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It was a privilege to work with Bob Alger during the first two years of
this project. He had a keen mind and was a diligent, meticulous researcher.
Bob was a gentleman of high integrity and a good teacher. He will be sorely -
missed. '
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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. . Aquifers
have not ﬂe sampled for a variety of reasons:

is S s T
s 1. In most water wells only the screened interval is sampled. _
Financial constraints @?@j{r 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 @Ltesting procedures. —

In the absence of a water analysis, 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 oil companies.

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

Water conductivity (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 oft ited parameter, siree- =2l
#§ serves as)swe basis for EepiiadP water Wﬁmf'wiﬁér T

Ry 1 £ TP

hY ——




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

Total Dissolved Solids

Class (mg/l} Examples of Use

Fresh N ‘
Water Zero to 1000 Drinking and all other uses 5
Shghtly More than 1000 I?rmkmg if fresh water is pna\{a:lablet

Saline to 3000 livestock watering, irrigation, industrial,
Water mineral extraction, oil and gas production
Moderatel Potential future drinking and limited livestock

Saline Y More than 3000 watering and irrigation if fresh or slightly
Water to 10,000 saline water is unavailable;: industrial, mineral

extraction, oil and gas production

Very Saline More than 10,000 Mineral extraction, oil and gas production

Water to 100,000
Brine . . . .
Water More than 100,000 Mineral extraction, cil and gas production

{Modified from Freeze and Cherry, 19792 and Texas Water Commission, 1991.}

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

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 weils. Only two books
have been written on ground-water logging (Keys, 1988,and Repsold, 1989),
and both contain only a minimal treatment on methods of determining water
quality from logs.

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 (1966), and
Alger and Harrison (1988). 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 project studied the following types of aquifers:

1. Aquifers with TDS{g ranging from near zero to 50,000 milligramé
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 was 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 toolsj@'?)m state-of-the-art =< Mt oy
petroleum-type logs to simple, older ground-water logging suites, was run in T
each well. 7

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
Cameron Public Test Site F BY 88-59-410 Texas Water Development Board
Cameron Public Test Site F BY 88-59-411 Texas Water Development Board
Comal EUWD New Braunfels A-1 DX 68-23- | Layne Western
616
Comal EUWD New Braunfels B-1 DX 68-23- | Layne Western
617
Comal EUWD New Braunfels C-1 DX 68-23- | Layne Western
619
Ellis Bristol #2 J.L. Myers )
Falls Tri County WSC #5 J.L. Myers -
Fannin Ladonia #2 J.L. Myers
Grayson Van Alstyne #3 J.L. Myers
Harris Cypress Creek #3 Alsay
Harris Kingwood #B-3 Alsay
Harris MUD 275 #1 Layne Western
Harris NW Harris MUD 21 & 22 #2 Alsay
Hays EUWD San Marcos B LR 67-01-812 Layne Western
Hays EUWD San Marcos C LR 67-01-813 Layne Western
McClennan | Herculas RWSS #1 Alsay
McCulloch | Brady Test Hole 42-62-909 Texas Water Development Board
McCulloch | Brady Test Hole 42-62-910 Texas Water Development Board
McMullen Fox Creek #2 McKinley
Travis Balcones Research Center Test Well Texas Water Devslopment 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. oy

- %
This study focused on calculating total dissolved solids > ; =
derived water conductivity values. The procedure has three ==, =~ -. 2=
two data sets {log data and a TDS-Cw relationship) and a * afa,_;’ s
calculate the resistivity of the formation water (Rw) from .. 50 _f""&" >

- o J'\ i
1 outlines the procedure. "e;;f'f i-,;( Vv
g/ﬁ/é ‘_\
Logging Data - )
+ .
Analytical Technique A
¥
: 10,000
Rw ¢ —-+> [__I’Iw = 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




6

logging data. Chapter 14 outlines the technlques to calculate water

L~ e a’/wwf I
conductwlty fro& data, /z 5/7/ o /44/ :ﬁy G sl oS 745 7/:'/*:,/9‘
' ,_.74 S >, o sesre Z.

< This study |s specnflcally 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, modifications may need
to be made to some of the following statements.
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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 {#mhos}. 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 relationship between mmhos
and ymhos is as follows:

{2-1)
mmhosjm = 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 ohm. Resistivity is measured in ohm-meter? per



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

10,000

Resistivi hm-m) =
o (ohm-m) Specific Conductance

(pmhosfcm) (2-2)

Techniques for Measuring Specific Conductance

Specific conductance is usually measured in the laboratory agsifor in
the field with a conductivity meter. With properly calibrated equipment, a
conductivity measurement will be within *2 to *5 percent of the actual value
{Hem, 1985, p. 63). 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 laboratories in Texas.

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

. rad . .
1. A laboratory may not routinely and& properly calibrate its
conductivity meters.

2. A laboratory may not use suitable equipment aslYor analytical
techniques.

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 indicator
for evaluating 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 solution (generally 1000 mg/l KCI} and cell
constant are used for all waters'. For high salinity 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

Schlumberger
UsGs Edna Pope USGS Resistivity TWDB--eeeee ‘Toxss Department of Healthee—o—n
Sample Austin Wood Testing %var.' San Antonio Meter shaken unshaken %var®  Maean® Range? Maasursd %var.'  Average %ver.* Diluted %ver.*
BRC 58-35-721 Travis Co. 398"
1a 1220 1300 1300 1179 1173 <1% 1250 -13% -2.5% %
1176-1300 1088 1219 1350
1b 1220 1250 1200 1176 1168 «<1% 1212 “10% <1% "
vedstion betwesn & & b o 4% % <1% <1%
Patrolero Corp. #4-3  McMullen Co. 4030
2a 1620 1650 1500 7% 1564 1503 4% 1820* 9% <-1% 9%
1603 1661 1500-1700 1470 1619 1768
2b 1620 1650 1700 1662 1483 6% 1832 -10% <% %
vadation between a & b -0 < 12% <1% 1%
Quintana #C-3  McMullen Co. 3845’
3a 3930 4000 4000 3810 _— 3922 -22% -2% 18%
3800 3984 3800-4000 3060 383s 461%
3b 3930 4000 4000 3820 3750 2% 3323 -22% 2% 8%
vadaton batweens & b +0- 0 0 <1%
Skinner & Newman #C-10 McMullen Co. 4660°
4a 7200 7160 7600 7440 7420 <1% 7311 -30% -5% 18%
7100 23727 7100-8000 5120 6872 8624
4b 7230 7500 8000 ” 7440 7350 1% 7329} -30% 8% 19%
wedation batwesn o & b <1% 5% % -0 1%
Skinner & Newmaa #A-11  McMullen Co. 4634’
53 7420 7350 9000 0% 7870 7550 18%  7477° A 8% 20%
7300 7625 7300-8000 5150 7055 8960
5b 7450 7350 8000 % 7570 7550 <1%  7459% 3% 5% 0%
vadation between 2 & b <1% - 0 1% -
Pstrolsum Corp. #1-3  McMullen Co. 5533°
6 33.600 33500 48,000 4% 33500 34262 34,300 33800 15k 33,832  IGoUC 12,000 esx 26848 1% 45,596 %%
%vaer. = Percent varation ¥ % variation for Pope Testing vaiues that vary by more than 6% from the measn.
Al aro in pmhosicm @ 25° C. 2 Petcent variation batwesn the shaken snd the unshaken sample.
Semples @ and b are duplicstes, : gzas‘s;n Antonio oﬂ ?_cuumgorgor rnmi}dg :Id:.:-d w;’:: !Ic_whdo;lv in both
*Maasured® T o f Hesith val " ined with a procedure tha o & b averages. All Taxas Department of Health & exas Water
gives orly & rough esimats of the sctusl vauer e ‘ Devslopment Board 1 values wate exchuded.
o . ) “ Parcent varistion from the mean,
Diluted” Texss Department of Heslth velues are obteined from semples which sre * Tha Pope Testing sampis was not Included in this avarags.

diluted with distilled water. The reading is than multiplied by the dilution factor to
yield diluted conductance.
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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 analyzed duplicate sets of water samples 1 to 5. The .
duplicates were not labeled as such; each of the four tabs measured the same containers -
of water.

The samples in Table 2-1 span a wide range of conductivities: 1,200 to 33,800
umhos/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 McMuilen 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.

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 repeatability. Pope Testing had
unacceptable repeatability for samples 1 and 2.

2. Most labs were within acceptable accuracy tolerances. Pope Testing had five
samples that exceeded accuracy tolerances. These samples deviated 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 § percent.

a. For samples having 4000 or less umhos/cm, the shaken sample is 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 ymhas/cm.

The average of the two measurements is less than the actual value. The
difference increases as conductivity increases.

eoaooco

—rn
-

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 KCI as a calibration standard, while USGS
Austin uses KCI solutions that are similar to the water conductivity being
measured.

Conclusions
1. Pope Testing shouid 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 ymhos/cm.
Beyond 7000 umhos/cm the accuracy of the average diminishes, but it is
still far better than either diluted or "measured” values.

5. Texas Department of Health diluted conductivities should not be used to
establish TDS-Cw relationships.

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 féw
of these analyses are scattered throughout the data base (Bob Bluntzer,
personal communication, 1991).
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the conductivity measurements can be improved by using a more conductive
KCl 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 shows 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 specnfuc
conductance.

Specific conductance can be calculated byUsing eitherja TDS-Cw
relationship, (fig Tonic 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).



Ma or Na TDS 100% %
Well Name . K o co, Heo, 80, Mg Ca K Heo,! Nl | St o | Cottnt] L tation
Tyron Road WEC #1 Gragg 13 22 o 246 x .38 = BY 4x.72 =17 1x1.76 = 2 Ixl2 = - 409 247 500 470 [ ]
Ce. 247
BAC 68-3%.721 1”7 145 13x.95 » 12 268 x .35 = 94 152 x .7 = 108 4 x1.7 =44 41 x13.13 = 48 10x.91 =9 a4} 829 1,250 L 1.8
Travis Ca. 308°
[Tast Hola #1 §40° 299 190 { 24 x.95 = 23 | 450x .35 = 158 29x.7m= 20 45x18=7 15x1.1 =17 - 1,014 FAL) 1,400 | 1,290 <1
Ce.
Fu-hu Corp. #4-3 i 17 10x9 =8 859 x .34 = 230 1WVx88=00 1x1.86m2 tox1.08 = 11 - 1,303 232 1.810 | 1,628 -1
(McMullen Co. 4030*
Tost Hole #1 818° 422 55 | 25 x1.05 = 26 | 559 x .34 = 180 o 3Ix158=8 115 x1.08 = 12 - 1,397 1,030 | 2,000 | 1.970 1.6
Chambers Co.
Seaville 78 1290 838 884 0 750 x . M= 255 0 2x15=) TxV =7 - 1.955 1,451 2,750 | 2,720 1
Bae Co.
ulntana #C-9 1,084 232 79x.8 = 83 2273 x .32 = 727 15x6ag 1x1.44 = 1.44 Ix.89 =3 Sx.902=5 3,859 2,088 4,000 3,922 2
McMullen Co. 3945°
Edinburg ica ¥1 9232 1,248 0 338 x .32 = 108 480 x .0 = 278 Sdxta4t a 78 106 x .08 = $3 - 3,138 2,133 5.100 $.350 -5
Co_ 383
Tost Hole #1 1060 1,266 4,850 24x.9 = 22 632 x .32 a 202 L 13x145 =19 A2 x.9 =29 - 3,823 3,188 | £,900 | 6.000 -2
(Chambers Co.
§8Kinner & Nawmen #C-10 | 1,771 1,433 ] 34 x.7 =24 |[2279x.31 = 708 172.57 = 10 Ix1.38 = 4 6x.82w§ 12x9=1 5.6%0 3,964 | 7.200 | 2.320 2
McMullas Co. 4880°
8kinnesr & Newman FA-11 1,887 1,409 4] 2596 x.3 = 779 17x .56 = 10 2x1.37 223 10x.8=8 14x.9 =13 5.942 4079 | 1,600 | 7470 2
Mullan Ca. 4634°
Teat Hola F1 11407 2.000 | 3,000 [} 503 x.31 = 158 0 2T x1.37 = 37 73x.82 = 80 - 5,605 §.253 | 9,500 | #,740 -2.8
Chambery Co.
Tost Hols #1 1340° 2,730 4,200 ] A29 x .3 = 29 4] 40x1.32 = 83 113 x.0 = 50 - 7.643 7,313 | 12,000 | 13,000 -
Chambars Co.
ol £3 2811 ] 4,148 o 205x .3 » 89 10x.54 =8 62x1.31 = 81 154 x .8 w 123 - 7,178 6,955 | 12,300 | 10,200 i)
arson Ca. 520°
Patrolere Comp, F1-3 8,318 | 12,283 0 1068 x .28 = 299 Ex. 48 =3 24x1.13 = 27 84 x .82 = 52 38 x .91 = 35| 21.805 21,095 | 38,000 | 33.832 [}
(McMullen Co. 5633°
Mebll O8 #1 22,400 | 41,000 1] 120x.2 = 24 [} 640 x .79 = 427 | 2825 x .78 = 2204 - 66,914 66,055 100,500 }§ 91,700 10
Ca, 4138°

Table 2-2 continued on next page.
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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
(Cwion conc. ). @long with a laboratory measured specific conductance (Cwyeued)- The Mobil
Oil #3, Jefferson County well is not included in the tabulations due to apparent error in

CwMoum.d' .

The following conclusions can be drawn from the data:

1.

Specific conductance computed from ionic concentrations is accurate.

A 2
8.  Cwio, cone. Varies *5 percentfrom Cwyewue fOr all but five samples up to
35,700 ymhos/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.

CWieo cone. NOrMally exceeds Cwyyuqioa-

a.  Cw, conc, 1S always greater than Cwy,.ues fOr Cw greater than 30,000
pmhos/cm.

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

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 sulfate ions, these waters are significantly less
conductive than a NaCl water with the same TDS.

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 I, unless
sulfate ions are abundant.

Specific conductances computed from ionic concentrations are excellent
checks on the accuracy of Cwy..a- A Case in point is the Mobil Qil #3,
Jefferson County. Cwyuue iS 10,200 ymhos/cm. Conductivities computed by
ionic concentrations and anion sum (Table 2-3) agree at 12,300 and 12,200
pMmhos/cm. Cwyyeeue iS Probably too low,

Specific condugtance computed from ionic concentrations can be used to
correct -ﬂ'r'%erify the Cw’s in the Texas Water Development Board Ground-
Water Data Base.
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TABLE 2-3. SPECIFIC CONDUCTANCES COMPUTED FROM SUM OF THE ANIONS (MEQJL)
e W
Wkl Name (MEQISgatlons < |  MEQUUiantars n [ O jrorm anion Cwrps % varation
ol - g -G =
Tyron Road WEC #1 6.15" 6.16 516 470 10
Gregg Co. 243°
BRC 58-36-721 t12.03 12.2 1.220 1,231 <-1
Travis Co. 398"
Test Hole #1 540° 14.14° 14.14 1,414 1,390 2
Chambars Co.
Patrolero Corp. #4-3 16.82 17.26 1,728 1,628 8
McMullen Co. 4030°
Tast Hola #1 B18" 20.0° 20 2,000 1,870 1.6
Chambers Co,
Beaville £8 1280’ 28.13° 28.13 2,813 2,720 3
Bae Co.
Quintana #C-92 45,89 47,01 4,701 3,822 20
McMullan Co. 3845°
Edinburg lce 71 50.27° 60.27 5,027 6,350 -6
Hidalge Co. 393°
Tast Hole #1 1060° 57.69° 67.69 5,769 €,000 -4
Chambars Co.
Skinner & Newman ¥C- 77.87 79.5% 7.951 7.320 9
10 McMullen Co. 4660"
Skinner & Newman FA- 8i.e B2.84 8,284 7.470 n
11 McMulien Co. 4634’
Test Hole #1 1140° 92.84" 92.84 9,284 9.740 -5
Chambers Co.
Test Hole #1 1340° 128.28° 128.29 12,829 13,000 -1
Chambars Ca.
Mobll ON #3 122.0" 122 12,200 10,200 20
Jutferson Co. 620°
Petrolero Corp. #1-3 367.7 366.5 36,6560 33.832 8
McMullen Co. 6633°
Mobil OR #1 1159.0° 1169 116,800 91,700 26
Jackson Co. 4136°
Milam WC & 1D 11
Milam Co.
1810° 101.5° 101.5 10,150 8,700 17
1810° 104.0° 104 10,400 9.160 13.6
3182' 29.4° 28.4 2,840 2,725 4
3373 28.0° 29 2,900 2,854 2
City of Huntington #7
Angelina Co.
496" 8.5° B.% 850 766 11
838" 8.3’ 8.3 830 762 10
1163" 247.68° 247.6 24,760 24,500 1
177 29.8° 29.8 2,960 3,080 -4
KQS Haberer #1 Ksnsas
Upper Dekota 176" 235 219 21,900 22,000 <-1
Lower Dakota 276’ 252 240 24,000 23,200 3
KGS Braun #1  Kansas
Upper Dakots 861° 531.8 616 651,500 43,200 18
Uppsr Dakota 661° 492 478 47,800 41,400 16.8
Lower Dakota 772° 412.2 411 41,100 35,700 16
Cheysne B25° 510 617 61,700 43,700 18
Cadar Hills 1186’ 576 580 68,000 49,100 i8

* Na by ditference, so cation and anion sums squsl.
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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,.., s.m) 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 tabulations due to an apparent error in

CWMonuud M

The foliowing 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. -

8.  CwWpnen sum Varies less than *5 percent from Cwyy,...q fOor 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 ymhos/cm (21,905 mg/l TDS). Five samples vary
11 to 20 percent.

C. Cwpicn sum Varies 15 to 19 percent from Cwy,...«a fOr samples from 35,700
to 49,100 ymhos/cm.

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

2. Cwpnon sum NOrmally exceeds Cwygseured.

8.  Cwp o sum 1S always greater than Cwy,,..u« fOr Cw’s greater than 30,000
pmhos/cm.

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



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

TD8 100% % Cw from, . % %
Well Name I'e
HCo, Crsvms | yurigtion! | Commems anian MEQ/L | vadation® | DRU1ed = | L otion?

Tyron Road WSC 11 409 2o 8 470 518 10
Qregg Co. 243°
BRAC 68-36-721 841 1,250 1.5 1.231 1,220 <-1 1,350 10
Travis Co. 398°
Tust Hole #1 540° 1,014 1,400 <1 1,390 1.414 2
Chambaers Co.
Patrolero Corp. #4-3 1,303 1,610 -1 1,626 1,728 [] 1,768 ]
McMullen Co. 4030°
Test Hole £1 818° 1,397 2,000 1.6 1,970 2,000 1.6
Chambers Co. :
Baavills #8 1290" 1,956 2,750 1 2,720 2,813 3
Bas Co.
Quintana ¥C-9 3,659 4,000 2 3,922 4,701 20 4,619 18
McMullsh Co. 3845°
Edinburg lce £1 3.136 5,100 -5 6,350 6.027 -6
Hidalgo Co. 383"
Test Hole #1 1060° 3.623 5,900 -2 6,000 5,768 -4
Chambers Co.
Skinner & Newman #C-10 5,690 7.200 -2 7.320 7.951 9 8,824 18
McMullen Ca. 4660"
Skinner & Newman SA-11 6.942 7.600 2 7,470 4,284 1 8,960 20
McMuilen Co. 4634’
Tast Hole #1 1140 5,605 9.500 -5 8,740 9,284 B
Chambam Co.
Test Hole #1 1340° 7,643 13,000 -0- 13,000 12,829 -1
Chambaers Co.
Mobll OFf #3 7.178 12,300 21 10,200 12,200 20
Jefferson Co. 520"
Pstrolare Corp. #1-3 21,905 36,000 6 33,832 36,650 8 45,688 35
McMullen Co. 6633'
Mobll O #1 66,014 100,500 10 91,700 115,900 26
Jackson Co. 4136'
Milam WC & 1D 71
Milam Co.

1610” 6,808 9,100 5 8,700 10,160 17

1810” 6,908 9,400 3 9,160 10,400 136

3192* 2,014 2.600 3 2,725 2,840 4

3373 2,083 2,900 2 2,854 2,800 2
City of Huntington #7
Angsiina Co.

496" 648 820 ? 765 850 11

838’ 634 800 L] 762 830 10

1163° 14,678 26,000 2 24,60¢ 24,760 1

1772 2,60 2,950 -4 3,080 2,960 -4
KGS Haberer #1  Kansas

Upper Dakota 178° 13,061 21,000 -6 22,000 21,900 <-1

Lowsr Dakota 276¢° 15,109 23,000 -1 23,200 24,000 3
KQS Braun #1 Kansas

Uppet Dakots 851° 31.588 48,000 1 43,200 51,500 19

Upper Dakota 881° 20,477 485,000 ] 41,400 47,800 18,6

Lower Dakota 772* 24,813 38,000 -] 36,700 41,100 16

Cheyenas 836" 30,963 48,000 2 43,700 61,700 18

Cedar Hills 1186° 34,999 52,000 8 49,100 58,000 18

' Percent variation from Cwpyew
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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 consistently gives acceptable accuracy.

3. Diluted conductance never gives acceptable accuracy.

4. Diluted conductance is always greater 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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Figure 2-1. ‘gph Ot CWptgrres VErsus Cw,,, .. values ranging between O and 2,000 umhos/cm. The data are from water analyses
performed by Curtls, Edna Wood, Microbiology Service, Pope Testing, Texas Testing, and Texas Department of Health Laboratories.
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Figure 2-2, (‘/ qh Of Cwyeueured versus CWien cone. VBIUES ranging between 2,000 and 10,000 ymhos/cm. The data are from water analyses
performed by Cdrtis, Edna Wood, Microbiology Service, Pope Testing, Texas Testing, and Texas Department of Health Laboratories.
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Figure 2-4, /;ph Of Cwiypuenad VErSUS Cwy, con. Values ranging between Q and 2,099 pmhos/cm. The data are from water analyses

performed by Curtis Laboratories.
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Figure 2-5, [g'r/aph Of CWatpeared VEISUS Cwi, o, Values ranging between 2,000 and 10,000 umhos/cm. The data are from water analyses
performed by Curtis Laboratories. oo
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Figure 2-6. [/aph Of CWpqpured VEISUS Cwi, o Values ranging between O and 2,000 pmhos/cm. The data are from water analyses
na Wood Laboratories.
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Figure 2-7, {gpph Of CWieenred VErSUS Cwy,, cone. Values ranging between 2,000 ang 10,000 umhos/cm. The data are from water analyses
performed by Edna Wood Laboratories.
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Figure 2-8. {;ph Of Cwpyurea VErsus Cwy, cone. Values ranging between O and 2,090 gmhos/cm. The data are frrom water analyses
performed by Microbiology Service Laboratories.

6C



Specific Conductance - measured

Figure 2-9.
performed by

]

10000

9000

8000

7000

6000

5000

4000

3000

2002 080

3000 4000 5000 6000 7000 8000 9000 10000

Specific Conductance - calculated from ionic concentrations

(;flph 0f CwWispemred ¥ErSUS Cwio, cone. Values ranging between 2,000 andy 10,000 ymhosfcm. The data are from water analyses
H

crobiology Service Laboratories.

0€



2000

1750 -—
'c o
o [+
3 1500 S P
« o @ o o
£ ¢ e
. 1250 oo
& R
& %o
v 1000 = .
- oh o
-E % uncmn nu
8 750 -
Q an:lﬂ -]
E mn am
g 500 |t
7] °n

250 e

0 [+]

0 250 500 750 1000 1250 1500 1750 2000

Specific Conductance - calculated from ionic concentrations

Figure 2-10. Aq;h Of CWitauared VErSUS Cwy, conc. Values ranging between O and Z,QOO umhos/cm. The data are from water analyses
performed by Poge Testing Laboratories. ¥
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Figure 2-12. [g:[(aph Of CWitgearsd YErSUS Cwi,, cone. Values ranging between 0 and 2,900 ymhes/cm. The data are from water analyses
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Figure 2-13. Gph Of CWitepmred VEISUS Cwi, cone. Values ranging between 0 and 2, OOO ymhoslcm The data are from water analyses
performed by TeXas Department of Health Laboratories. L
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Figure 2-14. /q;a\ph Of CWitemnet VETSUS Cwi,, conc. V3lues ranging between 2,000 an’i' 10,000 p#rmhos/cm. The data are from water analyses
performed by TexXas Department of Health Laboratories.
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Figure 2-15. [;h Of CWitenarss V€ISUS Cwig, cone, @8N0 Cwaion sum ValUes ranging betwseen O and 2,000 pmhos/cm. The data are from water
analyses perform&d by Curtis Laboratories.
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Figure 2-18. {;ph OF CWhpanred VEISUS Cwy cone. @Nd Cwy, sum v2lues ranging betWeen 2,000 and 10,000 ymhos/cm. The data are
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Specific Conductance - ionic concentrations () and anion sum (*)

Figure 2-19.
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Figura 2-21. Kga;h 0f CWptganssd VErSUS Cwig, cone. 3N Cwyoion sum Values ranging beteveen 10,000 and 50,000 ymhos/cm. The data are trom
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)

€

?

2 50000

0o

[

«

©

c

(o]

= 40000 .
[72]

|

O a
©

=

0 -
e

S 30000 —
O

0O

c

0 L

8

€ 20000

B

- »

'D [»]

o

8 .

P r

£ 10000 -

g_ 10000 20000 30000 40000
(/2]

50000

o+
(3]



43

very high correlation between measured specific conductance
and specific conductance calculated by ionic concentrations.

b. 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 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 eacih
laboratory reveals considerable differences between
laboratories in the quality of the correlation.

b. Microbiology Service, Edna Wood, and Curtis have very high
and consistent correlations between measured and caiculated
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.

c. 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.

d. Texas Department of Health specific conductances less than
2000 ymhos/cm are usually within 6 percent of calculated
values. Above 2000 umhos/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

f’ N mtbtr
* 1 trati Ani
Cw range o of |lon concentration nion sum
Laboratory method method
pmhos/cm samples Average % variation | Avarage % 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 8.7 6
2,000 - 10,000 10 6.6 9.2
10,000 - 50,000 1 9.3 2.1
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 0-2,000 10 4.4 5.9
of Health 2,000 - 10,000 4 10.6 9
Texas Testing 0- 2,000 9 12.6 9.8

k
L
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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)2. 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

1 High-purity distilled or deionized water with no dissolved carbon dioxide has a conductivity of

approximately 0.1 gmhos/icm. Upon reaching equilibrium with atmospheric carbon dioxide, the
conductivity will be approximately 0.8 ymhos/cm (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 ionic charge (valence number). Conductivity increases
as ionic charge increases. However, ionic species with the same charge do
not have the 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 characterize different water
types, TDS-Cw relationships must be established on a region-by-region

aagcir_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:

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 interference varies according to the chemical
composition of the water.

1 Most of the physical chemistry and ground-water chemistry literature deals with dilute solutions. 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 vatid today: “Relatively little
attention has been paid by experimentalists or theorists to the laws of conduction in concentrated
solution.® Fortunately, this does not adversely impact establishing accurate TDS-Cw relationships since
they are empirically derived.

fons 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 interference on conductivity is
minimal. |

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

Interionic interference has several important consequences for TDS-Cw
relationships:

1. TDS-Cw relationships need to be established on a region-by-region
~~S agmior aquifer-by-aquifer basis in order to conform to the specific
local water chemistry.

2. 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 dissolved 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, whiie the undiluted sample will have
significant interference. The amount of error in diluted conductivity
measurements increases as salinity increases.

Temperature. 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 laboratories in Texas use 77° F. The conduc-
tivity value is either measured at 77° F or converted to an equivalent
conductivity at 77° F. Petroleum industry laboratories surveyed in this study
use eilmar 77° F, 75° F, or 68° F. Field measurements may be reported at _
sample temperature or the meter may automatically convert the measure-
ment 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 logging literature, the Arps equation is the standard formula used to
adjust water resistivity (or conductivity) for temperature changes.’ Arps = = S
(1953) used the water resistivity (Rw) of NaCl solutions measured at va?‘\ng

! 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 resistivity temperature conversion equations.
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temperatures to establish an empirical relationship between water resistivity
and temperature. The relationship is as follows:

T, +7
= 2'3)
Rwer, = Rwer, (T " 7] {
Where:
Rw = water resistivity
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 simplified version of the Arps equation:

R, = Rer 71 (2

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

T, +7
= ‘2‘5,
(:“va}"2 Cwen [T1 + 7]
and
T,
Cwarz = CW°T1 (-1—_'1—] (2-6)
Where:
Cw = water conductivity
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 equation is for NaCl type waters (i.e. most saline ground
waters). Fresh and slightly to moderately saline ground waters, as well as
some saline, sulfate-rich ground waters, are not NaCl 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 salt
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 corrections for non-NaCl 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 oilfield 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 analysis 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 vari%onductivities, and they
were available. The Austin USGS Water Resources Laboratory measured the
conductivity of each sample at eight temperatures from 41° to 104° F.?
The measurements are graphed in Figure 2-23 and listed in Table 2-7. Table

1 Note: Water sample #£12 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 spilled; an additional sample
was obtained from the well, but the conductivity is higher {38,364 vs. 33,832 ymhos/cm).

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.I. conductivity standard. The instrument uses a General Radio
1656 CGAL 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,



51

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
relationships:

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.

2. 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.

c. 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.

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

opplrs

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

yield extreme values.




TABLE 2-6. AMPARISON OF THE ACCURACY AT WHICH THREE DIFFERENT

EQUATIONS CORRECT SPECIFIC CONDUCTANCE FOR TEMPERATURE CHANGES 52
OV ptedered CW e O ptenitenad
s lo £' Temp c from % from Arps % from %
amele F  oC Yot | 29%/°C | variation?] equstion® | variation?| simplified | yariation?
squation?
1 - oilfield water 77 25 1.818
100 | 38| 2278 2,287 | 0.4 2,313 1.5 2,358 3.5
120| 48| 2,786 2,686 | -3.6 2,747 | -1.4 2,825 1.4
2 « oilfield water 77 25 2,208
wo | 38 2732 2782 | 1.8 2814 ] 3 2,865 4.9
120 ] 49} a3an 3,268 | -1.3 3,341 0.9 3,497 5.8
3 - oilfield watar 65 18 2,381
100 | 38 3,333 333 o ase2| 63 3,663 | 10
125 | s2| 4,000 4000 | o 4372 9 4587 | 147
4 - oillisld watsr 72 22 5,988 )
12| 44 9,009 8,623 | -4.3 9,029 0.22 9,346 37
125 | sz | 1c.000 9,581 | -4.2 10,017 0.17 10,417 4.2
5 - oilfield water 67 19| 9,524 hd
104 | 40| 13,158 13,524 | 2.8 12,784 | 4.8 14,286 8.6
120 ] 49 | 15,152 15,238 | o 16,367 8 17,065 | 128
6 - oilfield water 77 25 | 73,529
100 33| 8o.286 | 92647 | 3.8 93,717 5 95,493 7
120 | 49 |102.040 |108.823 | s8 | 111,272 114591 | 123
7 - BRC 58-35-721 17| 25| 1227
Travis Co. 39¢° 104 ]| 40| 1654 1,595 | -3.6 1622 | -2 1.705 3.1
8 - Petrolero Corp, #4-3 77 25 1,810
McMullen Co. 4030° 104| 40} 2034 2083 | 29 2,129 | 4.7 2,175 8.9
9 - Quintana #C-9 17 25 4,008
McMullen Go. 3845° 104 ] 40] s.510 5,210 | -5.4 5,208 | -39 5411 | -1
10 - Skinner & Newman #A-11 77| 25| 7.580
McMullen Co. 4634° 104 | 40| 10.230 9,854 | -3.7 10023 | -2 10,240 | 0.1
11 - Skinner & Newman #C-%10 77 25 7.460
McMullen Co. 4660 104 | 40 | 10,390 9,698 | -6.7 9,864 | -5.1 10,078 3
12 - Petrolero Corp. #1-3 77 | 25| 38,364
McMullen Co. 6633 104 | 40| s2715 | 49873 ] -5.4 50,720 | .38 51,830 | 1.7

YData for samplas 1-6 supplied by Vic Moore. Samples 3-5 were used in Moore and Kasufman (1983). The watar snalysas for Samples 7-12 sre in Table 2-2,
Note: Semple #12 i slightly different than the samples used in Table 2-2. However, both samples are from the same well.

? For sach wates analysis, the Cw,,.., at the lowest temperastuse was used to calculate Cw for each of the othar temperatures.

IPe riation trom Cu
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TABLE 2-7. MEASURED SPECIFIC CONDUCTANCES AT VARIOUS TEMPERATURES

Measured Specific Conductances
Temp | BRC 58-35- | Petrolero #4-3 | Quintana #C- val:::: :A. Nes:‘:";"a:" :c- Petrolero #1-3
F ] 721 Travis |McMullen Co. | 9 McMullen 11 McMulien | 10 McMulten | McMullen Co.
Co. 398" 4030’ Co.3845" | " "Ucnar | Co. 4660° 5533
41 768 | 2,594 4,592 4,663 25,467
50 882 1,229 2,982 5,296 5,256 28,604
59 997 1,393 3,362 5,794 5,931 32,243
68 1,099 1,554 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
L e P —— |




TOTAL DISSOLVED SOLIDS
v oae T P » A
Chapter 3 Ww/fé/v o j///"""'{//f’/”” “
Jj/yjfog Tn he, ’“//“\) :
Establishing a valid TDS-Cw relationship a.l‘;e/qmre \g consistent -
definition of total dissolved solids and a water analysis with an accurate total
dissolved solids measurement. This chapter contains a discussion of the
various terms used to describe total dissolved solids and the techniques used
to calculate the measurement.

ey te wir

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/1) 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/l (Hem, 1285}, 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/l would contain 50 g of dissolved solids
in a liter and would weigh 1.05 werms of ppm its TDS would be —
50,000/1 05 or 47,600 ppm

A fourth unit /ﬂr / , Not equivalent to the other three, is
grains per g=" M / ! 712 mg/! or 1 mg/l =0.058 grain/gal). —
This unit of QVMZ{‘/ #*"7 xonly used.
Chemlst ram equivalents per liter (meq/l or meq)
or equivalents , .« units are equivalent. Technically the
term equivalent: .o used when the water analysis is recorded as
parts per million. .g1am 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. It is a quick, efficient
means of checking the accuracyna'o'r 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 meq/l 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/Il.

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

Laboratory Nomenclature Me'aJs':Ji:u::ent
Texas Water Development Board (TWDB) dissolved solids mg/l
United States Geological Survey (USGS) dissolved solids sum mg/l
Pope Testing Laboratories dissolved residue calculated ppm
Curtis Laboratories " total solids ppm -
Texas Testing Laboratories total dissolved solids mg/l
Microbiology Service Laborateories (now Edna Wood}™ total dissolved solids calculated ppm
Edna Wood Laboratories total dissolved solids calculated ppm
Texas Department of Health (TDH) total dissolved solids calculated mg/l

*lab no longer 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 expressed 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 a

In some fields of sciencssalinity 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 oceanography (Hem, personai communication, 1990}
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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. The analysis will test for silica (Si0,), calcium (Ca**},
magnesium (Mg**), sodium (Na*), chloride (CI'), bicarbonate
(HCO,), sulfate (SO,7}, 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 solid@antent and
specific conductance of the water?.

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/ tend

to have large concentrations of a few constituents. He has a thorough discussion of over ferty 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 CQO,". 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/I.

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 dissolved constituents.

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 valuehleave it at 100 percent or use only 49.2 percent?
Standard procedt'=e in the ground-water industry is to use only 49.2 percent,
thus convert* .- sum of the measured dissolved constituents to the
equivalr M 1e on evaporation value. The formula for this
cor » ;-‘ ‘tten two ways (using concentrations in mg/l) as

A
& W’r 7 tal of ions + SiO, - (0.508 x HCO;) (3-1)

W,y .

S = (0.492 x HCO;) + S$iO, + all other ions (3-2)
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The other option is to include 100 percent of the bicarbonate (HCO;,)
value. In this case the formula in mg/l is as follows:

TDS = total of ions + SiO, (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 all laboratory reports specify which amount of bicarbonate is
included in the total dissolved solids value.

Total dissolved solids should include 100 percent of the blcarbonate
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 the 100 percent@?ﬁﬁm\%

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 water analysis of a normal ground waterg 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 I,
GUIDELINES FOR VERIFYING THE ACCURACY OF WATER ANALYSES).
Anion-cation balances and residue on evaporation are the preferred methods.
One or the other should be included in every water analysis. The TDS-Cw
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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 balanc&. 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.




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: z
1. Water conductivity 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.

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

3. Water conductivity is, in part, a function of the charge and radius
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 ﬁor
aquifer-by-aquifer basis.

4. 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.

5. The accuracy of conduétivity measurements varies widely among
laboratories (see Table 2-1).

61
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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. Conductivity calculated from ionic concentrations (Cw,,, conc.) iS @
good quality control check on the accuracy of measured
conductivity. It can also be used when a water analysis does not
include a measured conductivity. The accuracy of Cw,,, co... Values
is as follows:

a. Cwio, cone. Varies by *5 percent or less from Cwyyu,ueq fOr
conductivities up to about 35,000 yumhos/cm.

b. Above 35,000 umhos/cm, Cw,,, c.nc. Varies from *6 to *11
percent from Cwy.ueured-

C. CWion cone. NOrmally exceeds Cwy,aaureq

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 e
. i
Water analyses are available from a number of different sources. The/
ground-water industry is the source for fRe-majerity-alfresh to moderately
saline water analyses and a few very saline analyses. Almost all of the data
will be complete, routine water analyses. The petroleum industry provides
most of the very saline water analyses and a few fresh to moderately saline
water analyses which are usually incomplete. Sources for water analyses

are as follows:

1. Texas Natural Resources Information System (TNRIS) of the Texas
Water Development 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 numbes and g [atitude-
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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 3
(conducted by commercial laboratories} that were submitted by
water well drillers with their Water Well Reports as required bysthe
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 numerical 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 rgadlly examined and used through most large city
andﬁ 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. Iheyr'a-:f

-

[ajoritiyof 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 El
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 should be selected and processed according to the following guidelines:

1.

2.

All Cw values must be in umhos/cm at 25° 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



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 communication, 1991).

5. If possible, the Cw value should be verified by computing specific
conductance from either the ion concentrations or the sum of the
anions in megq/l.

6. TDS values that include 100 percent of the bicarbonate value |
should be used.

7. Itis 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
relationship.

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.>g?ographic area under study.

Plotting the Data

TDS and Cw data can be plotted 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.qg.
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 arithmetic scales become
straight lines on logarithmic scales.
b. Scatter of the data appears to be less with a logarithmic plot.

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 lower 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 4-1. Data plotted on a linear {arithmetic) scale.
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Figure 4-3. Difference between arithmetic and logarithmic curve fits
when plotted on arithmetic scales.
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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 |Il, 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 variablese
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 attributable to a combination of two
factors:

1. Errors in TDS and/v 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 characterized by the following linear equation:

TDS = a + bCw (4-1)

Where. ‘
a is the Y-axis intercept for the line when Cw = 0.
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 10g of a in (4-1).
b is an exponent in the nonlinear relationship.

Most ground-water literature {e.g. Hem, 1985; Driscoll, 1986) deals
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 (X:-1) since it has a value close to zero. The
equation becomes as follows:

TDS = 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 Relationship section
in Appendix | enumerates the possible 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. Whenbis O, Cworxis 1. =

The origin is therefore always defined as (1,1) and one end of every line * /
(1,1). This significantly leverages the data (Etnyre, personal cr~, . W’ 74
1990). Figures 4-4 and 4-5 demonstrate the differences - . M '4/4“;

\

between the line fit of equation {4-4) and {4-2). The diffe. ,,U' i ey
small in the main body of the two data sets, but they are L p; / ‘
fringes (called the tails). M ﬁ,

The following guidelines should be utilized to choose b U;ﬂ"

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).
long 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.

Choosing 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, ordinary least squares is most commonly used.
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All eight routines give similar equations and all the equations are reversible.
Alsog, 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 ||, 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 calcuiation.
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

4. TDS was recaiculated 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.

5. 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.

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

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

8. Cwis on the X-axis and TDS is on the Y-axis.

9. The lines were fitted by reduced major axis.
10. The equation of the straight line was transformed to a power law
11. A correlation coefficient was calculated for each ~-

7/ adl
Table 4-1 compares the TDS-Cw relationships an /}é}é
coefficients for each of the three different types of grag '7_‘4! 1% //
coefficients are very high for all three (0.999 to 0.947). [J

constructed with diluted conductivity have the lowest co. W

coefficients, while there is little difference between the ot

Table 4-2 was compiled to illustrate the differences among the three
TDS-Cw relationships. It 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. COMPARISON OF TDS-Cw RELATIONSHIPS COMPUTED FROM
THREE DIFFERENT DATA SETS

Aquifer Calculated Conductivity Calculated Conductivity Diluted Conductivity
(using 49% bicarbonate) Graph Graph
Graph
TDS (mg/l) = r TDS {mg/l) = r TDS (mg/l) = r

Eastern Carrizo-Wilcox 0.699Cw!'°"! 0.983 0.689Cw'o" 0.983 0.806Cw°"™ 0.963
Central Carrizo-Wilcox 0.383Cw'® 0.999 0.426Cw ' 0% 0.994 0.496Cw!' M 0.982
Waestern Carrizo-Wilcox 0.398Cw' " 0.996 0.8564Cw'o» 0.988 0.793Cwo" 0.966
Cenozoic Pecos 0.386Cw' %"’ 0.998 0.744Cw% %7 0.997 0.628Cw!' %8 0.968
Alluvium N
Northern Chicot 0.501Cw! o 0.998 0.780Cwo 9™ 0.996 2.260Cw9-840 O.9L93
Central Chicot 0.443Cw'™ | 0.998 | 1.283Cw®2 0.891 | 1.876Cwoe 0.981
Edwards and Associated 0.906Cw' 4™ 0.997 1.004Cw?o-98 0.992 0.8992Cwo%7 0.981
Limestones

Ellenburger 0.363Cw'%* 0.974 1.942CwooN 0.987 1.664Cwo %2 0.872
Evangeline 0.450Cw" ™ 0.998 0.780Cw0o ¥ 0.996 1.149Cwo 0.988
Hickory 0.380Cw"*? 0.996 0.817Cwo2 0.991 0.969Cw° 4 0.988
Hueco Belson 0.441Cw'™® 0.998 0.986Cw**? 0.994 0.973Cwo%9 0.947
Jasper 0.454Cw' ¢ 0.996 0.761Cw!'ot° 0.994 1.291 Cwo87e 0.967
Paluxy 0.311Cw' o™ 0.998 1.116Cw>%? 0.995 1.30Cw0o528 0.990
Sparta 0.461Cw'%% 0.994 0.642Cw'9'* 0.993 0.661Cw' ! 0.9856
Travis Peak and Twin 0.438Cw' e 0.997 1.6683Cwo 0.991 1.902Cw 8% 0.976
Mountains

—  — ———— —
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TABLE 4-2. COMPARISON OF COMPUTED TDS VALUES WHEN Cw =
50,000 ymhos/cm FOR THREE DIFFERENT TDS-Cw GRAPHS

Aquifer Calculated Conductivity Calculated Diluted Conductivity
(using 49% bicarbonate) Conductivity Graph
Graph Graph
Calculated TDS in mg/l Calculated TDS in Calculated TDS in
mgh mg/l

Eastern Carrizo-Wilcox 39,367 39,367 33,824
Central Carrizo-Wilcox 37,862 62,170 54,526
Western Carrizo-Wilcox 34,554 37,639 36,768
Cenozoic Pecas Alluvium 29,292,740 32,319 33,669 .
Northern Chicot 29,147 36,549 19,921 ¢
Centrat Chicot 30,977 27,585 20,401
Edwards and Associated 6,493,006 43,144 43,092
Limestones
Ellenburger 36,048 24,047
Evangeline 31,467 36,549
Hickory 34,600 37,4863
Hueco Bolson 31,612 24,9356
Jasper 33,511 41,841
Paluxy 42,997 35,041
Sparta 30,870 38,167
Travis Peak and Twin 32,330 25,365 W

Mountains

R




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 the 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 database 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
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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
cores, cuttings, packer tests), but wireline logging is the best Py 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.




Equipment

Logging is
accomplished by lowering
a measuring device (called
a tool, sonde, or probe} by
means of a cable (wireline)
into a borehole. A winch
is used to raise and lower
the tool. Measurements
are transmitted up the
cable to surface recording
equipment (Figure 5-1).

The probe is usually
housed in a water-proof
steel housing. It consists
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
detector(s), etc. Most
tools also have an emitter

of some type (radioactive source, electrodes, etc.}).
common openhole tools according to the physical property utilized in the

measurement.

WIRELINE SYSTEM -

CONTROL PANELS
COMPUTER
RECORDER

7 — 5

Twnmsm‘ §

h _‘ WIRELINE >

The Wirsting Sysiem looks much tke the
above picture, For sxample, in open hale
logging. the seil-contaimed truck will arvive
on tha job 10 log the weil so0n after It i
drilled. The lool, or loal combinstion, is
atisched 10 1he end of the wirgline and
lowered o The hole. Tool response is sent
up lhe wirsling 19 1he computer in the Iruck.
The computer converis 1he various SnMog
signais inlo digits] bits ol information which
are

uaity converted inlo reddsble log
|mmM'l
L

\

'a,__.

Figure 5-1.

Gearhart, 1981).

A typical petroleum logging system (From

Table 5-2 groups
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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 cannot 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 allows
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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 Lateral
restricting the number of Focused electrode

. Microlog
measurements that can be built induction
into a tool. Digital telemetry Fiuid Resistivity
techniques and optical fiber Dipmeter
cables are overcoming these Dielectric
limitations. Formation Microscanner

Radioactive
The surface unit includes zngrnx(eamma-eamma)

the winch, power supply, Geochemical .
processing system, and Acoustic -
recording equipment. Sonic
Conventional logging systems Borehole Televiewer
transmit the data uphole in 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 Borehole Deviation
also beginning to use digital Viden 7~

signals, but most still transmit
analog signals. With slimhole
analog equipment the data are

- —not stored; A can only be

recorded on paper. In order to
store the data the system must

be outfitted with analog-to- d|g|tal
are retroactively outfitted with a Cl..-vﬂl"[er

WWM

...-y sllmhole analog systems

%fﬂ//i}

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 ¢an reach 100 feet in length. In this text
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these tools are referred to as conventional tools. They are routinely run in
water wells, but they are specifically designed for petroleum wells. Most
water wells in Texas have been 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 slimhole 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. Schiumberger’s 2% inch
induction tool}. The cilfield 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 toois 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.

i
Analog \é?l'Sﬂs tiégtai nggmg gstems

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
g %

5 5 3 .,
s 5 g & g 35, & &
S & | S 2 o ] £2 2 = 3
O O x © x u < 29 a = &)

sp X X X X X X X x

Gamma Ray X X X X x X X

Spectral Gamma Ray x! x! X

Single-Point X X X X X X X

8" & 32" Normal x X X

16" & 64" Normal X x! X X x? X x X

48" Normal X X

Lateral® x' x x X x -

induction x! X x X

Dual Guard X

Guard x! x! X X

Microlog X x x*

Fluid Resistivity X x! X X x X x

Caliper X 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 b 4 x X

Neutron* x X X x P x x x

Sonic x! x! x! x! x! X

Full Wave Sonic x! x! bs x

Temperatura X X p 4 x X x b 4 X X X

Deviation Survey X x x X X x!

Flow Maeter x X X b X X X

Dipmaeter x' x' x!

Fluid Sampler X b'e X x

12 to 3 inch diameter tool.

218" 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—;\éonsuming, the analog curve can be digitized utilizirfg a e
digitizing table. Considerable progress is being made in designing quicker 7z s
and less expensive methods of digitizing logs. g

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 is that it can be directly computer
processed. A number of very sophisticated log analysis software programs
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TABLE 5-4. Q COMPARISON OF ANALOG AND DIGITAL LOGGING SYSTEMS ~—

ANALOG SYSTEM DIGITAL SYSTEM

Advantages Advantages
Simple in concept. Simple surface system. Little
Few components and easy to fix. eleqtronncs savvy required to run the
equipment.

Relatively inexpensive. . \
Y P Malfunctions usually produce an unin-

The signal can be examined anywhere telligible signal, so failures are
in the system and related to the log evident.
response.

Simultaneous data transmission of all
measurements permits multi-
measurement probes. This reduces

Disadvantages the number of logging runs.

Can use averaging systems othersthan

Requires considerable care and time.
E;?ﬁ;s'on in building, maintaining, and Data stored and easily retrieved.
. - o .
Components change gradually with @#,e_ erun éecoraeﬂ datalat any scale.
time, temperature, pressure, or Computer processing possible
moisture. Thus the output changes (smoothing, filtering, environmental
and the tool is out of calibration. corrections).
Continuous signals require dedicated Takes care of many routine duties or
channels. This limits the number of forces the operator to do so.
tools that can be run on a single
pass.

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

Disadvantages

Complex circuitry.

Data not usually stored. Very difficult to repair in the field.

Scale changes require the log to be Rela tive,z expansive. —
rerun.

No computer processin Signal must be decoded before it can
° puter p Ssing. be examined.

High logging speeds distort the curves. 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. [t 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 logging
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 thel3z8. were being logged (Frank, 1986L 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 well in Houston, Texas.

Table 5-5 is a brief summary of the development of openhole well
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[\grbijnd_»- }:

>

! The annual August/September issue of Geobyte carries a PC log analysis software directory.




1869
1913
1920°s

1927

1930’s

1940's

1950's

1960°s

TABLE 5-5. A HISTORY OF OPENHOLE WIRELINE LOGGING

89
i

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 lateral- 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 res:st:v:ty 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®?

3 permit combination tools. Pulsed neutron®
Cement bond log® Formation tester®®
Compensated density®? Borehole gravimeter®®

Sidewall neutron®?

l
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TABLE 5-5 (continued). A 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 Mﬁ:roscanner”"’ Borehole televiewer?’ T
. . N s i g

Slimhole induction®® A

1990’s Personal computer log analysis software; Nuclear magnetic .
resonance. g

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

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 too often too little
attention is given to running the proper logging suite, checking the quality of
the logs, and interpreting the results.
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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/environmental
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. In 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.
TN Several histories of well logging have been published. Hilchie (1990} is
;.. "7z | _the latest work. He sketches the histories of the early logging companies in

"/4: L W 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 ) -
= . Lgeetad ot
A number of logging companies have eeme and merged through the
years. Table 5-6 traces the history of the major petroieum 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 pep-egqqcaSIqQE_llj‘Z; . lé/dc:&&‘r*«j&t/

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.

ORI RET There are also a number of independent petroleum logging contractors
- A 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.

All 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 Mineral 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 t?y ownMLS. ™ ¢

Nl
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TABLE 5-6. & HISTORY OF THE MAJOR LOGGING COMPANIES

Schlumberger
1927

Halliburton
1938 Lane Wells
' 1939
Widco
1947 Birdwell
1948
Eigen .
1853 PGAC -
GO 1954
1955
1957
name change
to Welex 1959 et 1 959
acquired by
Mandrell
Industries
1964
1965 acquired by
name change to Gearhart
Gearhart-Owen
1967 1968 cean 196 8
openhole logging name change to
Dresser Atlas
|
Well
Reconnaissance
—1979
1980
name change 1981
to Gearhart name change to
Mineral Logging
Systems
1984
| 1986
1988 =~——1988 1988 name change to
name change 10 ————————— acquired 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

Tuisa, 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, Cntario
Canada L6W 3R6
(416) 451-5228

Mineral Logging Systems
Box 40498

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

Oyo Geospace

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

Auslog

83 Jijaws St.
Sumner Park 4074
Brisbane, Queensiand
Australia

(303) 279-3211

Comprobe

9632 Crowley Rd. '
Ft. Worth, TX 76134
{817) 293-7333

Hunter/Keck Geophysical Instruments ﬂ
1099 W. Grand River
Williamston, Ml 48819
(517) 655-4391

Mesa Scientific Inc.
Box 1129

Delta, CO 81416
(303) 874-8881

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

Golden, CO 80401

Robertson Geologging Limited
Deganwy, Conwy.

Gwynedd, LL31 9PX

United Kingdom

Phone: 0492 582323

|

Logging literature
7

An extensive body of logging literature is available. During the past

decade the number of logging books increased substantially. Several of

these books are excellent references. For those who do not want to delve
into the primary sources, these books provide a good summary of logging

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 journals 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.

)L p ot Vo aarsL
The vast {nafer'ny\of logging literature deals with petroieum
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, Geotechmcal 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. Qccasionally 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
Mineral 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 Outdoor 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 instillations 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
aBbrevnatlons bs’ymbols and abbreviations- are defined when they are first
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used in the text and periodically throughout subsequent ,Cf\apters. 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 Ioggin’q?approached from a petroleum-logging
perspective has several pi"cLalls. Tool selection and log presentation will not
be the best available options) and water quality calcuations will have serious
errors. L

Despite all the research that

has been conducted on borehole

geophysical techniques, there are Qf_ o

still many types of formations that o) aons
are difficult to analyze. In fact, the ope

only type of formation that present
borehole geophysical models and bresant models
toois do an adequate job of and .
characterizing is shale-free anoate
sandstones with intergranular

porosity and carbonates that have . \J .

1) PUE B “$aULG UOIRIUSUC>yln) PUR 1OH -
‘ l o

sodium chloride formation water. 5*

Figure 5-2 graphically illustrates this )

point. Although Figure 5-2 is (Londueivy

referring specifically to petroleum ,

logging, it also applies to ground- Rock Conductivity

water logging.

Figure 5-2. Geological environments that pose problems
. for log interpretation (From Schlumberger, after PS!
Log gresentat'ons Research Proposal, no date).

-

Petroleum logging companies use a standard APl (American Petroleum
Institute) log format. Some ground-water/environmental logging companies
also follow this format, while the rest use a wide variety of presentations.
This section describes the APl format.
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TABLE 5-8. DIFFERENCES BETWEEN PETROLEUM AND GROUND-WATER LOGGING

Petroleum Logging
Surface conductance negligible

Sodium chloride formation water

Monovalent 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

e

Ground-Water Logging

Surface conductance significant

Formation water with significant
quantities of calcium and
magnesium

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

Environmenta! logging sometimes has
to be done in cased holes

3):

Header. The header contains information used to identify the well and
interpret the log. It should always be examined carefully prior to analyzing

1. Logging service company

2. Types of curves on the log

the log. An APl format header contains the following information (Figure K;

—
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Figure 5-3. Typical APi format log header.
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3. Spécific well information

ol NN

23

Company that operates the well

Well name

Qil 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, fliid
foss)

. 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

U
4. Other logs rﬁn in the borehole by this service company

5. Equipment information

a. Truck serial number

b.
C.

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 APl 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 APl format (Figure 5-6), therefore, some of the
following comments may not apply. Inconsistency in log format is the rule

for many slimhole logs.

SOTAVES FCRRVATERANAGEVETOTA

GEOPHYSICAL WELL LOG

PROECTNO. Peozlo

WELL NAME _Kome PV- 3 mcmz‘v') : DATE 3/21@&

COUNTY Hiuusimogouces - BASIN Husssosven (13)  LATITUDE 275226
LOCATION b/ /2. Sw.1/4 NE 14, s+ TZIS RZIE  LONGITUDE BZlz3t
WELL DEPTH 7 503 B 9797 casiNg RECORDIL™ @3¢ - 0 i—0—;
DEPTHLOGGED Ysc0 @ 995" TOP OR STARTOF LOG — 232 D279 ahoveffelow S0
ELEVATION 112 # above NGVD WATERLEVEL_S! _ 1. aboveSD Gl fi(aboveloelow NGVD

=

F26FA0 Banl vatcmta Tite 1330

APEE S Bty

L T T

LOG TYPE _Craume - Grhrmn_ . _ OPERATOR L. Kintsmray
o CALPER o ‘ co
‘ol ELECTRIC (% Ry ) _ INSTRUMENT SETTINGS: - -~ - - = .
f LONG-SHORT NORKAL (16°647) + LATeRAC. - MV ___ohms \K ralts  ° ’
g d/TEMPEWURE ‘ — Yarighle span . -k
g R o, ' LOGGED 2UP O DOWN LOGGINGSPEED_Z—_,[—TI—. S ' femin _ B -
= aauncaon S : - B
of keurron R QW SAMPLE: ;
oI FLOWMETER ' © DEPTH.____ COND — TEMP___
COMMENTS: @ ——— oonoueTvmY TENP

S TR R B AR SRR R
Figure 54, Example of a slimhole log header
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TRACK | TRACK 2 TRACK 3
ALWAYS LINEAR ' LINEAR
0 . 50 IOO» Q 25 5010 25 80

Scales shown

are only
i llustrative
LOGARITHMIC
o] 50 00 02 1O 10 Q0 1000 2000
O = T ] -
SPLIT
LOGARITHMIC LINEAR

0 50 IO_02 i 1.0 10 10 25 50

Figure 5-5. Examples of horizontal log scales. The logs are shown at a reduced size {From
Schiumberger, 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 intervals 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 fog 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 redueed
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 trackd "2 a‘gr 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

W\
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Figure 5-8. A 2 inch per 100 feet depth scale with linear curve scales. 1t 1s the same log as Figure 5-f Track ~—

2 contains an averaged SFL curve and an amplified averaged SFL curve. The amplified curve is of no value, it
just clutters the log. The left border of Xfack 1 and the right barder of Ffack 3 have breaks that indicate the
logging speed. A break represents one minute. The log has been reduced in size to fit this page.




105

r 1300
2 [yl
= by
i
- ™
+d
o ] [rr;“?ii
A ——
S~ il
] : I §
- ' £—
e 1350
—~—] b P IL__ b4 -
< R
| o .
0 I — -
v
r' ‘
]
i 2\
[} - -
v M I E
— 1 I—1» F
Y “I
1
N
I T - - -
P+ 1400
i
|
1
TENSION LATEROLOG
10020 POUNDS aH 8.2 OHM-M 200
GAMMA DEEP
o API 15| 8.2 OHM-t 2eaq
sP MEDIUM
P ----- SeovTesasvrasatrTaasnvreswtbcesal]l =< heasacansceabtsenavsosnnesifieat it S sasEtOSaGmEnES®EGSESEg==S s - wed
-J28l+ 8.2 OHM-M 2004

Figure 5-9. A 5 inch per 100 feet depth scale with logarithmic resistivity curves inAracks 2 and 3. FR
denotes the first reading of each curve. The gamma ray curve goes off scale at 1312 feet and wraps around
to start over again on the left side of Atack 1. The wrap-around scale for the gamma ray curve should be in
the curve scale but it was left off. The log has been reduced in size to fit the page. For further details on this
log see Figure 5-10.




106

o —
= gy s et =
1300 —=

I
1 ‘\""}‘_
!

. o
i s el Rt e i —|=
e el N | — —_- S
et P == e el —|=
o - ::'Fi: == —=
1350 F—F— =t ————— — —
= L:‘:,'.:ﬂé_"_ S5 I S o R S s g
B s i w550 I [l Bl et e et e b —
B R B ey '?,MEUIUN INDUGTIOQN | — :p: R Dy N W A
- ->
i g e | s o= pegpafinycTio — —
e e il e o e i e g PRSP e o o e et =
4 - == N I I
— —— — I S e WM
| - R

1400.f

MEDIUM

GAMMA e DEEP IND.

e API 150 v |o OHM-M 50

sp : LATEROLOG

...............................

-1200+ ] OHM-M SBq

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

Sometimes logs are m(:'%caled. A knowledge of typical log values in a
local area will aid one in identifying misiabeled 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 5-8). 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
petroleum logs is to plot certain
curves together at the same
scales. Resistivity curves are
plotted together and so are SP—+ =
porosity curves, especially
density and neutron curves.
Gamma ray and SP curves are =
plotted in the same track. This
allows for useful comparisons
that yield additional information
about lithology and mud filtrate
invasion. Unfortunately, this is
not standard practice for ground- ~
water/environmental logs. -
Valuable information is lost as a
result.
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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 weli 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 SURVEY CALIBRATION SUMMARY

PERFORMED: 28-JaN-88 10:41
PROGRAM FILE: [SON (YERSION 29.486 00700700 87/01/29)

DITD ELECTRONICS CALIBRATION SUMMARY
MEASURED CALIBRATED
ZERD PLUS 2ERO PLUS UNITS
ILD .45 556.9 0.0 s02.8 HMHO
ILM -.04 546.4 0.0 499.2 MMHO
SFL -.04 336. 4 0.0 500.0 MMKD
ILD SUNDE ERROR CORRECTION : 5.5 MMHO
ILM SONDE ERROR CORRECTION : 6.9 MMHD

ZERD: 28-JAN-88 10:40 PLUS: 28-JAN-88 10:41 COMP: 28-JAN-88 10341

SGTE DETECTOR CALIBRATION SUMMARY
MEASURED
BKGD JI1G CALIBRRTED UNITS
GR 107 268 165 GAPI
Cp 22.486 FILE [ 28-JaH-88 10:41

SHOP SUMMARY

PERFORMED! 29-DEC-87 11130
PROGRAM FILE: SHOP (VERSIDN 30.22 00/00700 87/02/09%9)

DITD ELECTRONICS CALIBRATION SUMHARY
TEST LOOQP CALIBRATION TOOL CHECK
MEASURED CALIBRATED CALIBRATED
ZERD PLUS ZERD PLUS ZERD PLUS UNITS
ILD -3.5 333.3 0.0 %00.0 0.0 302.2 HMMHD
ILH -9.3 342.2 0.0 S00.0 0.0 499.2 MMHO
ILD SONDE ERROR CORRECTION 1 3.3 HMHD
ILM SONDE ERROR CORRECTION 1 6.8 MMHG

CISt349 , IC4331 O

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




THE BOREHOLE ENVIRONMENT AND ITS EFFECTS ON LOG RESPONSES

Chapter 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 affect 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 slimhole tool manufacturer’s specs should be
consuited before logging holes over a few thousand feet deep and more than 200° F. Specialized logging
equipment is available for geothermal wells (Vaneruso and Coquat, 1979; ltch, et al., 1980; SPWLA,
1982).

111
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Figure 6-1. A(_)e;ample of an environmental correction chart. This chart corrects the 64 inch
normal log for the effects of mud resistivity {Rm} and borehole diameter. Rm must be at
formation temperature (From SPWLA, 1879, 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 tool 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, applying enwronmental
corrections to the entire data base may not be expedient @ 3r result in a -
significant improvement in the data. Just comparing offsetting wells may be
sufficient to spot the anomalous log values that require environmental
corrections.

This chapter provides a ground-water investigator with the knowledge
that will allow an intelligent decision as to whether or not a log needs
borehole environmental corrections.

Drilling Method

Accurate log responses are largely dependent on choosing the correct
drilling method and then properly implementing that method. This sectién
concentrates on the effects of different drilling methods on logging tools.*

Most water and petroleum wells are drilled with the mud-rotary
method,and most logging tools are designed to operate in a borehole filled -
with drilling mud. The most significant 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.

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 formations. These drilling methods could be considered
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 caliper are the exceptions). Induction, neutron,
and density tools will operate in an air-filled hole, but air-rotary drilling dries
out the rock adjacent to the borehole, which affects the log responses.

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

! Driscoll {1986} and Shuter and Teasdale (1989} are excellent references on ground-water drilling methods.

2 The effects of drilling-induced mechanical stresses are notimportant to the routine log analysis of aquifers

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 tool,
accurate log responses are almost impossibie to obtain in augered holes that
have been cased.

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 % 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 resuit 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 logging 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 wilt 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. Borshole diameteris
is 8 inches. less than 8 inches.
B. Borehole diameteris
greater than 8 inches.

Figure 6-2. How a conventional eccentered tool fits in boreholes 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 farger or smaller than 8 inches, producing an error 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.

1 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

- Y there is no upper limit on hole size, while the minimum hole diameter for safe

.7 ‘7,: Ioggmg is usually not much smaller than the bit size.
~_<"“ 1;‘1 e AR ’}”‘/':“ L7 i ppeda S nte S e - -
T 7 The following guidelines should be followed be#e:g\drlllung E@:r
e 4 p N analyzing a well:
W ’ﬂl

nﬂ Before a test hole i rllled// remeded
; 1. The/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. 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.
b. 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.
e. 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.

oo

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.
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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 wiil
significantly improve gamma ray, induction, and mandrel resistivity
values, A combined borehole diameter/Rm correction is the first
environmenta! correction that shouid be applied to mandrel
resistivity and induction values.

Anomalous log responses may be the resuit 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 reiative to the rest of the
borehole, and the greater the amount of washout.
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The mud program should be examined. A poor quality mud
program is likely to increase the amount of washout in
unconsolidated sands and in shales (See Appendix lll,
TECHNIQUES TO EVALUATE THE QUALITY OF DRILLING
MUD). Ground-water wells, which are often drilled with poor
quality mud and are usually in semi-consolidated or
unconsolidated formations, are particularly susceptible to this
problem.

If the log is from an oil or gas well, shallow ground-water
aquifers may be severely washed out because drillers typically
do not mud up while drilling the upper portion of the hole.
Unfortunately, the depth at which the driller muds up is not
noted on the heading.

3. If a caliper log is available, it should be used to determine if any :
borehole-diameter corrections for washouts are required.

a.

Much of the borehole may be washed out, but if the aquifers
are consolidated rocks the washouts are usually restricted to
the shales and corrections are not necessary.

Aquifers in unconsolidated or semi-consolidated sand may
wash out, necessitating borehole-diameter corrections.

The caliper log should be scanned for any aquifer-quality
formations for which the borehole diameter is more than an
inch larger than the bit size. Borehole-diameter corrections
should be made on a zone or two to see if they significantly
change the log value.

Caliper tools vary greatly in resolution (see Chapter 11). A thin
zone {less than 2 feet wide) that shows slight enlargement in
borehole diameter (as little as 1 inch) on many caliper logs may
represent an actual enlargement of several inches that will
greatly affect porosity tools.

Logging tools vary in their sensitivity to borehole enlargements.
A correction factor may not improve the accuracy of the log
response enough to be worth the time and effort.

Borehole Fluid

Borehole fluid is drilling mud in the case of mud-rotary drilling, and
formation water or air in the case of air-rotary, cable-tool, and augeér drilling.
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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. [n 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"'f

A borehole filled with drilling mud asor 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 fhe
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. RBm/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 selectir~ nd characterizing borehole fluids are deferred to

-, /‘
\w/

In fac ‘hat the borehole fluid is drifling mud.

——
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TABLE 6-1. EFFECT OF BOREHOLE FLUIDS' ON LOG RESPONSE

—
Borehole Fluid Required for The Effect of Drilling Mud or
Lo;;ginq Tool Logging Water on the Log Response
Dorwater | mud orwater | Hoh Rufm ratia® | L0 S
spP v - -
Gamma 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 - -

. -
ot ‘ - | meroonon
Fluid Resistivity v - --
Induction v - -
Density {(Gamma /I B B
Gamma)

Neutron Ve -- -
Sonic {Acoustic) v = -
Caliper v - -
Temperature v -- -
Flow meter v - -

Borehole fluids are defined as water, ngrmal water well drilling mud, and normal fresh water oilfieid drilling
mud {i.e. no barite, KC!, oil-based mud, salt mud, etc.).

Ra is apparent resistivity - the resistivity value recorded by the logging tool. Bm is mud resistivity - in this
case it denotes the resistivity of whatever fluid is in the borehole. In the case of microguard and
microlatero tools, Rm is actually the resistivity of the mudcake (Rmc).

Can be run in air-filled holes 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 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 controlled 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 Qilfield drilling mud sometimes contains special additives such as barite, KCI, and cil. 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 control 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-rotary drilling. This drilling method has proven very successful
in the Edwards Aquifer (John Hoyt, personal communication, 1990) 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
, 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 IbQ/galQ and keep the pump pressure from getting
too high. A aun

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. Glenn and Slusser
(1957) documented this phenomenon. Although some investigators do not
consider impregnation to be significant, Jorden and Campbell {1984} warn
that "if conditions during 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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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 (6-1)

depth of invasion = 5

The depth of invasion is a function of the porosity and permeability of
the rock the quallty of the drllllng mud and the dnlimg hlstory

Mudcake thickness is generally less than 34 ' ° )3 ¢ invasion
varies from less than one foot | g,!?/l“;/ Mmh as 10
to 15 feet in low porosity forrr ﬂ”ﬁ" ed zone is
at least a few inches wide. &/’ . :

M ) enfrt € '
: : ; St rz”’j’z 7 :
Mudcake thickness is not ¢/(47"" w/#}“’/ e " invasien
is. If all other factors remain cc- - A/V*j" %, ©

differential, volume of mud f|Itra/ or pﬂ%M/y/‘f f/,‘b}f:’ ?

shallower the depth of invasion /" (z.) W Ly 1o € 427 ad s s to be

the opposite of what it should be W y ~y » because
as porosity increases, a smaller t/Jr ij /41!0}”/&{’ contain a

given volume of mud filtrate. Exd 42797 o’ Jggy
carbonates and highly fractured ro - , A rocks,
mudcake formation is extremely @ .onnected

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

Porosity Diameter of Invasion

> 20% 2d
15 - 20% 3d
10-15% bd
5-10%

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 3he
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 waterdoss form abnormally thick mudcakes and
have deep depths of invasion.

’ o

The drilling hist‘cfr%’imcipamluencei\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 until 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

1 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 permeabiiity 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 aFth® tools.) 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 decreaseg laterally through the transition zone until uninvaded roc
(Rt) is reached. o L

If the filtrate invasion is deep and if Rmf does not equal Rw, the deep
reading 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 aquifers have high porosity, which 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 smali-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. This 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.

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

Befor hole is drill

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. [t will 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
to the deep reading curve, three resistivity curves should be
included in the logging program.
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A good quality mud program must be designed that is appropriate
for the drilling conditions (see Appendix lil 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 Ibg/gal.
Viscosity: 32 to 38 secs/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.

@ +~0 000

During the drilling

1.

A good quality mud should be maintained (see 3. above and -
Appendix Ill).

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 significant 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.

Good drilling practices should be maintained.
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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 log 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.

Porosity tools should always be compensated. Compensated tools
correct for the influence of mudcake.

Three resistivity curves (not counting the single point resistance)
should be run in order to determine the depth of invasion.
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After the logging

1.

The log heading should be examined for information on the
borehole 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
conversion.

Mud resistivities also can be obtained from a mud log. 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
resistivity.

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.

c. 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.

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 tools automatically factor out the effect
of mudcake. .

b. Sidewall neutron tools require a correction for mudcake.

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
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calculating water conductivity). Rmc must be converted to
formation temperature before making the correction.

5. 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 tool 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.

6. There are several ditfereat 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 contaet
pressure. They generally override the mudcake and therefore
give a better measurement of mudcake thickness. Among the
pad devices, density calipers&)/a'r}t;I 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 sensntnvuty—us_)\densny, sonic, microlog, and 3
or 4 arm finger-type caliper.

7. |If a caliper was not run, the log heading should be examined for
information on the mud quality. The data can be used to make an
educated estimate as to 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.

8. It must be decided whether or not the deep reading resistivity
curve requires a correction for filtrate invasion. In ground-water

suid “log analysis @ correction fo-the-deep-readingresistivity-curve-for
filtrate-invasiof is usually not needed or not practical.

a. High porosity formations {more than 15 to 25 percent)?
A
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i. The depth of invasion is usually shallow, so the deep reading
curve is little affected by filtrate and reads Rt.

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

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

b. Low to moderate porosity formations (less than 15 to 20
percent} !

A

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

ii. Invasion corrections should only be made when the
resistivity values are being used to determine water quality.

iii. Few ground-water aquifers are low to moderate porosity
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:

i. 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.

it. 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 invasion diameter.

10. As long 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)}.

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
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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.

Rmt > Rw

Rt
)
Y

No invasion (tight rock) Shallow invasion Deep invasion
or extremely deep invasion

Rmf < Rw
Rt Rt Rt
) e b —
* - P\ \ !\ﬁ
: ' |
d '
\' ) I
[} ] l
ol C
- ")l. r" J
No invasion (tight rock) Shallow invasion Deep invasion

or extremely deep invasion

Shall resistivity curve
o o w o= o Madium resistivity curve
— e == Deep resistivity curve

Figure 6-4. Generalized invasion profiles 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 corrected for all other influences {e.g. Rm, bed thickness, and too!l 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 ggdJor 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 understandlng of
how the sensor design affects log curves.

There are basically three types of sensors:

Singleégors. 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.g.
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

134
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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.

a2 FE T/E_"Z/’ey | A Grea e
- — "The guiding principle in this discussion is that/depth of investigation

and,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.

. akioD
of lnqes‘ﬂ%atlo Vertjca] R
Degth’/y P, " "\Qghojutjon

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" long 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. It does not recognize the thin
resistive beds discernible on the short 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).

L Depth of Investigati
1 L Ipsometrc factor)
R
3 | :
3 :
o -
I
3
|
j I 100%
é ; 50%
2| |7
-
' — 0%
2

distance from borehole

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, 1986).

Depth of investigation is the width of the zone f{grp the logging tool
horizontally into the formation that provides t-he-maﬁmymf 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). At
a given depth into a formation, G designates the percefigof 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 constructed for all
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logging tools (Figure 7-3)." For nuclear tools the depth of investigation is
customarily defined as G = 0.9 and for resistivity tools itis 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).
report, as in most introductory logging literature, the term depth of
investigation is used instead of geometric factor.

In this
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Figure 7-3. Pseudogeometric factors for various resistivity tocls in an 8 inch diameter borehole (Modified
from Helander, 1983}.

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

' Technically, the induction log is the only tool for which the concept of geometric factor is reasonably
rigorous (Schlumberger, 1989). The charts for other toois [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 allpurpase 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 the 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 Producin
tool) also has a significant L" = T A
influence on the depth of - m vl
investigation. For instance, § response
the depth of investigation of S 24
neutron tools will decrease as g o -

orosity increases (Figure 7- -
a. ° s T~y
2 K Porosity

The depth of ‘ 10% 20% 30%

investigation of unfocused Porosity

resistivity tools can be greatly Figure 74. Depth of investigation of neutrons as a function of
reduced by excessively saline porosity (Modified from Schiumberger, 1958).

borehole fiuids (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,




TABLE 7-1. EFFECTS OF TOOL GEOMETRY ON COMMON OPENHOLE LOGS 139

Logging Emitter to Minimum Minimum bed thicknass  Approximate Percent of
Tool Receiver vertical for true log values under depth of circumterence of 8 %
Spacing resolution ideal conditions investigation  inch borehole surveyed
Inches inches Inches inches
CALIPERS

3-Arm Bow Spring
Recorded with:

Induction Electric 18 o 25%
Compensated Sonic 18 0 25%
1-Arm
Compensated Density -] 0 6%
Sidawall Epithermal
Neutron 8 o 8%
2-Afm
Proximity-Microlog 12 [+] 36%
Microlaterclog 12 ] 38%
4-Arm
4-Arm Duat Caliper 1 o] 4% )
High Resolution
4-Arm Diplog 12 [o] 50%
SP 12 o 100% -
GAMMA RAY 24 8 100% -
SINGLE POINT 2-3 2-3 - ] 100%
RESISTANCE
RESISTIVITY
16" Normal 18 24 80 32 100%
64" Normel 64 98 240 128 100%
18° 8" Latsral 224 240 448 224 100%
Dual Induction
SFL 12 12 12 40 100%
Medium Induction 40 48 48 70 100%
Deep Induction 40 48 48 120 100%
Laterolog 3 12 12 24
Lateroiog 7 32 32 30 120
Laterolog 8 14 14 24
Dual Laterolog
Shallow Laterclog 24 24 30 3o 100%
Decp Laterolog 24 24 30 120 100%
Microlog
Micro Inverse 1 2 1 7%
Micro Normal 2 4 2 7%
Proximity Log 1 12 4 10 7%
Microlatsrolog 1 4 4 4 7%
POROSITY
Sidewall Sonic 8 Oto 4 4%
Compensated Sonic 12-36 12-36 24 Oto 4 100%
Compensated Density 18 18 24 4 12%
Compensated Neutron 24 24 24 8 30%

This table provides average values. Valuos may vary depanding upon the particular brand of logging equipment and the specific borshole
conditions. (Medified 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 4 density)?. For the common openhole logs, 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 too! 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:

a. 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 9).

Mandrei-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 mxo;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 logging tool determines how well the tool
delineates bed boundaries and how accurately it measures a particular
physical property of a bed. Vertical resolution depends on several factors:

1.

2.

o

The emitter-receiver spacing.

The type of measurement being made.
The contrast between adjacent beds.
Auxiliary tool responses.

Time constant and logging speed.




142

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 volume 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 spacing.

A logging tool will make a true measurement and delineate bed
boundaries only if the bed is thicker than the emitter-receiver spacing. A bed
