
the opposite direction, the potentials are reversed, and the SP deflection is
positive {Figure 12-4). If a formation is not permeable to ionic movement,
there is no current flow, no potential change at a bed boundary, and no SP
defiection.

The electrokinetic potential,
also called the electrofiltration or

- - NEUTRAL LIQUID
streaming potential, can also e e - 4 e
create an SP current. It develops . - 4+ - 3
when an ionic solution flows SR
through a nonmetallic, porous L
medium that has at least slight 4
permeability (enough to permit -
ionic movement). The moving
fluid shears the ionic double layer souo

: : Figure 12-5. The ionic double layer produces an
n
that exists alo g the pore walls of electrokinetic potential when the movable layer is sheared by

most rocks (Figure 12-5). (See fluid flow (Modified from Dresser Atlas, 1982).
Chapter- 14 for an explanation of

the ionic double layer.}) This results in a net movement of cations {a current
flow} in respect to the negatively charged pore walls and creates a potential
difference (Jorden and Campbell, 1986).

1+
P

- +
+ -
TR }MOVABLE LAYERS OF

- T -+ CHARGED LIQUID

. o +

+

e } FIXED LAYERS OF
+

[

+ + CHARGED LIQUID

1+
I|+:+

CHARGES AT SURFACE OF SOLID

An electrokinetic potential develops opposite a permeable formation as
mud filtrate flows through the mudcake. Another electrokinetic potential is
generated opposite shales if just a tiny amount of fluid flows into them.

Both of these potentials contribute negative millivolts to the SP signal.
Because they are similar in magnitude, the net effect on the SP deflection is
the difference between the two potentials. This difference is usually minimal
(Schiumberger, 1989).

The magnitude of the electrokinetic potential cannot be predicted with
much accuracy. It is proportional to several factors: pressure differential
between the borehole fluid and the formation water, resistivity of the moving
fluid, rate of fluid movement, and mudcake thickness. With normal borehole
conditions and a good quality drilling mud, these factors are such that the
electrokinetic potential is negligible. However, under certain conditions
which are more prevalent in water wells than in petroleum wells, these
factors can generate a large electrokinetic potential and increase the SP by
tens of millivolts.
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Conditions favorable to large electrokinetic potentials include:

1. High resistivity drilling fluid and high resistivity formation water. A
low salinity contrast between the two fluids minimizes the
electrochemical potential, which in turn increases the relative
contribution of the electrokinetic potential to the SP current.

2. Poor quality drilling mud (low viscosity, high filtrate loss).

3. Large pressure differential {several hundred psi) between the
borehole fluid and the formation water. If drilling mud is flowing
into the formation, either the drilling mud is abnormaily heavy or
the formation is underpressured. [f formation water is flowing into
the well bore, either the mud is too light or the formation is over-
pressured. In either case the pressure differential across the
formation will probably be considerably different from the pressure
differential across the adjacent shale. When this is the case, the
two electrokinetic potentials are no longer balanced and their
contribution to the SP current is enhanced (Figure 12-6).

4. Very low permeability formations (less than 5 md) that do not
develop a mudcake (Serra, 1984). In this case the pressure
differential is applied across the face'of the formation rather than
across a mudcake.

5. Relatively clay-free formations. Clay greatly reduces the electro-
kinetic potential (Serra, 1984).

Electrokinetic SP’s may be abnormally large but at other timés they are
difficult to detect. Such SP’s cannot be used for quantitative calculations.

For the situations listed above, if the mud filtrate is fresh, even the
very slow movement of fluid into a formation creates a large negative SP
defiection. If formation water is moving into the borehole, the result can be
a large positive deflection.

Oxidation-reduction (redox) reactions can create a third type of
electrical potential -- a redox potential. Many types of mineral deposits
(sulfides, petroleum, uranium, coal, etc.) are accompanied or created by
redox reactions. Surface SP measurements of redox potentials have been
more commonly employed for mineral exploration than have borehole redox
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Figure 12-6. Example of the electrokinetic potential effect on the SP curve for various
pressure differentials {Modified from Pirson, 1963).
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potential SP measurements. Redox potentials are usually ignored by the
petroleum logging industry, although Pirson (1983} is a notable exception.

Though redox potentials apply mainly to mineral exploration, they do
help explain the base-line drift commonly seen on SP logs. A base-line drift
to the left (negative direction) occurs when the SP electrode approaches a
more oxidized zone (Hallenburg, 1984}, A shift to the right (positive
direction) occurs as a more reduced zone is encountered. The SP normally
drifts to the left as the surface is approached since oxidation increases
toward the surface. Hallenburg {1984) suggests that redox potentials may
account for many of the SP anomalies that are explained by other
mechanisms.

Log presentation. The SP curve is placed in track 1 (Figure 12-7). Itis
almost always found on the resistivity log, and it is sometimes placed on the
porosity log. The SP scale is in + or - millivolts {mv}. The curve has no
absolute values. Zero is defined as the SP value opposite thick shales, the
shale base line (Figure 12-7). SP deflections to the left of the shale base line
are - SP’s and those to the right are +. The magnitude of these deflections
is measured relative to the shale base line (Figure 12-7). Slimhole tools are.
~ scaled the same way, but the curve is not always in track 1.

The curve is scaled with large enough millivolt units to eliminate
backup curves and yet the units are kept as small as possible to maximize
resclution. On petroleum logs the number of millivolts per division is
normally a multiple of 5, anywhere from 5 to 20. Ground-water logs where
Rmf and Rw are very similar and the curve is very flat may use an expanded
scale such as 2 millivolts per division to enhance the resolution.

On older conventional logs and on slimhole logs the scale is designated
as - 10] +, which designates the number of millivolts per each of the 10
divisions in track 1. Modern conventional logs use a different label (-80.00
SP (MV) 20.00) to represent the same scale. This scale does not assign
any specific value (-50 mv, -40 mv, etc.) to a particular division -- all specific
values are still determined in reference to the shale base line.

‘On conventional logs the engineer normally places the shale base line
about two divisions from the right side of track 1. As the tool is pulled up
the hole the curve often drifts (Figure 12-7). To keep the curve from drifting
out .of track 1 the engineer may have to shift the curve. Any manual shifts
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Figure 12-7. Typical SP curve presentation. The shale base line is drifting to the left as depth decreases. The
abnormal SP from 690 to 610 feet may be where the logglng engineer slowly maved the SP curve to the right
in order to keep it fram running off the left side of track 1. An alternate explanatlon is that the drift is due to
water salinity in the formations changing up the well bore from saline to fresh.- Above 550 feet the sands
have positive SP deflections because Rw is greater than Rm¢ (as confirmed by the deep induction curve reading
hlgher than the shallow guard curve)., Below 800 feet the, sands all have negatwe SP deflecttons because RAw
is now less than Rmf {as confirmed by the reversal in the resistivity curves): 4posmve and a negative SP
value have been picked on the log. Figures 8-18 and 8-19 are also from this well. :
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should be done rapidly over a vertical interval of only a few feet and should
be so labeled on the log (Figure 8-18). Some engineers slowly adjust
("knob") the SP during the course of a logging run. This creates havoc with
quantitative SP analysis and is a poor practice. It cannot be detected on the
log. '

Factors affecting the SP curve. Several borehole and formation factors
reduce the magnitude and vertical resolution of the SP curve and alter its
shape. Qualitative, as well as quantltatlve interpretation of the curve
requires an understanding of these effects. The following discussion
assumes that the contribution of the electrokinetic potential to the SP curve
is negligible.

The maximum SP deftection that a bed will develop under ideal
conditions is termed static SP (SSP). Only thick, shale-free, porous,
permeable formations can develop static SP. All other types of formations
have an SP less than static SP. This section discusses the various factors
that affect the SP curve.

Salinity (resistivity) contrast between the drilling fluid and the
formation water. This is the main control on the magnitude of the SP curve.
The magnitude of the SP deflection is proportional to the contrast (Figure 12-
8). An appreciable amount of divalent cations {(usually calcium and
magnesium) in the formation water acts the same as an increase in the
salinity contrast. .

Permeability and porosity. There is no direct relationship between the
magnitude of the SP deflection and either permeability or porosity. Just a
fraction of a millidarcy of permeability is sufficient to permit enough ionic
movement to generate an SP current.

Formation resistivity {Rt}. More precisely, the ratio of Rt to Rm affects
the curve. As the ratio increases the curve becomes rounder, the deflection
decreases, and the bed boundaries are less defined {Figure 12-9}. Figure 12-
10 can be used to quantify the amount of SP reduction. However, it is for
the borehole condition where Rm equals Rs. The chart will not be accurate
for other Rm/Rs values. Charts have not been constructed for other ratios.

Bed _thickness. As bed thickness decreases the curve becomes
- rounder, the deflection decreases, and the bed boundaries are less defined
(Figure 12-9}. However, if Rt and Rm are equal, a bed as thin as twice the



278

- {SP| + TYPE OF FORMATION WATER Dot |SPl+

{tons, Rw, Cw) . L e e
Shale base line -~ ' 10 chm-m' . L Shale base line -»|
& £
= £
[=] 1]
£ £
3 E
o 5
S E = - S
e F o
- )
o
£ | NaCl -
& 5 ohm-m £
; [}
° £
o = =)
‘I-
) ll. _ S
. = B== = -
E
e [+
1. ohm-m
g )
| o
['8 -
|7
. _ czu o
o ; =
= : .3
o =
o
Fal , &
~.2 ochm-m

Figure 12-8. Schematic SP curves illustrating the effects of varying Rmi’s and Hw s on the curve deﬂectlon in
porous, permeable formations.



279

o __ _ STATIC S.°. DIAGRAM

100 MILWOLTS

100 MILLIVOLTS

S.P. LOG

100 MILEIVOLTS

100 MILLIVOLTS

T PERMEABLE
] STRATA

|
i

d

Figure 12-9. Calculated SP responses demonstrate that as the Rt/Rm ratio increases and the bed thickness

decreases, the quality of the curve decreases. The responses were calculated assuming that Bm = Rs {(From
. Jorden and Campbell, 1986, after Doll, 1949}. ’
THIGKNESSES OF |
:i 00 ' PERMEABLE STRATA
( il

e O e A e s e ——J.ssa =t

< %9 = \‘\\\ T~ T

= ,

D a0 M~ \\‘ i \\\ \\\
[T \

© - ‘ ~dJied

£ 705\ \\\ ™. ™.

] 5 M. ™. \.. '\Ef \\
o .

& . \\ \\ \4‘ \\ N
z \ ] S ~

Y . | \ 2d \ << ™~

(7]

o 30 = d ~ N ‘d\\ "\

a e

121 d|= DRILL| HOLE DIAMETER | 7 —

. ° 3 4 [ 8 10 20 40 60 80 100 200 400 800

i
Rm

Figura 12-10. Environmental correction chart for various Rt/Bm, bed thicknesses, and borehole diameters. The
chart was constructed for the case where Rm = Rs {(From Doll, 1948}.



280

hole diameter will have an accurate SP value (Figure 12-9). Figure 12-10
quantifies the effect of bed thickness on the SP deflection.. The chart was
constructed for an Rm/Rs ratio of 1. Charts have not been constructed for
other ratios.

Borehole diameter. An increase in borehole diameter has the same
effect as an increase in Rt/Rm or a decrease in bed thickness: the curve
becomes rounder, the deflection decreases, and the bed boundaries are less
defined. Figure 12-10 quantifies the effect of borehole diameter on the SP
deflection. The chart was constructed for an Rm/Rs ratio of 1. Charts have

‘not been constructed for other ratios.

Depth of mud filtrate invasion. The larger the depth.of invasion the

smaller the SP deflection, the rounder the curve, and the less defined the
~ bed boundaries (Figure 12-11). Correction charts for depth of invasion are

available, but are usually not needed. In thick beds the correction factor is
negligible, less than 10 percent and often less than 5 percent {Hartline
course notes, no date). High porosity aquifers have limited invasion,
therefore the SP curve is atfected very little by invasion. There are,
however, two exceptions to this rule:

1. Ultrashaliow invasion will result in a reduced SP deflection
(Segesman and Tixier, 1959}, '
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Figura 12-11. Calculated SP responses demonstrate that as the diameter of invasion increases, the quality of
the curve decreases. The responses were calculated assumming that Rt = Re (From Jorden and Campbell,
19886, after Doll, 1949). : _ ‘ .
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2. As the depth of invasion increases, the SP deflection increases
until all formation water has been removed from the flushed zone.
This can be seen on successive logging runs made before the
flushed zone is fully established. After the flushed zone is
established, the SP deflection does decrease as invasion increases.

Shale. Dispersed shale in a permeable formation will reduce the SP
deflection by creating a shale membrane potential in the formation of
opposite polarity to the liquid-junction potential in the formation (Hartline
course notes, no date). The reduced SP is called pseudostatic SP (PSP).
Hydrocarbons in a shaly reservoir rock will further reduce the SP deflection.

Formation mineralogy. Certain minerals such as pyrite and marcasite
create a large negative SP deflection.

Formation temperature. As temperature increases, the amount of SP ]
deflection increases. ‘

Mud composition. Normal fresh water muds have no adverse effect
on the curve. Most muds behave as sodium chloride fluids. Gyp-base muds
and calcium chloride {CaCl,) muds require corrections. They contain divalent
cations which reduce the amount of negative deflection (Pirson, 1963). Oil-
base muds and inverted oil emulsion muds are nonconductlve and have no
SP current {Pirson, 1963).

Tool eccentricity. The position of the SP electrode in the borehole has
no effect {(Pirson, 1963).

Instrumentation problems. Magnetization of any part of the winch will
superimpose a sine wave on the SP curve (Figure 9-11}. Improper grounding
of the surface electrode will cause the shale base line to drift (Figure 12-12}.
Dry soil makes it difficult to get a good ground. If a downhole ground is
used, the base line will drift appreciably as the ground approaches metallic
casing (Bateman, 1985). If the tool has been repaired with a dissimilar
metal, the contact of the two metals {bimetallism) can generate an SP
current and cause the curve to drift. However, the amount of drift is small
and is really only noticeable opposite highly resistive formations
(Schlumberger, 1989). Any bare metal, except for other electrodes, wnthm 7
feet of the electrode will cause problems (Hallenburg, 1984). If the
electrode contacts the borehole wall, a sharp potential change occurs for a
few seconds. This can be prevented by recessing the electrode in the probe



- Figure 12-12a. The SP drift is-caused by a poor electrical ground of '
the surface electrode. Tracks 2 and 3 are too cluttered; the sonic
. curves should be on a separate log. The sonic log has two At
curves (a long and a short space curve), neithei of which is working
properly. The large rugose borehole (12% inches bit size and 157)
inches caliper reading) and the uncompacted, unconsolidated nature
of the rock preclude accurate sonic porosities. In places, the At
curves are reading nothing but borehole fluid {At 189 us/it). At
peaks greater than 190 us/ft are cycle skips.
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Figure 12-12b. Same log as Figure 12-12a, The SP curve is now
woking properly after corrosion was removed from the surface
electrode. The SP curvé does not have large deflections because
Rmf is very close to Rw. The log was made going into the hole.
The log is the Guif Coast Sandstone aquifer. The well is the Layne
Western, M.U.D. 275 Plant #1, Harris' County, Texas. At 700 feet
Rm is 9.6 ohm-meters and Rmf is 7.6 ohm-meters at 85° F.
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body. The electrode can be further
protected by building tape bumpers
(Hallenburg, 1984}. Stopping the
logging run for several minutes can also
affect the curve {Figure 12-13).

Resistivity

Stray electrical currents. Nearby
electrical currents such as cathodic

protectors and power lines wili
adversely affect.the curve. Redox
potentials also affect the curve. In the
northern latitudes the Aurora Borealis
will severely affect the curve.

t.ogging stopped
Interpretation. While for several minutes
measurement of the SP current is
simple, interpretation of the curve is
not. As explained in the previous
section, curve response is greatly
affected by formation and mud
properties. However, the curve
contains a wealth of information if the
effects of these influences are taken

into account. Figu(e 12-13. Effect of stopping the SP electrode
for several minutes (From Hallenburg, 1984)..

- Opposite shales the SP curve is a relatively straight line - the shale
base line {(Figure 12-7). Impermeable beds such as thin limestones will also
have a flat line that falls along the shale base line (Figure 9-23). The
position of the base line may shift with depth. This occurs when the shale is
not a perfect cationic membrane (Schlumberger, 1989) and when the
electrical properties of the shales change. In water wells, especially at
shallow depths, the shales are often not perfect membranes.

Opposite porous, permeable formations the curve deflects from the
shale base line. If the formation water is fresher than the drilling fluid (Rw
greater than Rmf}, the deflection will be to the right, a positive SP (Figures
12-7 and 12-8). The deflection will be to the left, a negative SP (Figures 12-
7 and 12-8), when the formation water is more saline than the drilling fluid
(Rw less than Bmf}. When the formation water and the drilling fluid are
approximately the same salinity, the curve will be flat and fall along the shale
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base line (Figures 7-13, 9-14, and 12-8). Petroleum wells normally have
negative SP’s, while water wells may have all three types '

Waters with significant amounts of divalent ions complicate the
explanations offered in the above paragraph. Such waters move the SP
deflection in the negative direction, thus making the formatlon water appear
more saline than it actually is (Figure 12- 8) :

In thick, shale-free, porous, permeable sandstones the deflections -
reach a maximum value, the sand base line (Figure 12-7) or static. SP (SSP}.
The sand base line is used to calculate shale volume in a sandstone. The -

" position of the sand base line in a well shifts as the ratlo of Rmf 1o Rw
changes. :

The slope of the SP curve indicates the rate of change in potential in

- the borehole. Since the maximum rate of change occurs at bed boundaries,
the maximum slope from the vertical (called the inflection point) on an SP
curve is the bed boundary. As discussed in the previous section, a number -
of factors influence the slope of the curve at a'bed boundary: -the ratio of Rt
to Rm, bed thickness, depth of invasion, and borehole diameter. The
resistivity of the adjacent shale (Rs) also influences the curve shape. The
principal control on the shape of a curve 'at the boundary of a permeable bed
and a shale is the resistivity contrast between the two beds (Rs and Ri).
Opposite the more resistive bed, the current spreads out more, thus

“moving” the inflection point toward the bed that has the Iowest resistivity
{Figure 12-14}. ,

Bed boundaries are especially difficult to distinguish in_carbonate
sequences, which normally consist of thick, resistive (impermeable) zones
separated by thin, conductive beds {permeable carbonate or impermeable
shale). The resistive zones prevent the SP current from entering or leaving
the borehole opposite them (Figure 12-15). Therefore, the intensity of the
SP current remains constant until it reaches a conductive bed. If the hole
diameter remains constant, the potential drop will be constant opposite the
resistive zone and the SP curve will be a straight sloped line (Figure 12-186).
Permeable zones have a convex SP curve shape that points toward the sand
line {Figure 12-16). Shales have their convex side pointing toward the shale
line {(Figure 12-16). It is only at a shale bed that-current can return to the
mud. Thick, highly resistive carbonate formations with no shale sections
have an SP curve that just "wanders” {Figure 8-14}.:
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Figure 12-14. The inflection point, located at the maximum slope of the SP curve from the vertical, defines
the bed boundaries. The slope of the curve varies according 10 the Ry/Rs value. The InﬂECtlon point "moves"
toward the bed with the lower resistivity (From Helander, 1983).
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Figure 12-15. Schematic diag-rams of SP current flow in very
resistive formations and the resuiting SP curve. Sh is shale and P is
permeable beds {(From Schlumberger, 1389}.

Recommended use. The SP is the most universal curve in both old
well files and in modern logging suites. The curve contains a wealth of
information about a formation, if interpreted properly. Interpretation of the
curve is more difficult in fresh to moderately saline water than it is in very
saline waters.

" The SP and the gamma ray curves are used for many of the same
purposes: correlating, picking bed boundaries, distinguishing shale from
other rock types, and calculating shale volume in sandstones. The gamma
ray is the better curve for these tasks. However, it is not run in many water
wells. Even when a gamma ray is included in the logging program, the SP
curve should still be run since there is no extra charge for it.

The SP curve can be used for two quantitative calculations:
estimating shale volume in a sandstone and calculating Rw. Both
calculations assume that the electrochemical potential generates all the SP
current. '

Calculating shale volume. The SP curve can be used to calculate the
volume of shale (Vg ) in a sandstone as follows:
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SSP - PSP -
VSh (%) Y [T] X 100 | . . 1_2'1

Where: ' .
Vg, (%) is-the percentage by volume of shale (clay) in a sandstone.

PSP is pseudostatic SP, the SP value of a shaly sandstone.
SSP is static SP, the SP value of a shale—free sandstone.

This calculation probably overestimates Vg, (Rider, 1986). Itis not as
accurate as Vg, calculated from a gamma ray curve.
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Calculating Rw. Rw calculations only .work if the formation water is

NaCl and if the formation is a thick, clean sandstone. (See Chapter 14 for a
discussion of the technique.)

If the SP curve is to be used for Rw-calculations, the mud properties
should be kept fairly constant during drilling. Field experience has.proven
that when a mud system is significantly altered, it takes the SP curve a
considerabie length of time to reflect the properties of the new mud system
(Schlumberger, 1989). This can resuit in a situation where the Rw
calculation is using the SP response of the old mud system and the Rmf
value of the new mud system measured just prior to logging.
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POROSITY TOOLS

Chapter 13

Porosity is the fraction of a given volume of rock that is pore space.
The standard abbreviation is @. Porosity is a dimensionless number. tis
expressed as either a percentage or as a decimal fraction. In calculations
with porosity as one of the variables this distinction is very critical. Most log
analysts reference porosity values as whole numbers, but use the term
porosity unit (pu) instead of percentage. This avoids the potential confusion
of referring to changes in porosity values as “percent changes”. An increase
in porosity from 10 percent to 20 percent is more clearly understood when it
is called an increase of 10 pu, rather than saying porosity increased 10
"percent".

Porosity logs provide valuabie information for ground-water studies. In
addition to providing accurate porosity values, they are used to identify
lithology and to calculate rock mechanical properties. They are also used in
some methods for calculating water quality. Porosity logs are run in most oil
and gas wells in Texas. However, they are seldom run in water welis: Only
2.2 percent of the water-well files collected for this study included a
porosity log.

Three porosity tools are commonly available: density, neutron, and
sonic. A fourth tool, the dielectric, can be used to calculate porosity. A
nuclear magnetic resonance tool is presently being developed by the
petroleum industry as a fifth porosity tool. Slimhole versions of the density,
neutron, and sonic tools are available. Slimhole porosity logs, however, are
not nearly as common as their conventional counterparts. '

Proper interpretation of porosity logs is predicated on four principles:

1. No logging tool measures porosity. "Porosity” logs measure rock
and a fluid properties, which are then used to calculate porosity.
Porosity values are correct only when the log analyst uses the
appropriate porosity equation and the correct constants.

2. Ali porosity tools are affected by lithology. Porosity values are
correct only when the correct lithology constant is used in the
porosity equation. Each porosity tool has a significantly different
response to each of the common sedimentary rock types.
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3. Tool measurements are adversely affected by borehole
enlargements, mudcake, and tool tilt. All porosity tools
investigate, at most; only a few inches into the formation. This
makes them very susceptible to the influence of borehole
enlargements (washouts, caverns, etc.}, mudcake,- and itool-tilt.
Compensated tools, developed to overcome these problems, .
provide more accurate porosities than uncompensated tools.. .

o .

4, Poros:ty tools must be properly calibrated. Unfortunately, slimhole

tools are often not calibrated. A

Density (Gamma-Gammal 3

The density or gamma-gamma tool is an excellent porosity tool.. It is
also used to pick bed boundaries. In conjunction with other porosity tools it
‘can be used to determine lithology. It is used in conjunction with the sonic
log to calculate acoustic impedance for synthetic seismic traces and.to
calculate formation mechanical properties such as Poisson’s ratio- and
Young’'s modulus. While it is predominately an openhole tool, research is.
being conducted into methods of obtaining quantitative data through metallic
casing {Jacobson and Fu, 1990). Density tools are used to detect voids in
gravel packs in cased holes. Attempts have been made to evaluate the
distribution of bentonite grout behind PVC casing utilizing slimhole. density
tools (Yearsley, et al., 1991). ' '

In some parts of the country the tool cannot be run in openhole water
wells. The concern is that the radioactive source would create very localized
radioactive contamination if the tool should become stuck in the borehole.

The most common name for modern conventional tools is
Compensated Density (CDL). Atlas Wireline uses the name Compensated
Densilog (CDL); Schlumberger calls its tool the Compensated Formation
Density {FDC). Slimhole tools are called either density or gamma-gamma
and the term compensated is added when appropriate. - -

Tool theory. Conventional and some slimhole density tools utilize a
source which emits medium-energy gamma rays (Cobalt 60 or Cesium 137)
and which is mounted in a shielded sidewall-skid. The skid is pressed
against the borehole wall by means of an eccentering arm that also functions
as a caliper (Figure 13-1). The pressure of the eccentering arm, plus the
plow-shaped design of the leading edge of the skid, usually allows the skid
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to cut through the mudcake.
. Mudcake .

The tool design ((emc. hmc))
creates collimated (focused)
gamma rays that pass into the
formation. As the gamma rays
pass through the formation
‘several reactions take place.
Compton scattering is the only
reaction of consequence to
most density tools. It occurs
when gamma rays lose energy
and change direction due to
collisions with electrons in the
rock- and fluid.

Long-Spaced:

Density tools measure the
attenuation of gamma rays
between the source and one or
two detectors. The detectors Figura 13-1. Schematic drawmg of a compensated

. . density tool (From Schlumberger 1989 modified from
emit an electrical pulse for each \,ni et ai., 1964).
gamma ray that is intercepted.
The count rate varies by a factor of 5 to 10 for common sedimentary rocks
(Dewan, 1983}. The detectors are shielded in such a way that they respond
only to the gamma rays undergoing Compton scattering. Such shielding
makes the count rate a function of the electron density.

The gamma ray count measured by the detector(s) is inversely _
proportional to the electron density {g,) of the formation. Electron-density, in
turn, is proportional to the bulk density (@, ) of the formation. For common .
sedimentary rocks the ratio of @, to @, varies very little. This means that it
is a-relatively easy, accurate, and straightforward process to convert the
gamma ray count to bulk density. Conventional and some slimhole density
tools output bulk density as the "raw"” data curve.

There is considerable variation in the design of slimhole density tools.
Some tools are compensated (dual detectors), but many are single detector.
The single detector tools include omnidirectional, mandrel tools as well ‘as
sidewall tools. Omunidirectional density tools are commonly called 4-pi
density tools. The name alludes to the fact that the tool investigates a
spherical area, the volume of which is 4MNr® /3. The Greek letter N is pi. The
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" tool may or may not be centralized. Uses include gravel pack evaluation and
delineation of thin beds in coal sequences (personal communication, Lynn
Gray Breaux, 1991).

Calibration. Proper calibration of the tool is critivcal for accurate bulk
density and porosity values. One should always discuss calibration.
procedures with the tool manufacturer or the service company.

It is impossible to calculate accurate ‘bulk denssty and por03|ty values
with most slimhole density tools because of either the tool design or the lack
of tool calibration. Hallenburg (1984) has aptly stated the case for proper
_ calibration of the tool: ‘

Literally, no quantitative use of a density system is possible without
calibrations. With them the results are precise, and the possibilities
are endless.

Conventional density tools are calibrated to fresh-water saturated
limestones. For all other lithologies the log-measured bulk density value will
be at least slightly different than the actual bulk density. Figure-13-2
quantifies these differences for various lithologies. The figure shows that for
water-fillled sandstones and dolomites the differences are inconsequential,
but for some lithologies not usually of interest to ground -water studles (salt,
coal etc.) the differences are sugmflcant S :

Depth of investigation and vertncal resolution. Depth of investigation is
only a few inches, with 5 inches a good average value. Experimental results
using a 35 percent porosity sandstone saturated with fresh water reveal that
90 percent of the gamma ray response from a Schlumberger compensated
density tool originates from within 5 inches of the tool (Sherman and Locke,
1975). Depth of investigation increases by a few inches as bulk density
decreases {which occurs when either porosity increases or matrix density
decreases), and it decreases by a similar amount as bulk density increases.

_ This shallow depth of investigation makes the tool response very
susceptible to the influence of borehole conditions such as excessive -hole
rugosity and thick mudcake. Porosity values are too-high when such
. conditions exist. Drilling methords {such as-augering} that disturb the

formation for just a few inches away .from the well bore will adversely affect
the ability of the tool to measure true bulk densnty A
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Figure 13-2. Corrections to be applied to apparent bulk density, @, in.order to
derive true density, , (From Serra, 1984, after Tittman and Wahl, 1265).

‘ Vertical resolution of conventional tools is about 3 feet at average _
logging speeds (30 feet per minute}. Slowing the logging speed to about 15
feet per minute improves the statistics, thus increasing the vertical resolution
to 1.5 feet. Schlumberger offers a high resolution density log with a vertical
resolution of 0.5 feet (Figure 13-3a). The improved resolution of this tool is
accomplished by combining a slower logging speed and an increased
sampling rate with a different processing technique.

Vertical resolution is also a function of the source-to-detector(s} or the
detector-to-detector spacing. The smaller the spacing the better the vertical
resolution. While the spacing varies somewhat for each brand of density 1
tool, average values are 16 inches for single detector conventional tools and
10 inches between detectors for compensated conventional tools {Serra,
1984). Slimhole tools usually have spacings that are a few inches smaller.
Good vertical resolution makes the density log useful for determining bed
boundaries. : ' ' _
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Figure 13-3 a & b. Comparison of high resolution (1.2 inch sampling rate} compensated density-neutron logs (13-3a) and normal density-neutron logs
(13-3b). The high resolution pass has better vertical resolution. These logs illustrate the standard log presentation for conventional density and neutron
porasity curves. In addition ta the two porosity curves, the logs contain gamma ray (SGR), caliper {CALY), tension {TENS), and bulk density correction
(DRHO) curves. Both porosity curves are plotted on a sandstone matrix. In shaly sandstones and shales neutron porosity (NPHI) reads greater than
density porosity {DPHI). The curves overlay in shale-free sandstones. ‘Zones in which density poresity reads greater than the neutron are due to either
gas in the pores or mineralogical variations. Percussion sidewall cores were taken at the depths indicated by the arrows. Core porosities (plotted on the
log) agree within 3 pu of the log porosities. Horizontal air permeabilities were 2565 md at 470 feet and 6541 md at 556 feet. See Figure 13-30 for a
photomicrograph of a sidewall core. The negative DRHO corrections are due to the tool being miscalibrated. Positive corrections are due to washouts.
The bit size is 9 % inches and the borehole fiuid is 9 Ib/gal native gel. The log is the Gulf Caast aguifier. The well is the Alsay, NW Harris County MUD
21 and 22 #2, Harris County, Texas. Figures 10-10, 11-1, 13-4, and 13-9 provide additional data on this well.
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Statistical variations and logging speed. Due to statistical variations in
the gamma ray count a time constant is necessary to smooth the
measurement. |n most formations a time constant of 2 seconds and a
logging speed of 30 feet per minute is recommended. In low porosity
formations the count rate is much lower, so a larger time constant (4
seconds) and a slower logging speed should be used to improve the
resolution and the accuracy of the measurement (Etnyre, 1989). The time
constant should be recorded on the heading. Time constants are discussed
in more detail in Chapters 7 and 10.

Repeat passes are run to assist in determining the quality of the data.
They will not be identical due to statistical variations in the gamma ray count
rate. The standard deviation between repeat runs should be about 0.04
g/cm?® for high bulk densities and about 0.02 g/cm?® for low bulk densities
(Dewan, 1983). Formations with irregularly distributed porosity {e.g. vuggy
carbonates and fractured zones} and borehole walls with irregularly '
distributed enlargements have greater variations between repeat passes.
This is because collimated density tools investigate only about 12 percent of
the borehole on any given pass (Table 7-1). Subsequent passes may
measure a different portion of the borehole. However, in a slightly deviated
hole the sonde has a tendency to ride on the downhill side, thus increasing
the likelihdod of the same portion of the borehole being investigated on
repeat passes. This is more likely to occur with heavier conventional tools
than it is with lighter slimhole tools.

Log presentation. Density logs vary considerably in their presentation.
They may consist of one to seven curves, but the common format is five
curves: bulk density, porosity, correction, caliper, and tension.

Conventional and some slimhole density tools record bulk density as
the "raw" data curve (Figure 13-4), but some jogs include count rate curves.
The bulk density curve is labeled RHOB on the header, which is computer
keyboard phonetics for g, The unit of measurement is grams per cubic
centimeter (g/cm®). The curve is usually placed across tracks 2 and 3 with
a linear scale of 2.0 g/cm® to 3.0 g/cm®. This scale covers the range of
values occurring in common sedimentary rocks with less than 46 percent
porosity.

The output of many slimhole tools is simply the count rate of each
detector scaled in counts per second (Figure 13-5). For many of these logs
no further processing is or can be done to the data.
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Figure 13-4, Typical format for a conventional compensated density log. (The example is actually 2 lithiologic
density log). Track 1 contains total gamma ray [{SGR} and caliper curves. Track 2 contains a photoelectric
factor {PEF} curve which is only found on a lithologic density log. As is standard practice, the unit of
measurement of the PEF curve is not noted. Track 3 contains the tension (TENS) and A (DRHO) curves.
The g, curve plots across tracks 2 and 3. In the large washout’ from 64 to 120 feet the @, curve is
predomionately reading the bulk density of the mud: - The washout'is so large that the Ap curve makes no
correction. Figure 11-1 discusses the caliper curve of these zones: Figures 10-10, 13-3, and 13-9 provide
additional data on this well. R -
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Figura 13-5. Typical slimhole density {gamma gamma) log presentation. Gamma ray count increases to the
right, which means that porosity increases to the right. On conventional porosity logs porosity increases to
the left. Figure 9-22 contains a conventional density log of this well. The count rate curve shows general
trends in porosity, but is not as sensitive as the conventional log. 1t is hard to correlate the two logs. The
slimhale caliper is mare sensitive that the conventional caliper.
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Figure 13-6. Environmental corrections for the Schlumberger FDC tool

borehole rugos:ty {From Schlumberger, 1389, after Wahl et al., 1964)

by comparing the _
differences in the count rates of the two detectors by means of an
experimentally derived "spine-and-ribs" plot. The correction is automatically
added to the bulk density curve, making it in actuality a corrected bulk
density curve. The amount of correction is documented on'the log as a
separate curve labeled Ag (DRHO). The curve is usually placed in track 3
with a scale of -0.25 g/cm?® to 0.25 g/cm?® (Figure 13-4).

A caliper curve is standard on most density iogs.. The backup arm of
the sonde makes the caliper measurement. The curve is usually placed in

track 1 (Figure 13-4). It serves as another good quality-control indicator of
the bulk density curve.

A porosity curve, if included, is usually placed in tracks 2 and 3 (Figure
13-3). The values are expressed as decimal fractions. The curve is
variously scaled. In sandstone provinces 0.6 t0°0.0 is common. In
boreholes with both sandstones and carbonates 0.45 to -0.15 is common
Porosity calculations and negative porosity values are explained in the
following Interpretation section. The lithology on WhICh the curve is
calculated is noted on the log. :

Modern conventional density logs include a tension curve. It is usually
recorded in tracks 1 or 3 (Figure 13-4). It is another quality control curve,
because zones that pull tight will have erroneous log responses. The tension
curve is discussed further in Chapter 5. : :

A gamma ray tool is usually run in conjunction with the density. The
curve is recorded in track 1 {Figures 13-3 and 13-4). In the oilfield the
neutron porosnty tool is commonly run |n combinatlon W|th 'the density.



299

Borehole corrections. Compensated density tools correct, up to a
point, for the effect of mudcake, borehole rugosity, and washouts. Hole
diameters of less than 10 inches do not require borehole corrections (Figure
13-6). Holes as large as 15 inches require a correction of only 3 pu, which
for high porosity aquifers is a relatively small fraction of the actual porosity..
Single detector tools cannot correct for any of these conditions.

Scanning the Ag curve gives a good indication of the accuracy of the
"bulk density values. Negative corrections should only occur when the drifling
mud contains barite. Consistent negative corrections when the mud system
has no barite are an indication of a malfunctioning tool (Figures 13-3 and 13-
4). Positive corrections of up to 0.15 g/cm?® can be accurately made by the
spine-and-ribs plot. Larger corrections are probably insufficient and so the
accuracy of the corresponding bulk density value is suspect {Dewan, 1983}.
Many log analysts, however, maintain that a correction of over 0.05 g/cm?®
makes the accuracy of the corresponding bulk density value questionable
(Etnyre, 1989). The absence of a correction, however, does not always
insure that the bulk density value is accurately measuring formation density.
Large borehole enlargements may have very small Ap corrections. These
enlargements appear as low-density spikes on the bulk density curve and are
often detectable on the caliper curve (Figure 13-4).

Bulk density can be accurately measured in air-filled boreholes if proper
corrections are made to the data (Figure 13-6). A different spine-and-ribs
plot must be used (Schlumberger, 1989}. In air-filled holes the density log
can tolerate much less rugosity than in liquid-filled holes because of the
greater density contrast between the two fluids. If the pores within the.
depth of investigation of the tool are filled with air, an additional correction
will be necessary. Since air stops fewer gamma rays than drilling mud or
water, the bulk density will be lower (i.e. log porosity will read higher} than
in a liquid-filled hole. The difference increases as porosity increases,
reaching 0.08 g/cm?® (5 porosity units) at 40 percent porosity {Figure 13-2).
By making this correction to the bulk density curve, porosity is still
calculated using a fluid density of 1.0 g/cm?,

Interpretation. The main purpose of density logs is to calculate
porosity. The bulk density of a formation is primarily a function of porosity
and secondarily a function of rock and pore fiuid density. The mathematical
. expression of this relationship is as follows: '

0 < ¢Qf+(1 -d)e, (13-1)
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Where: - ‘ L e
¢ porosity g i
= bulk density in- glcm SR

Qf pore fluid density in glem® i
e, = matrix (grain) densaty of the rock in glcm

The equation can be 'rearranged.to solve for p'dll‘c‘)sity:

=Sma” 32
Qm_gf '

Figure 13-7 is a graphical solution of Equation 13-2. It works for ahy
brand of density log. ‘

The density tool provides only the g, value.: The log analyst must
provide g,,,and @ These values should always be recorded on the log
header when a porosity curve is included . Table 13-1 contains g, and g
values for common minerals and fluids. Service company chart books. .
contain more detailed lists. Hallenburg (1984) has a very extensive list.

In ground-water studies the fluid density is seldom in question. The g,
of fresh water (1.0 g/cm?) is used for the entire borehole. In a borehole with
several lithologies, ‘however, matrix density may-vary from formation to
formation. Accepted practice is to plot the porosity curve on a.limestone
matrix {2.71 g/cm®). Porosities of other lithologies -are mentally corrected .as.
the log analyst scans the curve (Figure 13-8). Depending on the porosity of
the formation, 2 to 3 pu are subtracted from the porosity value of
sandstones and 4 to 6 pu are added to dolomite porosities {Figure 13-8).
Negative density porosities can occur when the wrong p,,, is used in the
porosity calculation (e.g. when a dolomite with less than 9 percent porosnty
is calculated on a limestone matrix).

If the lithology of a formation’is not known, a crossplot of density
porosity and neutron or sonic porosity will identify the lithology and correct
the porosity value. Crossplots utilizing the density Iog are’ d:scussed in the
Porosity Crossplots section of this chapter. : : :
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Figure 13-7‘. Graphical solution tfor calculating porosity from bulk density {Equation 13-2}), Fluid density is g;

and matrix density is ... This chart can be used for any brand of density log (From Welex, 1985).
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Figure 13-8. Determining lithalogy from a density-neutron log. Both porosity curves are calculated on a

limestone matrix, so when the formation is limestone the curves will overlay le.g. 528 10 536 feet). If the

~ formation is shaly, the neutron curve will read a few porosity units higher than the density (e.g. 625 to 646
feet). In dolomites the neutron reads about 9 porosity units higher than the density {e.g. 720 to 734 feet).

The PEF curve and thin section petrography confirm these interpretations. The log is the Edwards aquifer.
An g, of 1.0 g/fcm?® was used to calculate density porosity. Figures 9-22, 13-5, 13-28, 13-32, and 13-33

provide additional information on this well.
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TABLE 13-1. g,.. ¢, AND Pe VALUES OF COMMON MINERALS AND FLUIDS

Mineral/Fluid Cma OF 04 Pe
Gas (CH,) 0.0009 0.085
Oil 0.85- 1.1 0.12
Fresh Water 1.0 0.36
Saline Water (100,000 ppm NaCh) 1.05 0.73
Coals 1.2-1.7 0.2 or less -
Quartz 2.65 1.8
Kaolinite 2.4 1.8
Montmorillonite 2.1 2.0

" Potassium Feldspar 2.5 2.9
Dolomite 2.87 3.1
Average Shale 2.65 3.4
llite 2.5 3.45
Gypsum 2.35 4.0
Anhydrite 3.0 5.06
Calcite (Limestone} 2.71 5.08
Chilorite 2.76 6.3
Glauconite 2.54 6.4
Ankerite 2.9 9.3
Limonite 3.6 13.0
Iron Oxides 4.3-5.2 19 - 22
Sulfides 3.9-5 17 and up .

~ (Modified from Schlumberge_r, 1988 and 1989.)

The density log is the best porosity log for shaly sands because it is
less affected by shale then are other porosity tools (Figure 13-9). It gives
more accurate porosity values than the other tools because the densities of
most shales (2.2 g/cm’ to 2.65 g/cm?®) are close to that of quartz {2.65
g/cm?). :

Density logs that just contain count rates can only be used as a
qualitative indicator of porosity changes. The count rate is a logarithmic
function of porosity (Etnyre, 1989).

Lithologic density. The lithologic density tool is an improved and
expanded version of the compensation density. In addition to measuring
bulk density, the tool measures the photoelectric absorption index (Pe, PE, or
PEF) of the formation. Photoelectric absorption, also called the photoelectric
effect, is primarily a function of lithology. This means that the log can be .
used to identify lithology as well as porosity, thus making the lithologic
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Figure 13-9. Identification of shaly sandstones and shales from density (DP) and neutron (NP) logs. Both
curves are calculated on a sandstone matrix {SS} in decimal fractions (DEC), so when the formation is shale-
free sandstone the curves overlay. In shaly zones the neutron reads higher than the density, with the density
porosity being more accurate. The Pe curve reads 1.8 in sandstones and 1.8 to 2.5 in shaly zones. Dual
Induction curves are in track 2. The lithology column in track 1 is calcutated from the log data. VCL is volume
of clay in decimal fractions (DEC). The log is the Gulf Coast aguifer. Figures 10-10, 11-1, 13-3, and 13-4
provide additional information on this well,
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density log self-interpreting. Addition of the Pe curve makes it an excellent,
stand-alone porosity and lithology tool. '

At the present time only the major logging companies have Pe curves.
Trade names are Litho-Density {LDT) for Schlumberger, Spectral Density Log
{SDL) for Halliburton, and Compensated Z-Densilog (ZDL) for Atlas Wireline.

Except for the Pe curve, the log presentation is identical to that of a
compensated density log. The unit of measurement (barns per electron) is
seldom used. The curve is usuaily placed in track 2 or 3 (Figures 13-4 and
13-8 ). Modifications to the conventional density tool design have yielded
higher count rates for the lithologic density tool, resulting in lower statistical
variations and better repeatability of the measurements (Schlumberger,
1989). Statistical fluctuations are one-half that of a compensated density
tool (Dewan, 19883). Vertical resolution is also better than that of
compensated tools, due to a shorter source-to-detector spacing.

Whereas other density tools only detect gamma rays affected by
Compton scattering, lithologic density tools measure gamma rays affected
by both Compton scattering and photoelectric absorption. Some tools use
the near detector only for measuring gamma rays affected by Compton
scatter, while other tools also measure photoelectric absorption. The far
detector measures gamma rays affected by both Compton scatter and
photoelectric absorption.

Photoelectric absorption occurs when a gamma ray collides with a
nucleus and is absorbed. The rate at which the reaction occurs increases as
the energy level of the gamma rays decreases. The rate is also a function of

the type of atoms in the formation. The photoelectric absorption index of an
" atom increases exponentially with increasing atomic number {Z}. This means
that pore fluids (water and gas) have much lower Pe values than rocks
(Table 13-1). Consequently, the Pe value of a formation is relatively
independent of porosity and can be used to identify lithology. '

Although Pe values are relatively independent of porosity, they do
decrease slightly as porosity increases (Figure 13-10). Thus high porosity
formations have lower Pe values than published values such as those in
Table 13-1. This is important in ground-water logging, because aquifers
usually have higher porosities than the formations encountered in petroleum
logging. The Pe values for high porosity formations would possibly be
attributed to a mixture of lithologies by log analysts used to working with
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saturated zones. In conjunction with another porosity tool, usually the
density, it can be used to determine'litholc_)g\/'. In. combination with the’
density it can be used to identify gas-saturated zones below the water table.
~ Certain neutron tools can be used in air-filled holes and in cased holes.

In some parts of the country the tool cannot be run in openhole water
wells. The concern is that the radioactive source would create very localized
radioactive contamination if the tool should become stuck or lost in the
borehole: ' ' '

Most service companies call their modern, coventional tool a
Compensated Neutron. However, each company uses a different
abbreviation for the tool: Schiumberger (CNL), Atlas Wireline (CN), and
Gearhart (CNS). Halliburton calls its tool a Dual Spaced Neutron (DSN).
Sidewall neutron tools are called Sidewal! Epithermal Neutron Log (SWN) by
Atlas Wireline, Sidewalt Neutron Log (SNL) by Gearhart, Sidewall Neutron
(SWN) by Welex and Halliburton, and Sidewall Neutron Log (SNP) by
Schlumberger. Several other names have been used for other brands and
types of conventional tools. Slimhole tools with one detector are called
neutron-neutron or neutron tools; two-detector tools are called compensated
neutron tools.. ' :
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Several types of specialized neutron tools are also available, including
pulsed neutron decay logs (neutron lifetime and thermal decay time logs) and
neutron activation logs. Most of these are cased hole tools and have seldom
been used in ground-water studies. Schlumberger (1989b) has a good
discussion of these tools. Keys (1988) also discusses them.

Various types of neutron tools are also used to measure moisture
content in the vadose zone. Soil moisture probes utilize a neutron source to
measure moisture content in the soil horizon. Neutron porosity tools are
sometimes utilized in open holes to detect perched water tables.

Tool theory. Neutrons are electrically neutral particles with the mass
of a hydrogen atom. Naturally occurring free neutrons are very rare in most
formations. All neutron tools measure the response of a formation to
bombardment from a neutron source in the tool.

High velocity, high energy (about 4 Mev) neutrons are emitted by a
radioactive source in the tool. During the brief life span of a neutron (a few
milliseconds), it passes through three energy leveis that are of interest to
~ neutron logging (Figure 13-
11). As neutrons travel
through the borehole and
formation they undergo
elastic collisions with nuclei, NEUTRON
continuously changing eMissIon
direction and losing energy.
The final stage of the
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Figura 13-11. Schematic diagram of the life history of a
neutron, showing energy levels and detector types (From
Rider, 1986).

state is reached when a
thermal neutron collides with
a nucleus, resulting in the
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‘ absorption of the neutron and the emassuon of a capture gamma ray(s)

"The ablllty of a. nucleus to reduce the ‘energy Ievel of a neutron is
measured in terms of its elastic intéraction and:thermal capture cross':

" sections {Serra, 1984). Elastic interaction cross section is the ability of,a :

nucleus to slow a neutron. It is a function of the size of the nucleus and the
speed of the neutron. The closer the two particles are in size; the greater
the amount of energy lost per collision-and the greater the-.elastic interaction
cross section. ‘A hydrogen nucleus is approximately the same size as a
neutron, giving it by far the highest elastic interaction cross section {Table
13-2). The average energy loss per collision between neutrons and
hydrogen'is 50 percent {Serra, 1984), with neutrons reaching a thermal

state after only 18 collisions: No other element commonly occurring'in '
aquifer-quality rocks has anywhere near the elastlc mteractlon cross sect|on
of hydrogen. ; * '

Thermal capture cross section is the ability of a-nucleus to capture a
neutron.” The factors governing the thermal capture cross section of an™
element are not well understood.: Elements with a high-thermal capture:. " .
cross section have a low elastic interaction cross section.. Chlorine has-one-
to two orders of magmtude higher thermal capture cross section‘values than
any other element commonly occurring in aquifer-quality rocks {(Table 13-2).
A few elements such as boron, cadmium, and gadolinium have extremely -
high cross sections, but these elements do not normally. occur in sufficient

oncentratlons in aquifer-quality rocks to affect neutron tool response.
However they ‘are concentrated. enough in some shales, |gneous rocks, and
metamorphlc rocks to affect the neutron log. ‘

* A measurement of the neutron {(or capture gamma ray) count rate by a
detector located some distance from the source normally correlates to the-.
hydrogen concentration of a formation. Since in most-aquifer-quality rocks
hydrogen only occurs in pore-filling ﬂunds (water-and hydrocarbons) the
neutron count rate can be related to porosuty :

. Neutron tool design. All neutron tools utilize the same basic design, a
neutron source and one or two detectors. Most tools employ a chemical
source that is a mixture of beryllium and a rachonsotope The source provides
a continuous emission of neutrons. Considerable variation exists.in the type
of detector(s) used. Detectors are avallable to measure eplthermal neutrons
thermal neutrons, and capture gamma rays : e
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TABLE 13-2. ELASTIC INTERACTION AND THERMAL CAPTURE CROSS
SECTIONS OF 2 MeV NEUTRONS.

Mineral Abundance Cross Section Collisions
ppm . Thermal Elastic to 0.025 eV
Capture Interaction
Hydrogen 1,400 0.30  20.0 18
Beryllium —eee 0.01 6.1 87
Boron e 700.00 3.0 105
Carbon 320 0.00 4.8 1156
Nitrogen --- 1.88 10.0 130
Oxygen 466,000 0.00 4.1 150
Sodium 28,300 0.51 3.5 215
Magnesium 20,900 .0.40 3.6 227
Aluminum 81,000 0.23 1.5 251
Silicon 277,000 0.13 1.7 261
Sulfur 520 0.53 1.5 297
Chlorine 314 31.60 10.0 329
Potassium 25,900 2.20 1.5 362
Calcium 36,300 0.43 9.5 371
iron 50,000 2.50 11.0 514
Cadmium - 2,500.00 5.3 1028

{From Bateman, 1985.)

The count rate registered by all types of neutron detectors responds
primarily to the hydrogen concentration of the formation. All detectors
respond the same way to hydrogen: neutron count rate decreases as
hydrogen concentration increases.. However, all detectors do not respond
the same to elements with high thermal capture cross sections (chlorine,
boron, gadolinium, etc.). Epithermal count rates are not affected nearly as
much as are thermal and capture gamma ray count rates. This difference in
tool response is very important for proper neutron log interpretation.

Neutron tools which measure capture gamma rays have a count rate
that is a function of both the thermal capture and the elastic interaction
cross section. Consequently, these tools are very sensitive to changes in
chlorine concentration (i.e. TDS) and trace element (boron, gadolinium, etc.}
concentrations as well as changes in porosity. This makes calculating '
porosity very difficult (Bateman, 1985). Very few neutron tools today
measure capture gamma rays.
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“ Epithérmal count ratés ‘are not significantly reduced by.eleménts with -
high thermai capture cross sections. Epithermal count rate tools, ‘therefore,’
are a more accurate means of determining porosity than are other types of
neutron tools for rocks that contain shale, igneous rocks, and metamorphic -
rocks. This also means that, in general, the epithermal neutron tool has a
smaller lithology effect than a thermal neutron tool {Figure 13-12).
Epithermal tools are not suitable for cased holes, but can be used in air-filled
holes. Since it is a pad device, the tool investigates only a portion of the
borehole. . Epithermal neutron tools, which date back to the 1950's, are not
as common as are thermal neutron tools. Most epithermal tools are sidewall,
but some are mandrel. They may or may not be compensated.

Thermal neutron tools are significantly affected by elements with high
thermal capture cross sections. Porosity values will be too high when such .
elements are present (Figure 13-12). However, in complex lithologies
mineral identification may be aided by the more pronounced. lithology effectS'
of the thermal tools (Etnyre, 1989). The too! can be run in liquid-filled,
cased or uncased holes. It does not work very well in air- fllled holes. AII
conventional thermal neutron tools are compensated The tool should be run
decentralized. : | A '

A fourth type of neutron tool is Schlumberger’s Dual Porosity " * .
Compensated Neutron Log (DNL or CNT-G). The too! contains two thermal
and two epithermal detectors, thus combining the best features of both
types ‘of detectors. The log presentation consists of an-epithermat porosity
curve {ENPH)-and-a thermal porosity curve (TNPH). When thermal neutron
absorbers aré absent, the two curves overlay. When they are present, the .
TNPH' curve will have higher porosities (Figure13-12). The epithermal count
rates” can be ‘'used to determine porosny in air- fl”Ed holes (Schlumberger
1989)

Depth of investigation and vertical resolution. The depth of
investigation is a function of several factors including source strength,
source-to-detector spacing, and hydrogen content of the formation and
borehole.: Depth-of investigation increases as the source strength or the
source-to-detector spacing increases. Tool design, therefore, must be taken
into account when comparing the response of different neutron tools. Figure
13-13 compares the 'depth of mvestlgatlon of Schlumberger’s Sidewall
Neutron and Compensated Neutron tools. The Compensated Neutron has
approximately twice the depth of investigation.: However, all other things
being equal for a particular tool, hydrogen content is the chief factor
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Figura 13-12, Schlumberger's CNT-G neutron log illustrates the differences between an epithermal neutron
porosity curve (ENPH) and a thermal neutron curve (TNPH). The ENPH curve reads closer to density porosity
(DPHI} because it is not as affected by thermal absorbers as is the TNPH curve. The porosity curves were
calculated on a sandstone matrix., The well is the TWDB-PUB Test Well Site F, Cameron County, Texas (state
well number 88-569-411). Borehole size is 8.5 inches. Borehole fluid is bentonite based drilling mud with an’
Rm of 2.2 ohm-meters at 100° F. This well is a direct offset to the well in Figures 8-18 and 8-19.
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controlling the depth. As
hydrogen content

increases, depth of 4 1o . T ; . .
investigation decreases. COMPENSATED T -
& DENSITY ~ 7 SIDEWALL -~
Boak troa 7 L MR
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few inches (Figure 7-4). . DISTANCE FROM THE BOREMOLE WALL- INCHES
Formations with minerals : ] .
that contain significant Figure 13-13. Comparison of the depth of investigation of
Schlumberger neutron and density tools {From Truman et al.,

quantities of hydrogen or
other elements with high -
thermal capture cross sections will also reduce the depth of investigation. In’
water-filled boreholes, rugosity and cavities increase hydrogen content and
decrease depth of investigation, while in air-filled holes the depth of
investigation is slightly increased for the same hole conditions.

1972i

Vertical resolution is a function of the source-to-detector or detector-
to-detector spacing and the logging speed. As the spacing or the logging
speed increases, the vertical resolution decreases. If the tool is stationary in
the well bore, the vertical resolution equals the spacing {about 10 to 15
inches). Ata Ioggmg speed of 30 feet per minute, the vertical resolution is 3
feet. Schlumberger has enhanced processing that, combined with a slower
logging speed, improves the vertical resolution to 12 inches {Figure 13-3).

Statistical variations and logging speed. As with all other radioactive
Ioggmg tools, statistical variations in the count rate{s) necessitate a time
constant to smooth the logs. Time constants vary from 2 to 4 seconds.

" The time constant should be recorded on the heading. In high porosity
‘formations and in cased holes the count rate is much lower, so a larger time
constant and a slower logging speed is used to improve the vertical
resolution and the accuracy of the count rate. Statistical fluctuations,
average about 1 pu for very low porosity formations and about 3 pu for high
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porosity rocks (Dewan, 1983). Further discussion of time constants is found
in Chapters 7 and 10.

Log presentation. Neutron logs have a simple format. Modern
conventional logs consist of only a porosity curve. A few slimhole logs
present a porosity curve and some of them also include count rate curves.
Most slimhole log presentations, however, consist solely of one or more
count rate curves. ‘

The porosity curve is usually placed across tracks 2 and 3 (Figure 13-
3). The values are expressed in decimal fractions. The scale depends on the
range of anticipated porosity values. In sandstone provinces 0.6 to 0.0 is
common. In mixed sandstone and carbonate provinces 0.45 to -0.15 is
common when a density curve is included. Negative porosity values usually
only occur on density curves (see the Interpretation section under Density for
an explanation). The lithology on which the curve is calculated is noted on
the log.

Count rate curves are usually placed in tracks 2 and 3. Count rates
are usually expressed in counts per second. However, old. conventional logs
used a number of other units of measurement |nclud|ng envnronmental units,
API units, and standard units (Hilchie, 1979).

Borehole corrections. A number of factors can affect the neutron tool
response: borehole size, amount of standoff, mudcake thickness, salinity of
the borehole fluid, mud weight, temperature, and pressure. Compensated
tools correct for a certain amount of borehole effect. Nondirectional tools
with single sources are more affected by the borehole environment than are
other neutron tools. Except for mudcake and rugosity, sidewall tools are not
as affected by the borehole environment as are compensated tools.

Borehole corrections are not available for nondirectional, single-source
 tools. Some sidewall neutron curves are automatically corrected for most
borehole effects. Borehole correction charts are available for conventional
compensated tools. Correction charts are tool and service company specific.
If a caliper is available, the compensated neutron curve can be automatically
corrected for borehole size. In ground-water wells borehole size is normally
the only correction that ever needs to be applied to any neutron tool.
Borehole size corrections are not available for slimhole tools. However,
applying all the available borehole corrections normally changes porosity by
only 1 to 2 porosity units.
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In air-filled holes neutron count rate increases as hole diameter
increases. This gives borehole enlargements the appearance of a decrease in
porosity, which is opposite the response seen in'liquid-filled holes.

Cased hole correction charts are available for casing and cement
thickness. Casing and cement both reduce the neutron count rate (i.e.
increase the porosity values). The magnitude of the effect depends on the
position of the casing in the well bore and the relative size of the casing and
borehole. As hole size increases, eccentered casing can cause significant
errors. Polyvinylchloride (PVC) casing contains a significant amount of
chlorine, and some fiberglass casing contains boron. 1In both cases the count
rate will be significantly reduced, thus increasing the porosity values. '

Calibration. Proper calibration of neutron tools is critical for accurate -
" porosity values. Neutron tools must be periodically recalibrated because the
neutron output of the source changes with time. The rate of change and
thus the frequency of recalibraton depends on the half-life of the source.

Major logging companies routinely calibrate their tools. However,
many slimhole tocls are seldom, if ever, calibrated. As with any logging
tool, calibration procedures should be clearly documented by both the tool
manufacturer and the service company. '

Proper calibration of neutron tools is not complete untul the neutron
count rate has been quantified in terms of porosity units. This is
accomplished by running the tool in a test pit such as thel one at the
University of Houston. All modern conventional and a few slimhole tools are
calibrated by this method. Modern conventional tools output a porosity A
curve on the log isee the Log presentation sectlon) Slimhole tools that have
been calibrated in porosity units may output a porosity curve, or a chart may
be available to convert count rates to porosity units. Most slimhole tools,
however, have never been calibrated for porosity.

It is possible to calibrate a single detector tdol in terms of porosity
-units. The relationship between count rate and porosity is as follows:

CR=C+Diogp . . (13-3)

C and D are parameters that are a function of the tool design and
borehole environment (Etnyre, _1989). For single-detector thermal neutron



Where:
CR

C

D

¢ = porosity units

tools, a plot of CR versus .
¢ on semi-log paper will
plot as an S curve (Figure
13-14). The usable area
of the curve is the linear
portion {usually from 2 pu
to between 20 and 30 pu).
Measurements of low
porosities (less than 2 pu)
become questionable
because high count rates
saturate the detector.
high porosities (above 20
to 30 pu) the
measurements are
questionable because the
count rate is so low that
statistical fluctuations
become a high percentage
of the count.

Figure 13-15
ilustrates how the count
rate of a single detector
tool is converted to
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. Figure 13-14.

Idealized calibration curve for a single

detector neutron curve {(From Etnyre, 1989).

porosity units. The procedure is as foliows:

1. The tool must be run in a borehole for which accurate porosity

values are available.

a. The borehole should be in gauge.

315
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Figure 13-15. Calibration of a single-detector neutron tool. Count rates from the neutron tool are plotted
against density-neutron crossplotted porosity values. The lithology is-limestone. The limestone in this well

had a limited range of porosity values. Figures 7-14 and 8-14 provide additional data on this well. The data
used in the plot are as follows:

Depth
faet

170-176
240-245
208

270-280
520-530

Neutron N ' Dansity-Neutron

Count Rate Porosity
counts/second

630 6.0
650 5.0
720 3.5
787 3.0
860 ' < 1.0
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b. Accurate porosities from either core analyses or conventional
porosity logs must be available.

2. The data is plotted on semi-log graph paper.

Porosity values must be from a single lithology.

Porosity values are plotted on the logarithmic axis.

‘Count rates are plotted on the linear axis.

A linear fit is applied to the data. The equation of the line will
be in the form of Equation 13-3. '

e. A separate linear fit must be calculated for each lithology.

3. The count rates can now be converted to porosity units. Porosity
can be determined either by plotting count rates on the graph or by
solving the equation of the line.

In the absence of accurate porosity values, a neutron count rate
can be calibrated in porosity units for a particular borehole by the two-point
method. This method yields at best semi-quantitative values. The count
rates for two points, a shale and a very low porosity zone (normally a
carbonate), are plotted on semi-log graph paper {Figure 13-16). A quicker
version of this technique is to pick the two points on the log and then mark
the intervening values with a two-cycle logarithmic scale (Figure 13-17).
Porosity is assumed to be about 40 percent for the shale and 1 to 3 percent
for the dense zone. The equation of this line will be equation 13-3.

Calibration not valid
beyond calibration
oint range
Calibrati //p ’
alibration -

lgrn m s A —— — S v e — —

Nontinear response

Assumed
linaar
response

- : point 1

Measured value
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|
|
|
|
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|
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|
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Figure 13-16. Potential pitfalls of the two-point calibration method {From Etnyre, 1989).
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The two-point calibration technique has two significant drawbacks:

1. It will not work in many ground-water environments because
usually there is no low porosity zone in the well bore.

2. It assumes that the relationship between the two points is linear.
As illustrated by Figure 13-16, the relationship may not be linear or
it may only be linear in the area between the two points.

Interpretation. Neutron porosity values, as with all log-derived

porosities, require a certain amount of interpretation. Since the neutron
curve is subject to substantial lithology effects, it is normally run in
conjunction with a density tool. Accurate porosities are obtained by
comparing the two logs.

Accurate neutron porosity values are based on two assumptions:

1. All water in a formation occurs as free pore-water. Water
occurring as water of crystallization, such as is present in gypsum,
and bound water in clays will make the log porosity values too
high.

2. The neutron count rate is responding only to hydrogen atoms.
Thermal neutron absorbers make the porosities read too high.
Epithermal neutron tools provide more accurate porosity values
when thermal absorbers are present.

Neutron porosity curves are lithology dependent. The curve is, by
convention, calculated on a limestone matrix when both clastics and
limestones are present in a well. However, the curve can alsoc be run on a
sandstone or a dolomite matrix. In sand-shale sequences a sandstone matrix
is used. - When a formation of interest has a lithology other than that of the
matrix used to compute the neutron porosity curve, a chart such as Figure
13-18 is used to determine the true porosity. Such charts are tool and
service company specific. '

In Figure 13-18 the SNP lithology corrections apply only to tools run in
liquid-filled holes. In air-filled holes the litholoegy effect is negligible and
porosity values are the same for all three lithologies (Schlumberger, 1989).
" Lithology corrections for the DNL log also use Figure 13-18. The epithermal
curve uses the SNP response and the thermal curve the CNL response.
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Figura 13-18. Neutron porosity equivalence curves far Schlumberger Sidewall Neutron (SNP] and
Compensated Neutron (CNL) tools {Fromi Schiumberger, 1988).

Proper interpretation of neutron porosities reqmres an understanding of
tool theory, tool construction, and borehole corrections. Additiona! details
on neutron log interpretation are scattered thoughout the previous parts of
this section. Cased hole neutron curves are discussed brleﬂy in the Borehole
corrections section. Schlumberger (1 989b) has a good rewew of cased hole
‘neutror logs.
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Sonic {Acoustic)

The sonic tool is used to calculate porosity, pick bed boundaries, and
identify abnormally pressured formations. In conjunction with another
porosity tool, it can be used to determine lithology. In conjunction with the -
density tool it is used to create synthetic seismograms and to calculate rock
mechanical properties such as Poisson’s ratio and Young's modulus.

Specialized sonic tools have been developed to identify fractures

~ {Variable Density Log), evaluate cement bond quality (Cement Bond Log),
and image the borehole (Borehole Televiewer). Research is presently .
underway to develop methods to calculate permeability from sonic tools.
Efforts are underway to develop accurate cased hole sonic porosity tools,
but presently the tool works much better in open holes. Normal sonic tools
only operate in liquid-filled holes. |

The sonic was the first porosity tool. Popular in the 1950’s, it has
been. supplanted in oilfield logging by the density-neutren combination. In
ground-water/environmental investigations, however, t iz more widely
utilized. This is probably due in large part to the ease and safety (no
radioactive source) with which it .can be operated. .

Modern conventional tools carry a variety of names: Borehole
Compensated Acoustic (AC) for Atlas Wireline, Borehole Compensated Sonic
(BCS) for Gearhart, Compensated Acoustic Velocity (CAV) for Welex and
Halliburton, and Borehole Compensated Sonic Log (BHC) for Schlumberger.
Each company also has a Long Spaced Sonic and a Full Wave Sonic, as well
as various other specialized sonic tools. Jorden and Campbell (1986}
contains succinct summaries of the different types of sonic tools. Slimhole
sonic tools are available and a few are compensated. Slimhole full wave
sonic tools are also available. '

Tool theory. Ordinary sonic tools utilize a transmitter{s) and receivers
to measure the velocity of sound in a formation. The transmitter generates,
10 to 60 times a second, a high frequency {20 to 40 kilohertz} sound wave
that travels out in all directions through the tool, borehole fluid, and
formation. This sound wave actually consists of several different types of
waves: compression (P, pressure, or longitudinal), shear (S or transverse),
Rayleigh, and Stonely. Under normal conditions, the first component of the
wave to arrive at a receiver is that part of the compression wave which
struck the borehole wall at the critical angle and traveled vertically. through
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the formation (Figure 13-19). This is the only wave of interest to ordinary
sonic tools and it is the wave used to calculate porosity. Other sonic tools
record the amplitude, attenuation, travel time, and/or frequency of the
various components of the wave train. '

The sonic tool measures the time it takes a sound wave to travel from
the transmitter to each receiver. The difference between the two values, °
divided by the receiver spacing, is the time it takes for the compression

g
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'Figura 13-19. Basic sonic tool design, along with an acoustic wavetrain, The °
compression wave activates the receivers {(Modified from Dewan, 1983).
‘ )

wave to travel 1 foot in the formation. This calculation assumes that the .
distance from the borehole wall to each receiver is the same. The only way
to be assured of this is to compensate the tool.

Tool design. Modern conventional tools and some slimhole tools are
compensated. The standard design used to be a double array of one
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transmitter and two receivers inverted to each ‘ )
other {Figure 13-20). Averaging the two '
measurements factors out errors. in calculating
sonic velocity due to washouts and tilted
tools. Today some sonic tools are
compensated: by other methods, but the resuit
is the same. In severe washouts
compensated sonic measurements are less
affected than are other porosity tools. :
Most modern tools use piezoelectric e .
s - et cal  Upper Transmitter
ceramic crystals as the transmitting 1 -
transducers. Electric current is used to
physically deform the crystal, thus producing
a sound wave. The receivers are also
transducers, except in this case they convert

.
[~

acoustic energy to electrical energy. I e Y
P
' R,

" Typically the distance between the
transmitter and the near receiver is 3 feet, but
it can be up to 10 feet. The distance

LI:J Hs

)

between the two receivers is normally 2 feet, 1 R
but'spacings of 1 to 3 feet are used. The tool :

is constructed in such a way as to attenuate

the sound wave traveling the length of the

tool. Slots in the steel housing or a rubber 4.

insert in the housing are commonly used to U Lower Transmiller
accomplish this. _

Jorden and Campbeil (1986} list-the- Figure . 13-20. ©  One ' type of
specifications of conventional sonic tools. compensated sonic  tool  (From
) .. ) Schiumberger, 1989).
Their.-book contains one of the best available g
discussions of sonic logging. Included is a detailed discussion of single-
transmitter, dual-receiver tools, which is a common type of slimhole tool.

Sonic tools perform best when centralized in the borehole. One of the
centralizers is also utilized.as a caliper. The centralizers are normally bow
springs, which means that the -caliper measurement is not very sensitive.
(Chapter 11 discusses calipers in detail.): -

Calibration. There is very little in the .way of-calibrations to be done to
the tool. A good quality-control check on the tool is to measure its response
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in uncemented steel
casing. It should be 57 - .
- usec/ft. However, upon 1 - —
entering casing the travel
time may not immediately ||
jump to this value. The Mséac_mg - .
engineer may first need to || T -
adjust for the drastic Wi wad : T
.change in signal amplitude || :% ") 1 1t spacing log
created by going from - ' T / '

open to cased hole N
(Dewan,1983). | | (7

. \'d
Depth of b - e \
investigation and vertical N
resolution. Vertical
resolution is the distance .
between the two receivers |I. \
(normally 2 feet). Beds. :
thinner than this distance L | 1
are detected by the tool, i '
but the !og values will not Figure 13-21." Reversed response of the sonic curve in a bed

be accurate and may trend thinner than the receiver spacing {From Etnyre, 1989). )

in the opposite direction of the actual travel time (Figure 13-21). Jorden and
Campbell {1986) detail other problems with thin bed interpretation.

ek

Figure 13-21 also illustrates that at bed boundaries there is a transition
in travel time values equal to the distance between the two receivers. The
bed boundary is the mid- pomt of the transition zone.

Travel time measurements are not affected by formations outside the
detector spacings (Etnyre, 1989). The sonic tool is the only porosity tool
with this characteristic. This contributes to its excellent vertlcal resolution,
which is better than any other porosity tool

The samphng rate is a function of the logging speed and the rate at
which the transmitter emits sound waves. An average sampling rate is
every few inches. At 20 pulses per second a compensated tool makes 5
measurements per second, which for a logging speed of 60 feet per minute
is a measurement every 2.4 mches
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Depth of investigation ranges from 5 to 40 inches into the formation
(Serra, 1984). Most of the time the actual depth is from 8 to 12 inches
(Hilchie,  1982). Depth of investigation is predominately a function of
wavelength which, in-turn, is a function of velocity and frequency. The
longer the wavelength the deeper the penetration. ‘In formations (normally
shales) that have altered zones next to the borehole, the depth of
investigation can be increased beyond the altered zone by using a long
spaced sonic tool. This is necessary only if the sonic log is to be
incorporated into a seismic study.

Log presentation. Sonic logs are a recording versus depth of the time
it takes a sonic wave to travel 1 vertical foot of formation. The:
measurements are called interval transit time, interval travel time, transit
time, travel time, At {delta t}, or t. The unit of measurement is
microseconds {us or usec) per foot. Using microseconds rather than seconds
makes the values whole numbers. At is the reciprocal of velocity in feet per
second. The relationship between the two is expressed by the followmg
equation )

108 | o
velocity ‘ : (13-4)

At =

Interval transit time is normally presented across tracks 2 and 3 (Figure
13-22 ). Transit time increases to the left, which means that porosity also
increases to the left. The scale is linear and normally is either 140 to 40
usec/ft or 150 to 50 usec/ft.

Conventional log presentations often include integrated travel time
(TTI). It is recorded in the depth column as a series of horizontal tic marks.
Each tic is 1 millisecond, with a larger tic every 10 milliseconds. TTl, which
is the one-way vertical travel time of a sound wave through thé subsurface,
is useful in interpreting seismic sections. TTI multiplied by 2 ylelds the travel
time recorded on seismlc sectlons

Borehole corrections. There are no environmental corrections for the
sonic log. "Acoustic log readings must be either accepted at face value, or
qualitatively discounted as mval:d or nonrepresentatlve (Jorden and:
Campbell 1986) ‘
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Figure 13-22. Typical sonic log presentation. At increases to the left, which corresponds to increasing
porosity. The caliper is not very sensitive because it is built into the centralizer, "In this well At, and thus
porosity, decrease with depth. This is due to increasing compaction with depth. The lithology is aiternating
shales and sandstones. The radicactive zone at 2460 feet is a sandstone, not a shale. Shales have higher
travel times than do sands. The well is the McKinley Drilling Campany, Fox Creek #2, McMullen County,
Texas. Bit size is 8.756 inches. Borehole fluid is native gel. Figures 13-27 a and b provide additional data on
this well. :
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- The At measurements of

compensated tools are very
accurate, to within approximately
* 0.25 usec/ft {Dewan, 1983).
However, there are conditions
under which the tool will measure
something other than the travel
time of the compression wave in
the formation. .Some of these
conditions are due to
characteristics of the formation
and are discussed in the following
section. Qthers are the result of .
borehole conditions and are
disquseed below:

1.

4 {MICROSECONDS /FT ) ———

90 o

T Y T T T T
L 3 0 12 14 L] 18 20
HOLE DIAMETER { INCHES)

If the borehole diameter ‘

: Figura 13-23. Effect of hole size on At for different
1S Iarge er?ough’ the transmitter-near receiver -spacings {From Goetz et
compression wave al., 1979, in Serra, 1984). . .

traveling through the

borehole fluid will arrive first. The diameter at which this wili
occur is a function of the transmitter-near receiver spacing and the
travel time of the formation (Figure 13-23). Figure 13 23 reveals
that conventional sonic tools are not reliable in formations with
high travel times (e.g. unconsolidated sands) once the borehole
diameter exceeds 14 inches. In such cases the only alternative is
to run the tool eccentralized (Serra, 1984). According to this chart
long spaced tools are not affected by borehole diameter..

However, the long spaced sonic in Figures 12-12a and 12-12b is
reading the travel time of the drilling mud in a 15 inch borehole

Noise in the borehole can trigger the receivers. _Such neise can_be'

- generated by the centralizers scraping against the borehole wall,

excessive logging speed, and the absence of centralizers. Noise
yields erroneous travel times that appear on the log as sharp
spikes. If the far receiver is triggered, the travel time will be too
short by as much as 75usec/ft {Dewan, 1983). Triggering the near
receiver gives a travel time that is too long. Road noise is
minimized by not activating the receivers for a fixed time follqwmg
transmitter fire. Therefore, the far recelver is more Ilke[y to
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measure noise. Some modern tools have circuits that eliminate
road noise. Long spaced tools are more susceptible to noise.

3. If the sound wave is too weak to trigger the far receiver, the '
receiver skips that cycle and triggers on a subsequent one. Cycle
skipping creates spiky increases in travel time usually over 1 foot
or less of log depth (Jorden and Campbell, 1986). The increase in
travel time varies from 5 to 37.5 usec/ft, depending on which
cycle triggers the receiver and whether one or both of the far
receivers cycle skip (Serra, 1984). Cycle skipping will be caused
by anything that strongly attenuates the sound wave, such as gas
in either the mud celumn or the formation, fractures, tool
malfunction, or improper centralization of the tool. It can also be
caused by setting the detection threshold (bias) of the receivers
too high. The sound wave will not activate the receiver unless it
has an energy level {amplitude)} that exceeds the threshold value
for which the receiver has been set. Some of the very latest scnic
tools have smoothing circuits that eliminate cycle skips. Long ‘
spaced tools are more susceptible to ¢ycle skipping.

4. Microfractures in a formation (usually shales or carbonates) will
result in abnormally long travel times. The fractures can be
drilling-induced or natural. ‘

Interpretation. At is predominately a function of lithology, texture,
porosity, pore fluid, and pressure. It is very sensitive to lithologic and
textural changes, which makes it one of the best logs for correlation. In -
combination with another porosity log, the sonic log can be used to identify
lithology. Compaction trends can be identified, usually by observing how the
travel time of shale decreases with depth. Overpressured zones show up as
decreases in the siope of the compaction trend with increasing depth. The
main use of the log, however, is to calculate porosity.

M. R. J. Wyllie, et al. {1956) proposed the first practical transform for
relating travel time to porosity in sedimentary rocks. The Wyllie time-
average equation is an empirical equation based on laboratory observations
of the travel time of sound in rocks of varying porosities. It is a linear
weighted-average relationship that assumes that the total travel time (hence
the name At} of a formation is equal to the sum of the travel times in all the
pores and rock matrix traversed by the compression wave. The equation
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models At as a function of porosity, lithology, and pore fluid. The
relationship between the four is as follows: | '

At=pAt(1-9)At,, - (13-8)
Where:
At = travel time on the log in pseclft ,
‘Atf = travel time of the pore fluid in useclft .
At,, = travel time of the matrix in psec[ft

& = porosity in decimals

Equation 13-5 can be rearranged to solve for porosify (Equétion 13-6),
which is how the Wyllie transform is normally presented:

At-Af,,
At~Ar,, ‘ (13-6)

Table 13-3 lists compressnonal wave transit times for common
lithologies and fluids. Although each lithology has a range of travel times,
normally an average At,, is used in porosity calculations. There is some
variation in the logging literature as to what the average At . values actually
are, but the differences are usually only a couple of usec/ft. The average
values used in Table 13-3 yield porosity values that are within * 2 pu of
true porosity, even when the travel time falls somewhere else within the
range of values for that lithology. -

~ Table 13-3 also shows that the travel times of fresh and saline water
are considerably different. Most log analysts automatically use 189 usec/ft,
but 205 usec/ft should be used for fresh-water aquifers. In fresh water a At;
of 189 ,usec/ft yields porosity values that are about 3 pu too high (Figure 13-
24}

Chartbooks contain graphical solutions of Equatioh 13-6. The straight
~ solid lines in Figure 13-25 are graphical solutions of the Wyllie transform for
various lithologies. The chart uses a At; of 189 usec/ft.
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. Figure 13-24. Comparison of sonic porosities calculated with the Aty’s of fresh and saline water. The salt
water value for At, (189 usec/ft), which is commonty used in oiifield legging, yields porosity values that are
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TABLE 13-3. At,, AND At, VALUES OF COMMON LITHOLOGIES AND FLUIDS.

Mineral/Fluid . Average Range.
4t or At, At or At,
proecift Jaecift -+
Air 910.0
Methane, 15 psi’ 626.0
Qil _ 238.0
Water, pure (25° C) ' 207.0
Water, 100,000 ppm NaCl, 15 psi : 192.3
Qilfield water; drilling mud 189.0
Water, 150,000 ppm NaCl, 15 psi 186.0
Shale 170.0-60.0
Sandstones (compacted) 654.0 55.5-51.3
Quartz 55.1 55.5-54.7
Gypsum 53.0 53.0-52.5
Anhydrite 50.0
- Limestone 47.6 47.6-43.5
Calcite 46.5 47.6-45.5
Dolomites 43.5 43.5-38.5
Dolomite .44.0 45.0-40.0

{Compiled from Serra, 1984 and Schlumberger 1989.)

Shale laminae within a sandstone increase the sonic porosity values by
an amount proportional to the bulk volume fraction of laminae
(Schlumberger, 1989). Jorden and Campbell {1986} contains a good review
of shale corrections. However, the porosity values of consolidated,
compacted sandstones with 15 to 25 percent porosity are not sngmfncantly
affected by disseminated shale {Schlumberger, 1989)..

Gas in a formation increases the travel time, yielding porosity values
that are too high. The shallower the formation, the greater the discrepancy.

The Wyllie transform models clean, consolidated,” compacted
formations with uniformly distributed small pores (i.e. consolidated
sandstones and carbonates with interparticle or intercrystalline pore
geometries). Through the years many log analysts have disregarded these
prerequisites and indiscriminately applied the transform to other rock types
such as uncompacted, unconsolidated sands and vuggy-moldic carbonates.
In such cases considerable modification must be made to the Wyllie equation
in order to obtain accurate porosity values. This problem is of considerable
 importance to ground-water/environmental logging because many aquifers
are either uncompacted sands or vuggy-moldic carbonates.



332

The Wyllie transform calculates too high a porosity in unconsolidated,
uncompacted sands. These sands usually have a travel time in excess of
100 usec/ft; it can be as high as 150 usec/ft. The adjacent shales often
have travel times greater than 100 usec/ft. The shallower the formation, the
higher the travel times in both the shales and the sands.

Correct porosity values for uncompacted sands are obtained by
dividing the porosities obtained in Equation 13-6 by an empirically derived
compaction correction factor (B, or C,}). A more correct term would be lack
of compaction correction factor. The dashed straight lines in Figure 13-25
are correction factors. B, ranges from 1.0 to 1.8 and is never less than 1.0.
It can be calculated from the travel time of the shales adjacent to the sand
or by dividing sonic porosity by true porosity {other porosity logs or core
porosities). However, if another source of porosity measurements is
available, there is really no need to recalculate sonic porosity. When the .
sonic log is the only porosity log available, B, can be calculated from the
travel time of the adjacent shales. This technique works well as long as the
travel time of the shale has not been affected by washouts or shale
hydration (Hilchie, 1982). The correction factor is calculated from the
following equation: . ‘-

" Aty

B, -—— % _ 13-7)
P 100Quseclft

Where:

B, = compaction correction factor

At, = travel time in the shale ad]acent
to the sand in p.sec[ft

Dewan {1983} recommends that when travel time exceeds 110 psec/ft
a different porosity tool be used to calculate porosity.

In carbonates with scattered, isolated vuggy-moldic porosity the
calculated sonic porosity will be too low. This is because the first
compression wave to arrive at the receiver is the one that travels along the
part of the borehole wall that has the smallest number of vuggy-moldic
pores. Thus the travel time measurement, in effect, avoids pore spaces that
are scattered around the rest of the borehole. There is no way to adjust .
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sonic porosities for this effect. For these types of carbonates density or
' neutron porosities will be closer to true porosity because these logs are
affected by all the pores in the volume of rock investigated by the tool. But,
the difference between density and/or neutron and sonic porosity can be
used as a qualitative indicator of the amount of scattered vuggy-moldic
porosity in the formation (Figure 13-26). When the vuggy-moldic pores are
very abundant, the pore system becomes homogenous and the sonic
measures true porosity (Hilchie, 1982). In logging literature scattered vuggy-
moldic porosity is called secondary porosity. : ' '

The shortcomings of the Wyllie transform have been known for a
number of years. Various other transforms have been proposed, but they
are much more complicated and require the input of variables that are not
readily available. Jorden and Campbell {1986) have succinct summaries of
the Gassmann and Biot models. '

In 1980 Raymer, Hunt, and Gardner proposed a transform that has
gained fairly widespread popularity. It is referred to as both the Raymer-
Hunt and the Hunt-Raymer equation. It is empirical, based on extensive field
observations. Unfortunately, the data base used to derive the transform is
not documented. ' '

The Raymer-Hunt transform' cannot be quantified with a single
equation. The authors proposed different equations for O to 37 pu, 37 to 47
pu, and 47 to 100 pu. One form of the equation for the O to 37 pu range is.

At = (1~¢)?At,, + dAL, : (13-8)
Moét log analysts use a simplified approximation of Equation 13-8:

- A ‘
o-cl” . 'ma (13-9)

Values of C range from 0.625 to 0.7, depending on the log analyst.
At, is factored into C (Bateman, 1985). Figure 13-25 uses Equation 13-9
and a C of 0.7 for the Raymer-Hunt graphs. This figure also serves to
document the differences between porosities calculated by the Wyllie and
the Raymer-Hunt transforms. ;
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Figure 13-26. Comparison of sonic porosities calculated with the Wyllie and Raymer-Hunt transforms. The
two sonic curves, along with density porosity @, are in track 3. The Raymer-Hunt transform yields porosities
that are too high. The Wyllie equation porosities are more in line with the density values. 1n high porosity

zones the Wyllie porosities are less than density porosities, a passible indication of isolated,-vuggy-moldic
porosity. Thin section analysis of the core confirms this observation (Collier, 1988). The lithology is .

limestone. Figure 8-33 gives additional detaits on this well.

Raymer, et al. maintain that their transform has three advantages over

the Wyllie equation:

1. It provides superior transit time-porosity correlation over the entire
porosity range (O to 100 pu).

2. It provides accurate porosities in unconsolidated, uncompacted

sandstones without using a lack of compaction factor (Figures 13-

27 a and b}.



336

3. A single At,, value is used for each lithology: 56 usec/ft for
sandstone, 49 usec/ft for limestone, and 44 usec/ft for dolomite.

Although the Raymer-Hunt transform is applied to all lithologies, it is
best suited for unconsolidated, uncompacted sands. In carbonates it often
gives porosity values that are a few pu too high, while the Wyllie transform
gives the correct values (Figure 13-26). Both transforms have variables (C
for Raymer-Hunt and At,, for Wyllie), and log analysts differ on the most
appropriate values for these variables. The problems associated with sonic
porosity transforms further illustrate the superiority of the density tool.

- Other Porosity Tools

Four other tools have been utilized to a limited degree'as porosity
tools. The tools are predominately used in petroleum logging or are being
developed for this market.

The microlog was originally developed as a porosity tool. However, it
soon became obvious that it was not suited for this task. The microlog was
subsequently marketed as a permeability indicator. It is a good '
"permeability" log and numerous micrologs have been run in the Trinity
aquifer through the years for this purpose. Unfortunately, porosity
calculations from these logs are very tenuous. The Recommended use
section under NONFOCUSED PAD MICROELECTRODE TOOLS in Chapter 8
elaborates on microlog porosity calculations.

The dielectric tool is a relatively new logging tocl that uses
electromagnetic energy to detect water-filled porosity. Only the major
logging companies have the log and there are no slimhole versions. Two
types of tools are available: a high frequency, shallow investigating (1 to 5
inches) pad device and a low frequency, deep investigating (15 to 45 inches)
mandrel tool. Atlas Wireline uses the name Dielectric Log for both tools.
Schilumberger calls their high frequency tool an Electromagnetic Propagation
Tool {EPT) and their low frequency tool a Deep Propagation Tool (DPT).
Collier (1989) gives an assessment of the tool for ground-water studies.

Theoretically, dielectric tools would be excellent porosity tools. They
do not have radioactive sources, the dielectric response is not affected by
the amount of compaction and consolidation of the rock, and low frequency
tools can be run in nonmetalllc casing. In practicality, however, they have
serious limitations: -



.{___.;_ - \ I B W S, J 337
B e ey = p— M= -
[} } e t - =iz # —}
8 e g 4 = =
| o ‘.‘[__ N 4
=i e - put o
t e ] & 4
e = g SEEEE
L " 1 -
A S -1 - 4 =
4
ri o >
-+ [\ Y
o= T ~ - = -
- i AT = ,J = T i 3T
= L1 o] —d ] —
3 H i
¥ ] " —i=
i
Y ( 3.
= 3 4 ===
X H1] - Ha—==== 4=
\ > e s e i s
. ]
= _ il st 4 | § |
1
5
e —] o ey
- 7 —=i= =I=t4r o
N - 3
r A ¢ — —
F i — ot =
13
- 1 3 oy &
A L1 | LN i F
- = 1A =
o
= E £ = =|=iz)
3 L & | .t
rd s = = 2
¢ i -
1 b ——
oY L4 £
i - {
ry t o Ll SRS 2700 L nd
| —t "5 ; r I—. Y E Sy ol S e Sl I Bl -3 v -
: 3 + e e = 5 s e ot - o
3 t ST
F- 21 _d|
. ) o i Py =] P 7 v o Gy ==
Y ¥ L [ "3.
(117 1 — gy I
=T B o ] 'y = ==l
ree - -1 =] i85 )= R -
—— LY - 1
A - . } —I=
3 : B e e s e = =
et — =y
; - o P e P B - e 2
. x =t ! ={= .
T = -+ = 44— e
;I = == ] —is < = S o o e e Y o
E=5 : — == i 4 o B e 6 e
L o T d = ]
= pt =% - o N i il ol - b
,. ( EESSEneREs Eas
- ¥ | sy g St B —1= b s gy ol o -
= £ g T |
I =
¥ Iy ] vy s g e = s e o =
T T2 = = iy
T o s T S s o A S e e o s s il S e e P Y (PR NP S, TERSIRE 2. ...
10000, [N
S— N 4 e Y Fidu 0
9.0000 . 800 L &000 T - Y
| SALICIN ) i e BB AGARID BPHL
ORI e oas 'K} 130,88 NTTIT] 1.8

Figure 13-27 a & b. Comparison of the effect of compaction on porosities calculated with the Wyllie {W} and Raymer-Hunt {RH} transforms.

At shatlow depths {e.g. 750 to 790 feet) the Raymer-Hunt transform adequately corrects for a lack of compaction in the sandstones, while the
Wyllie equation yields porosities that are too high. However, at deeper depths (e.g. 2600 to 2650 feet) the sandstones are compacted and both
transforms calculate correct porosities. Density porosity is assumed to be true porosity. Figure 13-22 contains additional information on this well.
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1. High frequency tools are severely affected by borehole rugosity
(Figure 13-28). '

2. Low frequency tools have a vertical resolution of about 8 feet.

3. The tools are not widely available, and low frequency tools are
especially scarce. '
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Figure 13-28. Comparison of porosity values calculated with an electromagnetic propagation tool (EPHI) and a
density-neutron crossplot (D-NPOROS). The EPHI was calculated using a limestone matrix. The lithology is
limestone and dolomite. Borehole rugosity is causing the spikes on the EPHI. Intervals with littie borehole -
rugosity, such as the Regional Dense Member (626 to 646 feet), have fairly accurate EPHI valués. The
accuracy of the EPI values in this interval, which is a shaly limestone, could be improved by correcting for the
effect of shale. The log is the Edwards aquifer, Figures 9-22, 13-5, 13-8, 13-32, and 13-33 provide
additional data on this well..

The Magnetic Resonance Imaging Log (MRIL) is presently under
development as both a porosity and a permeability log. The tool utilizes
spin-echo techniques to measure hydrogen content. The profile of the
echoes’ relaxation is then transformed into a quantitative measure of
porosity, free fluid porosity, and bulk-volume irreducible, a surface-to-volume
index. In addition, the tool can make other measurements, including T1, the
spin-lattice relaxation. T1 is strongly related to the permeability of a rock. |
Coates, et al. (1991) summarizes ground-water applications of the tool.
Figure 13-29 is an example of the log.
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Figure 13-29. Magnetic Resonance Imaging Log (MRIL). Track 1 contains three curves: caliper {Call, gamma
ray {(MGR), and amplitude of pulse-echoes (echoes). Echo spacings of 1, 5, 9, and 15 ms are recorded on a
scale of 50 to 0.0 mv. Track 2 contains a calculated permeability curve {MPERM) plotted on a logarithmic
scale of 0.01 to 1000 md. Track 3 contains two calculated curves: porosity (MPHI} and bulk-volume
irreducible water {MBVI}. The well is the Texas Water Development Board, Brady #2, McCulioch County,
Texas (state well .number 42- 62 910). The formations are the Wilberns and Riley. The lithology is quartz
sandstone with varying amounts of hematite, goethite, glauconite, calcite, dolomite, feldspars, and clay
minerals. Bit.size is 7%. Rm is 23.4 ohm-meters at 44° F and Rmf is 15.8 at 45° F.

K

An option for obtaining a limited number of discrete porosity
measurements is wireline sidewall coring. Percussion and drilled sidewall
tools are available. Recovery is sometimes poor in unconsolidated
formations, and in low porosity sedimentary rocks, good recovery can only
be. obtained with drilled cores. Drilled sidewall cores yield accurate porosity

. and permeability values.. The percussion coring process can significantly

* distort the pores of the samples. Permeability can be significantly altered,
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either up or down, but porosity values are fairly accurate. Percussion
sidewall cores analyzed for this project had porosity values within 3 pu of
the log porosities (Figure 13-3 a and b). Sidewall cores can be thin
sectioned and analyzed for such things as mineralogy, pore geometries, and
qualitative permeability (Figures 13-30 and 13-31).

Figure 13-30. Photomicrograph of a thin section of a percussion sidewall core. The rock is a fossiliferous,
calcite cemented, very fine to fine grained quartzarenite. Fossil fragments are the nuclei of the poikilotopic
calcite. Calcite cementation has significantly reduced the porosity. Petrographic examination of the sidewall
core explained why this zone has less porosity than surrounding sandstones (Figure 13-3). The sidewall coring
process has fractured some grains and distorted the pore geometries. Porosity was impregnated with blue
epoxy as part of the thin sectioning process. Magnification is 100x. The bar is 0.1mm, '

Figure 13-31. Photomicrograph of a thin section of a percussion sidewall core. The rock is a shaly, fine
grained guartzarenite. Authigenic clay fills the pores and has significantly reduced permeability. Liquid
permeability is 150 md. Sample depth is 3172 feet. The well is the J.L. Myers, Ladonia #2, Fannin County,
Texas. Many of the grains were fractured by the coring process. Magnification is 100x. The bar is 0.1mm,
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Porosity Crossplots

All porosity tools are affected by lithology, with each tool responding
differently to a particluar lithology. This complicates single-log porosity
calculations when the lithology is unknown or when two or more
mineralogies are present. However, if two or more porosity logs are
available, these same differences can be utilized in a crossplot of the two
measurements to solve for porosity and lithology.

Porosity crossplots are available for all of the various two-tool and
three-tool combinations. Two-tool crossplots are the more common type,
with density-neutron crossplots (Figure 13-32) the most common. All major
logging companies and all comprehensive log analysis computer programs
have crossplot charts.

The following guidelihes should be observed when using porosity
crossplots:

1. Crossplots involving neutron logs are company-specific and should
only be used for that particular logging companies’ tools.

2. Neutron porosity is always put into a crossplot as apparent
limestone porosity.

3. Sonic porosity is input as At.
4. Density porosity is input as apparent limestone porosity or as Py

3. Two-tool crossplots can only discriminate two-mineral mixtures;
three-tool crossplots can identify three.

4. Two-tool crossplots cannot identify which two minerals comprise-
the mixture (i.e. the lithology pair could be dolomite and sandstone
or dolomite and limestone}. However, a general knowledge of the
local geology usually allows one of the pOSSIbIIItIeS to be chosen as
the most plausible one.

Figure 13-32 is a density-neutron crossplot of an Edwards aquifer well.
The lithology is limestone and dolomite, with minor amounts of chert and
shale. Figure 13-33 is a more useful presentation of the data and provides
more information than the density-neutron crossplot in Figure 13-32.



342

A quick substitute for a two-tool porosity crossplot is to plot the two
porosity curves on the same log at the same scale using the same matrix
(Figure 13-8). When the curves overlay, the lithology is the same as that
used in the porosity calculation. The curves separate as the lithology varies,
and often the lithology can be identified by the direction and amount of
separation. The mid-point between the two curves is a good approximation
of true porosity when porosity is greater than 10 percent (H|Ich|e personal
communication, 1992).

Porosity crossplots are a very powerful lithology indicator and a great
aid in determining accurate porosity values. They are one of the best
reasons for running calibrated porosity tools. -
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Figure 13-32. Density-neutron crossplot. The sampling interval is 0.5 feet. The numbers on the graph denote
the occurrences of a particular point. The lithology is predominately limestone, dolomite, or a mixture of the
two. Minar amounts of shale and chert are also present. Points that plot at isolated extremes are either other
mineralogies or erranecus measurements. The well is the Edwards aquifer. Figures 9-22, 13-5, 13-8, 13-28,
and 13-33 provide additional data on this well.
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Figure 13-33. Density-neutron crossplot porosity and lithology calculated from the porosity logs. Track 1
contains a lithology-porosity column calculated from the density, neutron and gamma ray logs. Track 2
contains unaveraged spherically focused {SFLU)} and deep phasor induction (IDPH) logs. Track 3 contains
photoelectric factor (PEF) and density-neutron crassplot porosity (D-NPOROS) curves. The depth column
contains depth intervals and specific conductances of selected water samples collected during the drilling.
Formation and member boundaries are marked to the right of track 3. The log is the Edwards aquifer. Figures
9-22, 13-5, 13-8, 13-28, and 13-32 provide additional data on this well.
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