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Borehole geophysical logs were run in numerous core test holes
from a wide variety of near-surface, frashwater, Tertiary-carbonate
environments in order to determine their application to hydrogeologic
investigations. Log interpretation principles traditionally applied to
caline-granular systems, were applicable, in almost all cases to the
1ogs run in freshwater-carbonate environments. Poros1ty and res1st1v1ty

e e i T

Iogs were effectlvely used to determlne 11thology, water quality and
>

water transmltt1ng propert1es of freshwater carbonate and granu1ar

g T - —

I ey

(quartz sand) aquxfer systems. Lithologic and poros1ty determ1nat1ons

e e e e e P ———— e

for limestones, dolomites and quartz sands were obtained by cross

plotting data obtained from neutron and density 10¢s. Formation pore
water resistivity (R,) was acturate!y determined by cross plotting
porosity and saturated formation resistivity (Rg) over 2 wide range of
values. Once R, was determined, water gquality, with respect to various
jon concentrations, could be reasonably inferred for a particular water
mass. Major ion concentrations are highly correlative to Ry in both
granular and carbonate aquifers. Resistivity-porosity cross plots (RPCP}

were also used to delineate water masses and water quality changes in



small diameter test holes.

In freshwater environments formation permeabi11ty appearéd to be
related to formation resistivity (F, F = RO/RW). Electrical current, in
freshwater environments, is conducted primarity along the grain-matrix
interface (surface conductance) rather than directly through the
saturating fluid (electrolylic conductance) as is usually the case in
petroleum exploration procedures. Formations of high reststivity,
characteristically, are composed of well sorted, 1arge, uniform grain
diameters (i.e., 10W surface contact to pore volume ratios). Factors
decreasing formation resistivity (small grain diameters, poor sorting,
flatter grain shapes, increased clay content, etc.) also decrease
formation permeability. Thisirelationship has important hydrologic
implications regarding the estimation of formation permeabi1ity, for the

first time, without actually pumping the well tapping'the aquifer.
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INTRODUCTION

The purpose of this researéh is to develop a better understanding
of information available from horehole geophysica1 logs commonly run in
shallow wells and test holes. A more comprehensive approach to 1og
interpretation is urgently needed by hydrogeologists charged with the
responsibi1ity of evaluating, developing and protecting the ground-water
resources.

In recent years, there has been a great deal of attention focused
on the environmental sciences, particularly, ground-water resources.

Ground-water re1ated top1cs gaining ! recent attention have included sink-

e

hole developments, ground-water po]lut1on from 1ndustria1 waste sites,

"m1n1ng of ground water for 1rrigat1on 1n the western states, and grbund-

water dec11nes assoc1ated w1th long-term droughts. Accompanying this

\;;;;;;&on has been the growing need for information regard1}? "the flow
of fluids through porous media" or ground-water(§g§5§}%§£9 ggéfgﬁééavﬁ
the unwillingness to adhere to sound hydrologic principles has resulted
in the degradation and/or near depletion of the ground-water resources
in many areas.

The hydrogeologist, a relatively new breed of scientist, is often
responsible for evaluating ground-water availability in a particular area
or assessing the impact of a certain activity upon local ground-water
resources. In addition to collecting cuttings and cores from water wells
and shallow test holes borehole geophysica1 1ogging has become one of the
most valuabie tools of the hydrogeologist for obtaining and evaluating

information as related to the subsurface environment. Modern geophysica1

1ogging equipment can be used to obtain a continuous record of various

1



2
parameters within the borehole related to 1ithology, water quality

within formations and water—transmitting characteristics of hydrogeoTogic
units.

Geophysical 1ogging has been extensively used in the petroleum
industry for more than fifty years. petroleum 109ging principles and

interpretations have been documented in many volumes. However, logging

of small d1ameter sha1low water we11s and test ho1es focMchewpofpose of

~ s

col]ect1ng hydrogeo]og1c 1nformat1on 15 a re1at1ve1y peﬂ_fje}diu Logging

of sha11ow holes advanced in the early 1970's when the “age of micro-
electronics" made it technjca]1y practical and economically feasible to
develop smail, 1ightweight, probes and equipment. 1t was soon realized
that many of the principles’and interpretations of deep well logs, aS
used in the petroleum industry, were not applicable to shallow neaf-

surface environments. Many shallow 1ogs are dlff1cu1t to 1nterpret and

R

1n some cases responded d1fferent1y than expected. These devxat1ons are

attr1buted to the sha11ow sed1ment5 be1ng 1ess compact hav1ng a greater
degree of secondary poros1ty, 1ower temperatures, and h1gher pore f1u1d

re51st1v1t1es.

In many areas, such as gently rolling to flat 1ying topographies,
geophysical 1o04gs provide the only method of obtaining information on sub-
subsurface formations. Although cores and well cuttings are valuable for

discerning 1itho]ogy, a comp1ete su1te of logs comp]ement th1s data by

provwdxng 1nformat1on on pore water qua11ty, permeab111ty, poros1ty, bulk

P

density, format1on re51st1v1ty, cementat1on and c1ay content. Well cut-

e e T et

tings prov1de useful 1ithologic 1nformat1on but have 11m1tat1ons since

they represent only point samples and are subject to contamination due

to density setting during circulation in the borehole. Clays for example,
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if present, are usually poorly preserved in most sets of well cuttings.
Cuttings seldom reveal the degree of secondary porosity which is

extremely valuable information to the hydrogeologist. Geophysical 109s,
on the other hand, provide a continuous record of borehole parameters
relating to facies changes, vertical gradations and the nature of contacts
at exact depths. Geophysical 109gs also provide the most reliable method
of lithostratigraphic correlation over wide areas.

This research is the first attempt to evaluate the usefulness of
geophysica] 1ogs collected over @ wide range of Tertiary sediments, and
presents the data in a semi-quantitative manner based upon known 1ithol-
ogies determined from cores and complete sets of well cuttings. This
research is centered around the three key areas of concern to hydrogeol-
ogists: 1) determining the type of Vithology in the subsurface;

2} evaluating the water quality residing in the pore spaces of the

producing zones; and 3) assessing water transmitting properties of
formations in small diameter test holes.

Although many types of geophysical logs are available, measuring a
wide variety of parameters, none of the probes are able to directly
determine any of the hydrogeologic characteristics mentioned above. In
many instances, the information of interest can be strongly inferred by
cross plotting geophysical data obtained (such as formation resistivity,
porosity, bulk density, acoustic velocity, natural gamma radiation, etc.)
in such a manner that the characteristics of the desired parameter can be

determined, Another way of describing the cross plotting techn1que 1s to

S et e e e T ST -
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1mag1ne the 1nformat1on des1red occu p1es a spec1f1c area 1ns1de a three- R

e

dlmens1onal polygon. Each of the corners represents a phys1ca1 character-

1st1c of the parameter des1red If a vaTue can be obta1ned for each end
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point, the des1red parameter will be Iocated where a11 qfﬁ}pewljge§wmw

N I ———

1ntersect at a un1que po1nt 1ns1de of the po]ygon.

Geophys1ca1 1ogging 1nvo1ves the recording and interpretation of
a wide variety of physical parameters and it is assumed that the reader
has some knowledge of geophysical 1ogging. Basic concepts are only
briefly discussed in this text., The reader will be referred to numerous
articles discussing widely accepted principles, togging theory., radiation
statistics, instrumentation, and applieations throughout the course of
the text.

Many of the results and conclusions from this research were
empirically derived by observing numerous log patterns over large areas
involving various types of logs in order to infer nydrogeologic relation-
ships. In addition to this being a study of geophysica] logs in near-
surface,environments this is the first time the study of 10g responses
in various types of Tertiary carbonates has -been documented, Most 109
interpretation principles in the literature deal with clean, uniform
granular type materials in thick sections, Carbonates, on the other
hand, (especially Tertiary carbonates) often exhibit an extremely wide
range of porosity, permeability and cementation commonly observed over
extremely short vertical sections. Several observations, from the
challow test holes logged, are inconsistent with those documented in the
petroleum literature and have merely been identified and need further
attention.

The study area for this research is not rigorously defined in an
areal sense, but includes a wide range of carbonate and unconsolidated

quartz sands and gravels deposited on the floridan Platform and adjacent
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shelf areas. This research began by studying a aumber of cores supple-

mented by a fairly comprehensive suite of 109s available in, a relatively
small geographic area, the Apalachicola Embayment of Northwest Florida,
(Figure 1}. These cores penetrate a wide range of 1ithologic types.
After a working hypotheses of the log signatures, correiative to the
cores were developed, these hypotheses were tested in other locations of
Tertiary sedimentary environments where cores and complete sets of cut-
tings were also available. Hypotheses concerning the determination of
pore water quality, using geophysical 10gs, were also tested in both
granular and carbonate aquifers (Figure 2), Well locations and descrip-
tions are available in Appendix P. |

whenever possible, ]og measurements were compared to laboratory

e —T et e o e T p———

e

tests (porosity, permeab111ty and bulk density) obtained from cores on

the same test hole. Other analyses of core material were performed
using x-ray diffraction, gamma spectrometry'and observations under a Tow

powered binocular microscope. Aqu1fer and fiowmeter tests were run 1n a

number of wells in an attempt to correlate water transm1tt1ng character-
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jstics of hydro1091c zones to permeab1]1ty as 1nferred from the logs.
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re cuttings

Figure 1,~--Location map of wells and test holes whe
See Appendix P

and cores were obtained for use in this study.
for well location and complete well data.
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Fiqure 2.--Location map of wells used in this study for
water quality determinations from logs.



MAP
No. AQUIFER

SAND-AND-GRAVEL E

1 Southern Escambia and Santa Rosa
Counties

2 Southern Okaloosa and Walton Counties

BISCAYNE

3 Broward County

SURFICIAL and INTERMEDIATE
4 ‘Duval County

gast-Central St. Johns County

Palm Beach

FLORIDAN

7 Southern Okaloosa County

8 | Northern Okaloosa and Waiton Counties | Jv/
g - Quincy Area, Gadsden County 20?7 >
10 Havana Area, Gadsden County

11 Northeastern Volusia County
t2 Seminole County
13 Southeastern Orange County
14 Southwestern Hillsborough County
156 Sarasota County

16 L ee County

17 Monroe County and Dade 00untles'

DEEP CARBONATES I

18 St. Lucie, Martin,Paim Beach, Broward, Dade, Monroe, Hendry
arrd Lee Counties




PREVIOUS STUDIES UTILIZING GEOPHYSICAL LOGS AS
AN AID TO GROUND-WATER INVESTIGATIONS

The first papérs addressing the interpretation of geophysica1
1ogs in water wells were bub]ished in the early 1950's and primarily
&iscussed water quality as determined from electric logs in unconsolidated
gands (Jones and Buford, 19513 Pryor, 1956). In the early to mid-1960's,
geophysica] 10gging of wells was still a cumbersome and very expensive
way of obtaining information from water wells. A few articles alluded
to the advent of geophysics to the water well industry and how 10gs
could aid the water well contractor. In addition to electric 10Gs,
natural gamma 10gs were beiné run for the first time in water wells to
aid in determining 1ithology in cased boreholes. Most articles were
very short and generalized.

In 1966, Alger and Turcan independently published two of the
first papers addressing water quality using electric 10gs. Although the
principles they appiied were simply an extension of retationships used
in thé petroleum industry for many decades these applications provided
a method for approximating pore water quality without actually pumping
producing zones penetrated by test holes.

Since the early 1970's, about the time when modern water well
logging equipment generally becamé available, the density, porosity,
acoustic velocity and normal electric logs were added to the more
sophisticated hydrogeo1ogic geophysical programs. The addition of these
probes greatly enhanced the information available from boreholes, but
1ittle was known on the response of these probes in freshwater aquifer

10
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systems. Articles pertaining to water wells and shallow test holes

since the mid 1970's have generally been site specific discussing
complete suites of 109s usually from a single horehole. These articles
are generally more technical and most commonly appear in the U. S. Geolog-
jcal Survey professional or Water Supply Papers.
Croft's classic paper (1971) reported that the normal electric
1og, in freshwater environments, may be partially influenced by the
geometry of the packing of granuilar materials. Croft also recognized
that resistivity may be used to infer permeability if porosity and pore
water resistivity are known. MacCary published two papers during the
last decade (1978, 1980) which began to demonstrate the usefulness of
geophysica] logs in a semi-quantitative manner as an aid in hydrogeo-
logic investigations. The eariier paper discussed, for the first time,
jnterpretation of geophysical logs in a carbonate aquifer system rather
than unconsolidated formations. The latter paper discussed the use of
etectric logs to map water quality trends in areas with good well control,
At the present time, only one text has addressed the application
of borehole geophysics to water resources investigations (Keys and
MacCary, 1971). Atthough an outstanding publication, this text 1is
mainly concerned with togging fundamentals and the physica] principles
affecting the probes ' response and contains a minimal amount of

information on determining 1ithology from geophysica] Togs.



DEPOSITIONAL HISTORY OF HYDROGEOLOGICAL UNITS IN STUDY AREA

The oldest carbonate units of hydrogeologic importance within the
study area were deposited on the Florida Platform (Figure 3) during
paleocene time. This platform, which is approximate1y twice the width
of the current peninsula of Florida, was separated from the mainland by
the Suwannee straits at least tnrough 0ligocene time. Carbonates
deposited on the platform are similar to the carbonates forming today on
other quite warm water restricted platforms such as the Florida Bahamas .
Seawater, saturated with respect to calcium carbonate was uplifted onto
the platform where gentie heating of the waters drove off carbon dioxide
and caused the precipitation of relatively pure calcium-carbonate units.
This environment favored the existence of numerous types of marine_fauna
which influenced the texture of the carbonates ultimately deposited on
the platform. In some of the shallower areas of the platform, where
circulation was restricted and evaporation exceptionally high, the
waters became supersaturated causing many evaporates and sulfates to be
deposited. In these restricted basins very few fauna could tolerate the
high galinities which may account for the scarcity of fossils in these
sones (Sweeney and Windham, 1979).

On the west and northwestern margin of the Suywannee Straits
calcareous units were also being deposited during Paleocene and Eocene
time. These formations were dominated by a greater clastic fraction and
characteristica11y contain more argillaceous and silty material than

their southern counterparts.

12
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Figure 3,--Major structural features affecting the regional hydro-
geology of the Southeastern Coastal Plain.
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puring the closing of the Suwannee Straits, longshore currents
transported f1ne quartz sand southward along the Gulf coast which
interfingered and mixed with the deposition of the carbonate units.
Closing of the Straits enabled a much more diverse assemblage of material
to be transported on to the relatively “pure' carbonate ptatform. In
addition to the new SOurce areas constant sead level fluctuations created
compiex 1ithologic interfingering and facies changes jnvolving numerous
mineral types. Dominant 1ithologies deposited adjacent to the platform
include quartz sands, silts, marls, clays (montmor11ionite, palygorskite
and kaolinite), phosphates, 1imestones, and dolomites. Many of the later
formations are believed to have been reworked and redeposited during
Upper Miocene time. The Hawthorn Formation exemplifies this assemblage
and has often been referred to as a dumping ground for alluvial terres-
trial, marine, deltaic and prodelttaic beds of diverse 1ithology (Scott

and MacGill, 1981},

Major Aquifers In The Study Area

Florida is highly dependent upon ground water as a source for
potable drinking supplies. currently, over 95 percent of Florida's
population derives their drinking water from four major aquifer systems.
These four aquifer systems are composed primarily of carbonétes and
quartz sands ranging in age from Upper Paleocene to Pleistocene (Figure 4).
0f the four major aquifers, the Floridan aquifer is by far the most
extensive and underiies most of the southeastern coastal plain of the
United States. The Fioridan aquifer includes carbonates ranging in age
from Paleocene to approximately Middle Miocene. The other three

jmportant aguifer systems (sand-and-gravel, Biscayne and surficial
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Figure 4,--lLocation of the four main hydrologic units containing
potable water in the study area.



FLORIDAN AQUIFER
(LIMESTONE)

SAND AND GRAVEL AQUIFER
(QUARTZ SANDS AND GRAVELS)

BISCAYNE AQUIFER
(LIMESTONE,SAND)

SURFICIAL AND INTERMEDIATE
AQUIFERS
(SAND.SHELL,L!MESTONE)
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Aquifers) are comprised of deposits of quartz sands and discontinuous
carbonate units_ranging in age from Lower Miocene to Recent, often

overlying but not hydrologically connected to the Fioridan aquifer.

Floridan Agquifer

The Floridan aquifer is comprised of a thick carbonate sequence
ranging in age from Upper Paleocene to Upper Miocene (Figures 4 and 5).
The thickness of the Floridan aguifer ranges from less than 100 feet in
the panhandie to more than 3,500 feet in southwest Florida. The
elevation of the top of the aquifer ranges from 150 feet above mean sed
level (in Jackson County) to mere than 1,500 feet below mean sea level
in the extreme western portion of the panhandle {Kwader and Schmidt,
1978).

carbonate formations comprising important water-bearing units
within the Floridan aquifer inciude, in ascending order, the Cedar Key,
Oldsmar, Lake City, Avon Park, Ocala, Suwannee and Tampa formations.
More often than not, these carbonate units are overlain by Miocene clays
which inhibit direct recharge to the Floridan aquifer. In areas
where these clays are absent, recharge takes place through surficial
permeable sands in direct hydraulic contact with the underlying
carhonate sequence. permeability within the Floridan, both horizontal
and vertical, often varies several orders of magnitude over very short
distances.

Although the Floridan is the primary source of potable ground
water within the State of Florida, in the extreme western panhandle and
in the general area southeast of Lake Okeechobee, the dissolved mineral
content of water within the Floridan exceeds the recommended safe drinking

water limits and is not utilized as a potable supply {Figure 6). MWater
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Figure 5,--Generalized stratigraphic column and corresponding
principal aquifer units in the study area. - (Modified from
Franks, 1982).
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Figure 6.--Thickness of fresh water in the Floridan aquifer
through various cross sections of Florida. (Modified
from Franks, 1982).
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quality within the Floridan is éenera11y of a calcium-magnesium
bicarbonate type, but occasionally in the coastal areas, the ground
water contains a considerable amount of sodium chloride from connate or
modern day sea-water intrusion. Calcium sulfate type waters are
encountered in deep wells penetrating formations containing anhydrite or

gypsum.

Sand-and-Gravetl Aquifer

In the extreme western portion of the Florida panhandle the
strata dip gently toward the southwest and ground water within the
Floridan aquifer becomes more mineralized with depth (Figure 6) .
Qverlying the Floridan, in this area, is a thick wedge shaped deposit of
coarse sands and gravels (Upper Miocene to Holocene) comprising the
sand-and-gravel aquifer which provide the primary source of ground water
(Figures 4 and 5). Extensive interbedding and interfingering of kaolin
and illite clays render it difficult to correlate permeabie units even
over short distances. Stratigraphic correlation is also severely
hindered by the scarcity of fossils in both the clays and coarse
clastics. Thwckness of the sand-and- gravel aguifer ranges from a
feather edge in central Waiton County to more than 800 feet in northern
Fscambia County. Clay content generally increases toward the southwest
where clay becomes the dominant lithology with fewer and thinner
interbedded sand lenses.

Water quality within the sand- and»gravel aquifer is generally
excellent due to the relative insolubility of the quartz sands. In this
area iron (Fe*z,Fe+3), more often than ch]oriae, renders the water unfit

for human consumption.
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Biscayne Aquifer

In the highly populated area of southeast Florida, the sole
source of potable ground water js from the shallow Biscayne aquifer
(Figures 4 and 5). The Biscayne aquifer ranges in thickness from land
surface to 240 feet in the coastal area and thins to a feather edge
toward the western interior of the peninsula. Lithologically, the
Biscayne 1is comprised of limestone {and oolite) in the south and grades
to a sandstone and unconsolidated sand, north and eastward. Recharge is
directly from local rainfall which dissolves the upper portion of the
aquifer and greatly enhances the permeability. Some wells are reported
fo yield 7,000 gallons per minute with very 1ittle drawdown.

Water quality 1is generally very good, but deteriorates with depth
and toward the coastal area since the aquifer is under water table
conditions and occasionally intruded by saltwater.

surficial and Intermediate Aquifers

ATl of the unconsolidated water-bearing units at land surface not
included in the Floridan, sand-and-gravel, or Biscayne aquifers, have
been categorized together and jointly named the surficial and
Intermediate aquifers (Figures 4 and 5). These aquifers are generally
composed'of sands, shells, limestones and dolomites not hydro]ogica]ly
connected to the underlying Floridan aquifer.

The Surficial aquifers are generally comprised of sands, oolites
and poorly consolidated 1imestones under water-table conditions. Under-
1ying the surficial aquifers in many areas is another water-bearing
unit, the "Intermediate aquifer", which is not in hydrologic
connection with the overlying Surficial aquifer or undertying Floridan

aquifer. Occasionally, this unit is referred to as the “secondary
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‘artesian® or "semi-artesian unit". These two aquifers, the Surficial
and Intermediate aquifers, are important producing aquifers along the
east coast and south Florida. Thickneés is generally greatest in the
coast area (up to 400 feet in east-central Florida) and pinches out
against the central peninsula highlands.,

Since these aquifers are usually under water-table conditions,
water quality generally deteriorates along the coastal areas and with
increasing depth. Hardness {due to calcium and magnesium) increases in
portions of the aquifer where limestones, oolites and dolomites are

dissolved by the percolating waters,
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RELATIONSHIP OF GEOLOGIC FORMATIONS TO HYDROGEOLOGIC UNITS

Geologically, formations are generally classified as one of two
types; 1) lithostratigraphic units - which exhibit a similar 1ithology and
texture over a large geographic area; or 2} piostratigraphic (time-
stratigraphic) units - which are based upon a particular type index fossil
or fossil assemblage contained in the rock unit. Since these fauna may
have a wide areal distribution these fossils are frequently found in many
types of environments (especia11y planktonic type foraminifera) and are
relatively independent of the 1lithology. Most‘of the formation names in
Florida are based upon biostratigraphic zonations. Although this scheme
has as aided statigraphers to correlate units throughout the state, the
hydrogeologic (equivalent to hydrostratigréphic) units more closely
parallel lithostratigraphic units and thus are often independent of
formational identity.

A hydrogeologist sub-divides a geologic column based upon the water
transmitting characteristics of a particular unit (aquifers, aquicludes
and confining beds). Thickness of the hydrogeoiogic unit is determined by
the degree of hydrologic connection and varia£1on between the units. A
carbonate may act hydrologica11y, as an aquifer, aquiclude or confining
bed depending upon the texture of the original matrix and degree of
secondary porosity development. A tight crystailine dolomite may act as a
confﬁning hed or as & highly productive aquifer depending upon the
presence of fracture porosity. “pyre” calcium-carbonate 1imestones may be

excellent aquifers (as in vuggy and cavernous material) or transmit water
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very slowly (chalky 1imestones ) depending upon the degree of secondary
porosity. Figure 7 1s an i1lustration showing the relationship between
hydrogeo]ogic units and various 1ithologic materials.

The origin of dolomite, as to whether or not most dotomite is
primary or a secondary alteration product of original Jimestone units,
is still a subject of great debate. Recent studies conducted on
dolomites in Florida seem 1O strongly suggest that most dolomite results
from the alteratton of original 1imestone units. Limestones may be
altered at a freshwater-saltwater interface migrating in accordance with
sea level fluctuations and freshwater head changes in the aquifer

(Fanning et. al 1981, Hanshaw, et. al, 1971, Bloom, 1982).
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Figure 7.--Permeability vs. porosity for different types of
hydrogeologic units and Tithologies,
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CARBONATE POROSITY AND PERMEABILITY RELATIONSHIPS AND
THEIR EFFECT ON GEOPHYSICAL LOG RESPONSES

Carbonate Porosity and Permeability

In clastic depositional environments primary porosity is directly
related to the texture and fabric which in turn influenced by the size,
sorting and shape of the grains at the time of deposition. Each
depositional environment is characterized by a distinct suite of
processes active at the sediment-water interface unique to that
particular environment, Each sedimentary environment can then be
characterized by a unique vertical sequence of sedimentary structures,
fabrics and textures. This suite of characteristics can be used to
predict the location and distribution of the most porous {well sorted,
coarse grained, etc.) and permeable zones,

Some carbonate sediments behave and have similar depositional
histories, textures, etc. as their clastic quartzose counterparts.
Carbonate particles having rounded shapes include foraminifera, pellets,
pelloids and oolites. These particles often form areally extensive,
marine sand belts, tidal bar belts, spillover lobes and other clastic-
carbonate deposits.

For the most part, porosity and permeability prediction in
carbonate rocks, especially those deposited in shai]éw waters, is very
complex. Primary depositional patterns, fossil types, water chemistry,
volumes of migrating pore fluids, regional deformational events,
eustatic fluctuations in sea level, burial rates and depths all have
important effects on the development of carbonate porosity and

30
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permeability.
porosity may be divided into two types, primary and secondary.
Unconsolidated sediments such as quartz, silts, sands, gravels, etc.,

predomﬁnant1y exphibit primary {or intergranular) poroeity. Primary

poros ity may be modified or decreased by compaction and/or cementation.

Secondary poros1ty is formed after depos1t10n and is often less
AR

homogeneous]y d1str1buted than pr1mary poros1ty. Secondary por031ty may

- et oo eiemrag e T T T [N L

further be divided into: 1} solutwon poros1ty - en1argement of open1ngs

T T AR RSttt

 due to d1ssolut10n of matrix by percolat1ng ground waters, or 2)

—

fracture poros1ty - wh1ch often occ urs in dotom1tes and 5111ceous

e AT
S— e e AT T e

11mestones.

e

Carbonate pr1mary por051ty 15 rarely preserved after bur1a1 and
o

js usually h1gh1y altered by chem1ca1 diagenetic processes. The
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relative solubitity of or1glna1 carbonate minerals (mainly aragonite and
high magnesium calcite) render carbonate rock sequences part1cu1ar1y
susceptible to alteration. In many instances, early diagenesis causes
complete cementation of the primary pore space. Secondary porosity, as
a result, often is forced to develop along the least porous sections of
the original matrix by the 1eaching of less soluable material. This
process often produces effective jntercrystalline porosity in
]imestones.

Porosity in quartzose-clastic materials is primarily of the
interparticle type and fluid flow is around the grains rather than
through pore spaces as a result of dissolving less soluble matrix

material. These unconso11dated mater1als norma]ly do not develop as

h1gh a degree of secondary porosxty as carbonate rock sequences

(Tatﬂe 1.
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Table 1. Comparison of Porosity in Sandstone and
Carbonate Rocks {Choquette and Pray, 1970).
Aspect Sandstone Carbonate

Fmount of primary
porosity in sedi-
ments

amount of ultimate
porosity in rocks

Type(s) of primary
porosity

Type(s) of uitimate

porosity

Sizes of pores

Shape of pores

Uniformity of size,

shape, and
distribution

Influence of
diagenesis

Commonly 25-40%

Commonty half or
more of initial
porosity; 15-30%
common

Almost exclu-
sively inter-
particle

Almost exclu-
sively primary
interparticle

Diameter and
throat sizes
closely related
to sedimentary
particle size and
sorting

Strong dependence
on particle shape-
a "negative" of
particles

Commonly fairly
uniform within
homogeneous body

Minor; usually
minor reduction
of primary
porosity by com-
paction and
cementation

Commoniy 40-70%

Commonly none oOr only small
fraction of initial porosity;
5-15% common in reservoir facies

Interparticle commonly pre-=
dominates, but intraparticle
and other types are important

Widely varied because of post-
depositional modifications

Diameter and throat sizes com-
monly show little retation to
sedimentary particle size or
sorting

Greatly varied, ranges from
strongly dependent "nositive"
or "negative" of particles to
form completely independent of
shapes of depositional or
diagenetic components

variable, ranging from fairly
uniform to extremely
heterogeneous, even within body
made up of single rock type

Major; can create, obliterate,
or completely modify porosity;
cementation and solution im-
portant
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Comparison of Porosity in Sandstone and Carbonate

Rocks (Choquette and Pray, 1970). - {continued)

Aspect

Sandstone

Carbonate

Influence of
fracturing

Visual evaluation
of porosity and
permeability

Adequacy of core
analysis for
reservoir
evaluation

Permeability-
porosity inter-
relations

Generally not of
major importance
in reservotir
properties

Semiquantitative
yisual estimates
commonly rela-
tively easy

Core plugs of
1-in. diameter
commonly ade-
quate for
"matrix" porosity

Relatively con-
sistent; commonly
dependent on
particle size

and sorting

Of major importance in reser-
voir properties if present

Variable; semiquantitative
visual estimates range from easy
to virtually impossible;
instrument measurements of
porosity, permeability and
capiltary pressure commonly
needed

Core plugs commonly inadequate;
even whole cores (3-in. diameter)
may be inadequate for large pores

Greatiy varied; commonly in-
dependent of particle'size and
sorting



34
Carbonate porosity manifests itself in many forms, such as
moldic, fracture, OF interparticie as discussed by Chogquette and Pray

(1970). Doiom1t1zat10n can greatly alter primary pobosipyﬁaggégggagggm

permeab111ty of carbonate rocks oraglnally depos1ted as 11mestones.

P

After a 11mestone has been doiomltlzed the matrlx mater1a1 becomes more

e e e

dense and poros1ty is 1ncreased by a correspond1ng amount (approx1mate1y

e T T e T T R

12% provided compaction does not take place) The format1on of sucrosic

dotomitic rhombs also increases permeability since the newly formed

dolomlte w111 act for hydrolog1c purposes, as 3 granu1ar material

having 1nterpart1c1e type of poroswty.w‘ﬂggg_lgggggantly d010m1t1zat1on

R

greatly reduces the duct111ty of the rocks causing thSTJFBWPEMhlEEEX,

USRS

suscept1b1e to fractur1ng even 1n tectonlcai1y qu1et“ areas. Fracture

L

porosity is by far the most effect1ve type of poros1ty for 1ncreas1ng a

PRttt

formations' permeab111ty. Although fracture porosity, by volume is

e

relatively low, the interconnectedness of the pore space is much greater

per unit yolume than any other type of porosity.

carbonate Porosity and Permeability Effects
on Geophysical Logs

Four typés of geophys1ca1 logs are directly 1nf1uenced by the
type and volume of porosity present in carbonate formations (a more
detailed explanation to 1og response in various types of 1ithologies
is discussed later in the text).

Log - Porosity Related Response

Neutron - measures water saturation contained in the pore spaces ;

Density - measures the saturated bulk density (fluid and matrix) of
the formation;
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Acoustic Velocity - measures the interval transit time through the
formation which 1is directly related by the degree of porosity;

Electric Logs - influenced, in part, by-the void volume ratio to grain
contact area;

Lithologic types and textures often have a pronounced affect on
various types of geophysica] 16gs.

Type Lithology (Re]ative-Porosity, permeability) - Log Response

sucrosic Dolomites - {moderate porosity, moderate permeability) act like
well cemented sandstones and may be treated as granular material on
all logs, if the zone measured is not highly fractured;

Fractured Crystalline Dolomites - {very low porosity, high permeabi11ty)

are often very productive zones, but are the most difficult to

detect on all four types of logs. The electric log may measure
resistivity through the matrix (very high resistivity) or along
fractures parallel to the borehole {(low resistivity):

Dolomites of Moldic Porosity -= (high porosity - moderate to high

permeabi1ity) since these units have very high porosities {up to

$5% including vug and intercrystalline porosity), they are easily
detected on all four 10gs.

Yuggy to Cavernous Limestones - (moderate porosity - high permeability)

often responds gimilar to clays {porous, tow resistivity) on

all four logs depending upon the size,vo]ume,and distribution of
the vugs;

Argillaceous Limestones - {(moderate porosity - 1ow to moderate

permeabi1ity) are easy to detect on most log suites, especially

electric logs which are often recorded as having a higher resistivity
than clay; and

thalk and Very Fine Grained Limestones - (high porosity - 1ow

permeabi]ity) since chalk 1s comprised of clay size particies, all

of the logs will respond similarly to clay. For hydrologic
purposes, clays and chalks pehave similariy, and it is not
important to distinguish between these two 1ithologies.

In many cases the porosity of a given formation wmay have a greater
influence 0N a particular 109 than the lithology. Also, the porosity of
R

a formation is commonly inversely related to permeability.

e T i



GEOPHYSICAL LOGS APPLICABLE TO WATER RESOURCES INVESTIGATIONS

Types of Information Available from Various Log Suites

Currently, more than one hundred loggihg units are being ytilized
for the purpose of obtaining information pertaining to water resources
investigations in the United States. These units range in size from
small portable hand operated units to multi-axle trucks with capabilities
approaching the state-of -the-art in petroleum geophysical logging. The
type of probes selected for hydrogeologic research in this study was
based upon their: 1) application to hydrogeology; 2) current
availability; and 3) initial énd maintenance cost. Summarized in Table 2
are the most common types of ﬁrobes currently in use for hydrogeologic
investigations by various governmental and private corporations. The
types of probes 1listed in the Table have been divided into three
categories based upon the level of information obtained: 1) basic
- equipment easy to operate (single conductor cable) and relatively low

initial investment; 2) intermediate - requiring a multi-conductor cable

for deep penetrating electric and radiocactive probes; and 3} advanced
- includes all of the above, probes generally not available to the water
well industry {still in the experimental stage), and probes having a
limited application to water resources investigations. Also, there are
many probes having an application to hydrogeology, but are generally cost
prohibitive to users outside of the petroleum industry. |
This research is based upon probes in the intermediate category
which provide a considerable amount of information to the hydrogeciogist,

at least in a semi-quantitative manner, and are of a reasonable cost.

36
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Probes having a potential use to hydrogeologic jnvestigations, which are

in limited use at this time, are briefly summarized at the end of this

section.

Although most geophys1ca1 1ogg1ng programs operate at the bas1c

1eve1 the type and amount of 1nformat1on available from these 1ogs are

11m1ted to stratlgraph1c corre1at1on, water-leve1 measurements,

est1mates of water qua]1ty and 11tho1og1c determ1nat1ons, and some types

e T P . S

of we11 1nspect1on.

Intermed1ate 1evel logging su1tes greatly enhance the qualxty and

e i AR T T T T T e T

R

type of 1nformat1on obta1ned for parameters of hydrogeoiog1c 1nterest

T

such as 11tho1ogy, hydrostrat1graph1c corre1at1on, format1on poros1ty,

i

permeab111ty (1nd1rect) matrlx denSTty format1on res1st1v1ty, c1ay

content (%), water saturat1on, secondary porosity., grain cementat1on and

e e T

e e

I

o —
pore water qua11ty (Table 3)

The foliowing section provides a brief overview of the geophysical
logging equipment and the probes used in this study. A more detailed
description 1is included in Appendix H. The reader ig referred to the
following references for a more detailed discussion on geophysica1
1oggino theory, principles, and instrumentation - patten and Bennetl,

1966 International Atomic Energy Agency, 1971; Keys and MacCary, 1971;
Schiumberger, 1972; Lehr and Campbell, 1973; Dresser Atlas, 1975; Gearhart-
Owens , 19753 and Hilchie, 198Z.

Overview of Geophysical Equipment

Most logging units are powered by a 110-volt, gasoline driven A/C
generator. The A/C current is transformed into p/C current (usually 12 to

24 yolts) and transmitted down the logging cable to the probe (Figure 8).
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plication and Probe Cross Reference.

Table 3.--Hydrogeologic Ap

HYDROGEOLOGIC APPLICATION

Lithology

Formation Porosity (¢)

permeability (k) (Indirect)

Matrix Density {(Ppa)
Formation -Resistivity Ry
Clay Content (%)

Water Saturation (S,%)

Secondary Porosity

Cementation Factor (m)
Water Movement

Water Quality (R,)
Fracture Identification

Hydrostratigraphic
Correlation

Specific Yield
Grain Size (Indirect)

Water Level and Saturated
Zones

Well Inspection

Cement Location o

*Electric may include any or

PROBES

Natural Gamma, Neutron, Density, Acoustic
Velocity, Electric¥, Temperature

Neutron, Density, Acoustic Velocity

Natural Gamma, Neutron, Eiectric, Flow
Meter

Density, Acoustic Velocity
Electric
Natural Gamma, Neutron, Density, Electric

Flectric, Neutron

Acoustic Velocity, Neutron, Caliper, Tele-

viewer
Neutron, Density, Electric
Tracer Injection, Temperature
Electric, Fluid Resistivity
Borehole Televiewer, Acoustic Velocity

Natural Gamma, Neutron, Density, Electric

Calibrated Neutron Logs
Electric Logs, Neutron

Temperature, Neutron, Density, Electric

Caliper, Density, Borehole Television, SP

Temperature, Density, Acoustic Velocity

all of the following: .long and short

normal, lateral, spontaneous potential, point resistance, induction

guard and focused (micro or

deep).
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Figure 8.--Portabie logging system block diagram. (Modified
from Keys and MacCary, 1971).
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{ The "signal” relayed back to the surface electronics is either a pulse

type (most common type of signal - converted at a ratemeter) or a direct
current., These puises, or current readings, are calibrated and recorded
in analog form on strip chart paper. In some of the more sophisticated
units, the data are also stored in digital form on magnetic tape for
processing at a later time. Asquith, 1978, provides an excellent
discussion on using computer programs for interpreting geophysical fogs.

Calibrating Logging Equipment

Every geophys1ca1 probe 1s 1nf1uenced to var1ous degrees by

i

extraneous boreho1e geometr1c factors wh1ch contr1bute to the 1og

recorded. Many of the adverse factors can be accounted for and corrected

JENDNSE

by using other ]ogs, such s temperature logs to correct res1st1v1ty

i A S

measurements, ca11per 10gs to correct var1at1ons in borehole d1ameter,

S et e T TS

e T T kT ety iR AT

etc., At this time only two logs, the natural gamma and neutron, have
calibrated test holes available to operators of geophysical equipment.
These test holes, located in Houston, Texas; are used for calibrating
Togs to accepted industry standards (American petroleum Institute,
A.P.1., 1974}, Essentially, every borehole js unique and has 2 wide
range of physical properties affecting each log run. Logs run in shallow
boreholes are mainly ysed in a semi-quantitative manner and the values
derived for a particular zone are normally used only as a relative
comparison between zones within the same well, Many of the more advanced
petroleum industry probes have internal circuitry which automatically
compensate for extraneous factors before actually printing the log in

analog form, Although the probes and surface e]ectron1cs are genera11y

- not as soph1st1cated 1n water we1] logg1ng programs, good resu]ts can be

IR
obtained for poros1ty, bulk den51ty, formatlon re51st1v1ty, natura1

Cr——



43

gamma activity, etc., 1if the 1nterpreter is aware of the factors

affect1ng each Tog response. Table 4 summarTZes some of the factors

affect1ng geophysical logs.

Table 4.--Factors Affecting Quantitative Interpretation of
Geophysical 109s.

Natural Gamma, Density, Neutron and Acoustic Velocity Logs

1. Density of the porehole fluid;

2, Borehole diameter;

3. Thickness of the casing and cement;

4, Position of the detector in the boreho1e,

5, Spectrum and sensitivity of the detector;

§. Density of the formation;

7. Logging speed, time constant, sampiing length; and
8. Bed thickness.

Factors Affecting Radius of Investigation

Used in  Typical Depth Response Decreased
Log Casing of Investigation By
Gamma Yes 12" - 18" Cement,'casing,
. dense fm.
Neutron Limited 6" - 12" Cement, casing,
porous mat.
Density Limited gn - 12" Cement, casing,
dense fm.
Acoustic Velocity No 12% - 36" Less consolidated
material
Short Normal (16") No g" - 20" Low resistivity fms.
Long Normal (64") No 3" - 120" Low resistivity fms.
Point Resistance No 2" - 6" Water quality, clays
Spontaneous Potential Ng == Low mud-formation

water contrast

Many operétors of geophys1ca1 1ogging equ1pment are unab}e

o s A AT i T ekt

routinely ca11brate the1r probes in the A P I. test pttejwwﬁelannw

a]ternat1ve many operators run a complete su1te of 1ogs tn a smal]

d1ameter observation well and compare log responses from t1me to t1me



a4

in order to check for re1at1ve 109 conswstency. Dev1at1on5 from ear11er

e —

runs alert the operator of a poss1b1e malfunction or change 1n

e1ectr1ca1 res1stance in the 1ogg1ng 11nes.

probes Utilized for Hydrogeologic Data Collection

Natural Gamma

The natural gamma log was first introduced to the logging industry
in 1939 and has since become the most widely used 10 in the water well
industry. Although any. attempt to quantify measurements from this log
would be nighly subjective, the gamma is an important probe for use in
hydrostratigraphic correlations. The gamma 109 is often used to infer

1ithology, if the local geclogy is known.

The gamma 109 records natural gamma rad1at10n em1tted from

s T e oesmir AT ST gt AR T T i e i T
— s

format10ns adgacent to the boreho1e (FTgure 9) The gamma rad1at10n

detected is pr1mar11y from the decay of three naturally occurr1ng

elements, potass1um -40 (K40) and from daughter 1sotopes in the uranxum

S St e g AT T e A T T

(U) and thor1um (Th) decay series. Gamma rays received at the probe ]

e e R T e

detector range in energy from approx1mately 0.5 MeV to 3.0 Me¥, Most of
the gamma energy received at the detector is less than 1.0 MeV. Gamma

rays are extremely penetratang and are effect1ve1y used in cased and

cemented wel]s, although a small correct1on factor may be necessary

I

{ Appendix 0). Approx1mate1y 90% of the gamma rays recorded originate

J— P —— e T s _M»-"-«-.“m__.m_r.ﬂ.a—mvv—w-w.mm..m.._.v«—r—

from within 18 1nches of the boreho1e. The most common type of detector
e
ysed in natural gamma probes is the scintillation type utilizing a

thallium activated, sodium jodide crystal. Gamma rays are not

[

d1fferent1ated 1nto discrete energy ranges therefore, isotopes emxtt1ng

the gamma rays (K, U, or Th) cannot be quant1f1ed or proportloned

e
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Figure 9.--Natural gamma logging principles and typical log
response.
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NATURAL GAMMA LOGGING PRINCIPLES

LITHOLOGY TYPICAL LOG RESPONSE
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Another gamma sens1t1ve tool, the gamma-spectrometer, is able to to

T T e — SR

d1fferent1ate 1sotopes by record1ng d1screte energy ranges and w1]1 be

dtscussed Iater 1n th1s sect1on.

Formations of high gamma activity include minerals incorporating
high percentages of potassium, uranium and/or thorium in their lattice
structure. Some of the more common potassium rich gamma active
formations include potassium feldspars, micas, volcanic ashes and iltitic
clays. Uranium and thorium tend to concentrate in phosphorites,
apatites, organic materials, uraniferous sands, and dolomites. Although
gamma 1ogs can be correlated in many instances over tens of miles, the
probe is actually recording radioactive material in concentrations

significantly less than one oercent of the rock matrix volume. S}1ght

changes in depos1t?ona1 env1ronments or sedxment source areas can great]y

1nf1uence the act1v1ty recorded on gamma 1ogs.

Accordlng to the petro]eum 11terature, the ~gamma_ 1og has proven to

be an effect1ve "sha1e 1nd1cator, but in near surface env1ronments the

gamma 1og has not proven to be an effect1ve means for determ1n1ng c]ay

"shale") content. Gamma 10gs are commonly used in a non«quant1tat1ve

T TSt A A A

manner for mapping hydrostrattgraph1c units.

Neutron (Poros1t_l

The neutron probe directly measures hydrogen saturation w1th1n the
The neutron R e e

formatton pore spaces (F1gure 10) S1nce this research is concerned in

near-surface freshwater saturated format1ons, it is assumed that a]l of

the hydrogen saturat1on 15 due to water rather than the presence of

hydrocarbons.

The neutron probe is equ1pped w1th a rad1oact1ve source (usua11y

Am241. Be) whtch constant\y bombards the adJacent format1on w1th high
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Figure 10,--Neutron logging principles and typical log
response.
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energy neutrons. These neutrons are constantly undergoing a de-energizing
R

process as they collide with atoms comprising the formation and

saturating fluids. The amount of energy lost durlng each co1i1510n is a

it s —

funct1on of the co]]1s1on ang1e w1th the other atoms and the re]at1ve _

d1fference in mass. Since hydrogen atoms are re]at1ve1y abundant and

T

51m11ar in mass to the neutron, the hydrogen 1ons are prlmar11y

respons1b]e for the energy reduct1on, or decrease 1n the number of

neutrons counted at the detector.

Since many phenomena take place during the collision of a neutron
with a hydrogen ion, such as lowering of thermal energy levels, emission

of gamma rays from hydrogen atoms, etc., there are many types of neutron

probes 1n use. The type of neutron probe most applicable to water

resources 1nvest1gat1ons, and the type used in this study, is the neutron-

p:thermal neutron (N E N) Th1s type of'nrobe records the neutrons

arr1v1ng at the detector (13" rom the source) wh1ch have been thermallzed

to a 1ower energy state (O 1 to 100 eV) as a resu]t of co1lts1ons w1th

hydrogen atoms {Brown and Anderson, 1979). The number of neutrons detected

are exponent1a11y re]ated to the format1ons poros1ty and are sca1ed

[RR—

accord1ng]y on Iog paper. Neutron probes have a re]at1ve]y sha]low rad11

of 1nvest1gat1on (6”-12“ decreas1ng w1th 1ncreased hydrogen content) and

are great]y affected by the rugos1ty of the boreho1e. A ca]1per log 1s

necessary to correct for borehoie dtameter changes and to e11m1nate zones

w1th excess1ve1y !arge cav1t1es.‘ Well c351ng and cement affect the

neutron 1og, but 1nterpretat10ns can be made in some sma]] dtameter weHTS

dr111ed by the cable tool method.

[



Poros1ty, or format1on bu]k dens1ty (pb), can be der1ved from the dens1ty

51

Density (gamma-gamma)

Density logging also employs an artifical radioactive source

attached to the logging probe (Figure 11). The source is commonly a

medium energy gamma emitter (normal]y Cs 137 or C060) capab]e of

penetratlng 6 to 12 1nches 1nto the formatwoq.v Dens1ty 1095 are a]so a

e T T T T T

poros1ty type 1og measur1ng the electron densaty of the format1on. As

gamma rays co]11de with electrons, the frequency of Compton scattering
collisions is directly related to the number of electrons within the
formation and, in turn, is related to the bulk density (pp -expressed in

gm/cc). In order to ca1cu1ate porosity from a de“51t1”1993mﬁﬂiﬁﬂﬁﬁ?mm

f1u1d dens1ty (in fresh waterspf = 1 0) and matr1x dens1ty must be known.

g Oma - f (1)
ma = “f

iog using the fo]]ow1ng equat1on

or: fb o= ¢.P¢ + (1-9)P¢  (2)

where: ¢ = porosity in percent
Pna = bulk density of matrix
o = bulk density from log
ps = bulk density of pore fluid

For the purpose of this research, the following matrix densities

are used for analyzing the Tertiary sediments:

Lithology Density (g/cc)
Quartz Sand 2.65
Clay: kaolinite 2,60-2.63
montmorillonite 2.2-2.7
iflite 2.76-3.00
{imestone 2.71
Dotomite 2,85

Anhydrite 2.95
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Figure 11, --Density logging principles and typical 109
response.
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LITHOLOGY
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The type of density 1og most commoniy used in water resources
investigations is the decentralized probe with a side collimating
detector window in contact with the.bOEehole wall. Orienting the window
toward the formation aids in eliminating the effects of borehole
rugosity. Advanced types of density probes utilize two detectors, at
different spacings, in order to compensate for changes in borehole
diameter. These compensated probes are primarily limited to use in the
petroleum industry.

Density logs are greatly affected by multiple thicknesses of
casing and/or cement. Increasing the distance petween the source and
detector increases the depth of investigation, provided the strength of
the source is sufficient to penetrate this greater distance. Relative
density comparisons for various formations, can be made in émai1
diameter wells drilled by the cable tool method.

Acoustic Velocity (Somic)

The acoust1c ve1oc1ty probe measures the trave] t1me of an

art1f1c1a11y generated compress1ona1 wave transm1tted through 12 1nches of

format1on matr1x (F1gure 12) The trans1t t1me 15 1nf1uenced by the

i T S—

T1thology, dens1ty and poros1ty of the format1on. 1f the lithology is

I———

known, the poros1ty can be der1ved from the wy111e equatxon (por051ty 15

e

assumed to be homogeneous)

$= Atpy - At
Dtpa - Atf (3)
where: = porosity in percent from the acoustic velocity
log
Atgg = travel time of the rock matrix
At S travel time from the acoustic velocity 1og
Ate = travel time of the pore fluid (= 189 usec in

freshwater)
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Figure 12.--Acoustic velocity logging principles and typical 109
response.
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ACOUSTIC VELOCITY LOGGING PRINCIPLES
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Matrix travel times of Tertiary sediments, as used in this study,.

are assumed to have the following values:

Litholoay Travel Time (usec/ft)
Quartz Sand (unconsolidated) 59

Clays 70-167
Limestone 48

Dolomite 43

Anhydrite 50

Formations containing an appreciable clay content tend to have
acoustic velocities less than "clean™ matrix travel times {assuming
similar porosities). Yuggy carbonates, on the other hand, record
acoustic travel times greater than "true" {for a given porosity}. The
acoustic velocity log records only the fastest compressional waves and
may “bypass" vugs and cavities not homogeneous 1y distributed.

Acoustic veiocity 1095 may be used to eva]uate the volume of

secondary poros1ty 1n carbonate format1ons. The results may then be

i et T S

e e i e

compared to por051ty values der1ved from neutron or dens1ty 1ogs measur1ngﬂ

gross (bulk) poros1ty.”_The dxfference in poroszty is an approx1mat1on of

secondary or fracture poros1ty (Brown et a1 1981)

———

P01nt Resistance Electric Logs - (also known as res1stance or single
point logs)

One of the oldest and simplest of probes is the point resistance
probe (Figure 13). Resistance 10gs record point contact resistance (in

ohms } of the formation. The resistance measured is related by Ohms Law:

e ———

r=V (8
I
V = voits (kept constant by internal e1ectron1cs)
1 = current {in amperes)

resistance (measured in ohms }
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Figure 13,--Resistance and spontaneous potential 1ogging
principles and typical 1og response.



59
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Advantages of this 1og include its ability to be run on a single
conductor cable and its relatively shallow radius of investigation (which

enahles precise recording of formation contacts). The shallow radius of

investigatioh, considered to be about two to three times the electrode

R

diameter (about 3" to 5", depénding upon the formation resistance), also
has numerous disadvantages. Even the smallest cavities (or washouts ),
where contact with the formation is temporarily broken during logging,

greatly affect the log response. Caliper logs are necessary, for proper

log interpre

o A 8 i

diameter.

e

Spontaneous Potential Logs

tation, in order to elimina

te zones of extraordinary

Spontaneous potential: (SP) Togs essentially use the same circuitry
as the point resistance logs except slight changes in the natural
electrochemical potential between the borehole fluid and pore fiuid is

recorded {in millivoits, mv). SP logs are commonly used in the petroleum

industry to calculate pore water resistivity (Rw) as reia@ggwpywppgww

following equation:

SP = -K 1og Ryf (5)
W

where: SP = the log deflection in millivolts
K = a constant, approximately equal to
60 + 0.133T (T is temperature in °F)
Raf = the resistivity of the mud filtrate

(rarely measured in water well construction
practices)
Ry = the resistivity of the formation pore water
The above equation indicates that a considerable contrast must
exist between the resistivities of the borehole fluid and the formation
pore water to obtain a measurable SP deflection. Many water wells are

drilled with fresh water drilling muds or in many cases with no mud at
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al1l, therefore, water resistivity measurements obtained using SP 1ogs
are very subjective from formations saturated with freshwater. Fresh
water (and freshwater muds ) are unable to create a sufficient contrast
in resistivity to produce a measurable SP deflection. If an SP log is
obtained in freshwater zones, the response will probably be opposite of
logs run in saline formations. In freshwater zones, the borehole fluid
resistivity is usually less than the formation fluid (Ry < Rw).

Mormal Electric Logs

Normal electric logs (Figure 14) have essentially been replaced
by induction logs (discussed later) in the petroleum industry during the

last two decades. Proper 1nterpretation of norma1 electric logs depends

e i

h1gh1y upon the accurate determ1nat10n of poros1ty. Since neutron,

den51ty and acoust1c veloc1ty ]ogs have been 1ntroduced porosity values

are more easily obtained, and normal electric logs have once again
become an important probe for use in water resopurces investigations.
Short (16") and long (64") electrode spacings measure electrical current

potential changes through a given formation volume, as related by Ohm's

Law:
R= V.A (6)
I L
where: R = resistivity in ohm mz/m (ohm-meters)

v = potent1a] difference across the formation
in volts

I = electrical current in amperes

A = cross sectional area of formation in meters
squared (m¢)

L = length of formation in meters (m)

The saturated formation resistivity (RO) measured is directly
influenced by (Figure 15):

1) The formation 1ithology:
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Figure 14, --Normal electric logging principles and typical 109
response. :
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Figure 15.--Factors influencing the resistivity measured
by electric logs. The resistivity measured is greatly
affected by the type lithology, water quality contained
in the pore spaces of the formation and the geometry of
the packing of the grains.
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- 2) The ionic conductivity of the saturating formation water
(Ry); and

3) A surface conductance factor which is related to grain
size and pore geometry (ratio of porosity to grain
contact area).
Except to aid in confirming zones with an appreciable volume of

clay, electric logs are rarely used to determine 11thology. Clays

e —————— e e e T T T

have low matrix resistivity, due to the1r extremely f1ne grain size and
high cation exchange capacities . Other common types of sedimentary
minerals such as sand size quartz grains, Jimestones and dolomites have
infinitely high matrix resistivities. Since formation resistivity (RO)
is largely a function of pore water resistivity (R, } and surface
conductance it is almost 1mposs1b1e to distinguish sands from carbonates
based solely on electric l10gs.

Symbols are often used to denote resistivity of the various
borehole zones (Figure 16). These zones radiate outward from the mud
in the borehole (Ry ) through the mud flushed zones (Rxo) and finally out
into the true resistivity saturated with formation containing its native
water (Ry Or Rel.

Any type of electric log may be used to determine Ry (actually Ry
is used in the petroleum industry but Ry tends to Rg in freshwater

wells) according to the equation:

R. =R (7)
° (52

where: Sy is water saturation, in
percent

If the formation is 100 percent saturated with water, usually the

came water used to mix the drilling mud, then R, tends to equal Rge
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Figure 16,--Symbols used to denote fluid resistivities and
£lushed zones. (Modified from Schiumberger, 1972).
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One of the main differences between water well drilling and
petroleum exploratory drilling is control of the drilling mud, In
petroleum exploration, mud resistivity, viscosity and density are
carefully controlled since these factors have an important influence on
the quantitative analyses of electric logs. In water well drilling, the
mixing of the drilling mud is more of an art and rarely are these
factors controlled.

Electric logs are only run in the uncased portion of the well
where the formations are saturated, Log response in freshwater
environments is particularly sensitive to large borehole diameters and
formations saturated with highly resistive fluids. These factors
coupled together often force-most of the current to travel along the
borehole yielding apparently low fermation resistivity.

Lateral Electric Logs

This type probe is very similar to the normal electric except for
a change in electrode configuration (normally a 6' AD spacing in
water resources investigations). This rearrangement of electrodes

enables a deeper penetration into the format1on which yields a better

e
e

approx1mat1on of the trﬁe format1onmmhwmn i (Ro)- True Tateral logs

it B T e ————e

com@gﬂlg_ﬁgxe_gg_electrode spac1ng in excess of 18 feet anqkrequare

except1ona]1y thick un1f0rm formataons for proper 1nterpretat1on.

e e

Unfortunate¥y this deeper read1ng is at the expense of averag1ng the
P A S L ey 1 et —

reswst1v1ty of all the beds w1th1n the rad1us of 1nvestlgat10n. Ideally,

hydrogeo]og1c un1ts shou1d be re1at1ve1y un1form over a span of at Teast
A i

twice the radius of 1nvest1gat1on in order to m1n1m1ze adJacent bed

boundary effects.
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A summary of the Hydrogeologic Application of electric logs is
1isted in Table 5.

Ccaliper Logs

Caliper logs are primarily used to correct for changes 1in borehole
diameter directly affect the response of neutron, density, acoustic
velocity and short normal electric 1ogs. Caliper logs are also used to

approximate the induration of formations which is related to the type of

1ithology. The most common type of ca11per 1og used in water resources

1nvest1gat1ons 1s the se1f-center1ng three-arm mechan1ca1 type, capab]e

of record1ng d1ameters from 2 to 36 1nches.

Temperature (gradient and d1fferent1a1) Logs

Temperature 10gs can pbe used to; infer 1lithology over thick uniform
sections, inner borehole flow, static water jevels, and to correct
resistivity measurements to standard temperature (25°C, 77°F).

Temperature logs are also used to locate cement behind casings by
detecting increases in temperature due 10 the heat of hydration of fresh
cement.

Fluid Resistivity Logs

Fluid resistivity 1695 record the resistivity of the borehole fluid
directly as the borehole fluid is channeled between electrodes located
inside the probe. Formation pore water resistivity (Rw) is measured
directly, assuming no inner borehole flow.

Fluid Sampler

The fluid sampler is a simple probe capable of obtaining fluid
samples anywhere in the borehole by activating a motor controlled valve
inside the probe. These point sampies are often compared with the

fluid resistivity log for determining water quality.
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Flowmeter (fluid velocity)

This probe measures the relative rate of vertical flow within the
borehole, Assuming the borehole diaheter.is smooth, the siope of the line
recorded on the 10g is directly related to the quantity of water
contributed from each zone to the well bore. Although a simple probe,
when used in conjunction with the caliper and f]uid resistivity probe,
parameters such as zone permeability and corresponding water quality can

bé obtained.

specialized probes Used in Hydrogeologic Investigations

Laterolog (focused or quard 10gs)

Laterologs are primarily used in the petroleum industry to overcome
the high conductivity of saliﬁe drilling fluids. Electric current is
induced into the formation by arranging the electrodes in a configuration
in order to focus the current into the formation without appreciably
averaging formation resistivity over 1ong yertical spans. Guard logs
achieve the same results by means of physically extending the length of
the electrodes along the center of the probe. These two types of probes
have proven to be extremely vatuable for use in hydrogeologic
jnvestigations, especially in large diameter wells and in boreholes
containing highly resistive pore waters.

Microfocused Electric (microguard) Logs

Microfocused 10ds have the same electrode arrangement as
1aterolog§, but on a much smaller scale. This probe js primarily
designed to measure the resistivity of the mud {Ry) and has a very
shaliow depth of investigation. 1t is doubtful that these probes will

ever be widely utilized in water resources investigations since mud
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characteristics are rarely controlled.

Induction Logs

Induction logs hdve virtually replaced the standard normal
electric log in the petroleum industry. Fssentially, this probe
provides all of the information of which the normal probes are capable.
The only limitation, which renders this log unsuitable for water
resources investigations, is that the borehole fluid must nave a
resistivity at least 2.5 times the resistivity of the formation water.
These conditions are usually reversed in freshwater environments which
may severely limit the potential use of this probe in many hydrogeologic
jnvestigations,

Gamma Spectrometric Logs

These are very specialized logs capable of differentiating gamma
rays into discrete energy ranges. The three natural gamma emitting
isotopes (potassium, uranium and thorium} has a characteristic gamma
spectrum associated with its respective decay series, The gamma
spectrometric iog records these spectra, which can be analyzed for the
relative proportions of each isotope. In some instances, the gamma
spectrometric tool can be used to distinguish between gamma II-active"
potassium and uranium enriched dolomites or phosphorites, This probe is
currently used for evaluating uranium ore deposits and probably has
1ittle application to water resources investigations.

Tracer Injection Probe

This probe injects a highly saline or short-lived radicactive
fluid at a desired depth in the borehole. This fluid is then monitored
by detectors located above and below the point of injection. The

vertical movement is then observed, with respect to time, and recorded.



74
Other factors must be known, such as aquifer head differentials, in
order to calculate permeability of producing and receiving Zones.

Borehole Televiewer

The borehole televiewer transmits a sonic "signal® from a
rotating head located on the bbttom of the probe. As the sonic signal
is reflected back to the probe, a picture is produced representing the
negative features (depressions) of the borehole wall, These black and
white impressions are useful in observing secondary porosity features
such as vugs and fractures. Although the information recorded by this
Jog cannot be used in a quantitative manner, the shapes of the pores and
degree of fracture porosity are strong indicators of the water
transmitting characteristics-of the formation. These probes are still
in the experimental stage of development and are very costly.

Borehole Television

Within the last few years, microelectronics have made it feasible
to reduce the size of television cameras to less than two inches in
diameter. These continuous television surveys (also available in color)
can be used in a non-quantitative manner to observe fracture porosity
and solution cavities. At this time, television surveys are mainly used

in tool recovery operations and well inspections.



LITHOLOGIC DETERMINATIONS FROM GEOPHYSICAL LOGS
One of the most accurate methods of determining lithology is by
cross plotting information obtained from the porosity suite of logs
(neutron, density and aéoustic velocity). Lithologic type, essentially,

is determined by solving the formation matrix density by cancelling

porosity obtained by different types of porosity logs. At the present

time, lithologic determinations from geophysical logs are rarely

performed in hydrogeologic studies. Only a 1imited number of shallow

well logging units'have the capability of running the probes needed to
¢ross plot lithologic information.

The four main lithologies found in sedimentary environments
include quartz sands, limestones, dolomites and clays (Figure 17). Other
sedimentary minerals of minor significance 1nc1ude anhydrite and gypsum.
These later minéra]s are highly soluble (releasing dissolved calcium and
sulfate) and generale render grouﬁd water unpotable and will not be
discussed in this research.

Methods and geophysical logs used for determining lithology, as

discussed in this section include:

Method Log
Lithology-Porosity Neutron, Density and Acoustic
cross plot Velocity
M and N plot Neutron, Density and Acoustic
Velocity
Thermal Conductivity Gradient and Differential
Temperature
Induration Caliper
Natural Gamma and Gamma - Natural Gamma and Gamma
Spectrometry Spectrometric

75
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Figure 17.--Typical Jog responses 1O the dominant 1ithologies of

the Tertiary sediments of the Sgutheastern Coastal Plain.

The terms low, moderate (mod) and high refer to the relative
magnitude of pen defiection from the log base 1ine.
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LIMESTONE-CaCO,
NAT. GAMMA (Y) -LOW
NEUTRON () -LOW=-HIGH
DENSITY (9) -MOD-HIGH
ELECTRIC (R) ~HIGH

DOLOMITE-CaMa(COg),

NAT. GAMMA -MOD-HIGH
NEUTRON -LOW-HIGH
DENSITY ~MOD-HIGH
ELECTRIC -HIGH

ANDY CLAYS
CLAYS- SAND o(—: AY
KAOLINITE A1, 81,0, (OH), SAND-SIO,
. NAT.GAMMA ~LOW
. NEUTRON  ~MODERATE
MONTMORILLONITE A12SI4010(0H)8}(H20 DENSITY -MODERATE
_ ELECTRIG  -HIGH
ILLITE K, 5A14(Si A1)3020(0H)4
NAT.GAMMA —~LOW-HIGH
NEUTRON -HIGH
DENSITY -LOW

ELECTRIC . —LOW
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I I

Electric logs are rarely used for lithologic determ1nat10ns since

B

the res1st1v1ty of tbe three dom1nant produc1ng 11tholog1es (sqﬂgs,

11mestones and do1om1tes) are very s1m11ar. Water resistivity,

cementation and pore geometry also influence formation resistivity to a
greater degree than lithology. Electric logs can be used to confirm the
presence of clays and argillaceous materials when used in conjunction
with other 10gs. Clays and clay in matrices significantiy affect the
response of many geophysical 1ogs. The detection of clays also has
hydrogeo1ogica1 importance. The last portion 6f this section addresses

methods for determining clay content and clay type present.

thh010g1c -Porosity Cross Plots

Differentiating various 1ithologic types 1is commonly performed by
cross plotting geophysical 1ogs responding to matrix density and
porosity. Cross plotting, essentialiy, is & graphical method of solving
for two unknowns (porosity and the composition ratio between two
1ithologic end-members ), provided two of the parameters are directly
related to the unknowns heing solved, Since there are three unique
types of porosity 100s {neutron, density and acoustic velocity), three
different cross plot combinations are possibie (density-neutron, acoustic
velocity-neutron and density-acoustic velocity). These three types of
cross plots are termed 1ithologic-porosity Cross plots and provide a
considerable amount of information concerning lithology, porosity, clay
content and secondary porosity. The main drawback of 11tholog1c cross
plots is the assumptlon that on]y two 11th01091es are. present and the -

/‘uf‘—"""“"‘“"'m e T B e e
zone be}ng eva]uated is a mlxture of on1y these two end-members

o R A T [ [

-

(11mestone-do]om1te, 11mestone quartz sand, or dolomite-quartz sand)
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If this assumption is true, and the logs are proper]y caltbrated then

e

a11 three cross plots w111 produce s1m11ar results for 11thoTogy and

U JE——

porostty.

NS

If a third 11tho1ogy (or m1nera1) 1s 1ntroducedmintgwtheusxstemlmn

— e

the ca}culat1ons become a b1t more comp]ex. Instead of so]v1ng a

po1nt on a stra1ght 11ne between two 11tho1og1c end-members the po1nt

lies in the interior of a tr1ang1e w1th each 11tho1ogy at the corners.

e

Fortunately, all three poros1ty ]ogs respond un1que1y to quartz sandg“

—

11mesone and dolom1te. Data from these three ]ogs can the”cP?ﬂﬂﬁﬁﬁ B

s1mu1taneous1y in two equat1ons to y1e1d the coord1nates of a po1nt

e TR T T

within the tr1angle. Th1s tr1angu]ar cross plot 1s commonly cal]ed an

B e s

M and N plot (Burke et a1 1969). M and N are derived from the‘h

equat1ons
o M= ate - st x 0.1 (8)
Pp - Pf
and N =%nf - ¢n  x 10 (9)
Fy - Pe

where, in freshwater saturations:

Aty = 189 psec/ft
= transit time from 1og
Py - bulk density from 1og
Pt = 1.0
$nf = 1.0
n = porosity from neutron fog

The M and N plot is a mineralogical plot independent of primary

e ————

poros1ty. Once a po1nt is plotted on the tr1angu1ar M and N plot the

e e

re]at1ve percentages of each mznera1 type (11thology) can be determ1ned.

These percentages can then be rep]otted on the 11thology poros1ty cross

p]ots to solve poros1ty.

T
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Data points plotting below the M and N triangle contain an

additional component of ¢lay in the matr1x. Clay increases the acoustic
e

velocity which has the effect of reduc1ng the value of M. The neutron

1og also responds to clay by recording an "apparent“ poros ity greater

than the true poroswty. These two factors, both due to clay in the

e i T

matrix, serve to push the data points in a south and westerly direction

balow the triangle. Since clays exhibit a wide range of acoustic

e

velocities and densities, it 1is difficult to calculate clay content from

the M and N piot w1thout knowing the type of clay present. Ciay content

correction techn1ques w111 be discussed later in this section.

Secondary porosity also has a peculiar effect on the M and N

plot. Secondary porosity often forms large voids in 1rregu1ar patterns,

e e T i e

e — e ——————————

Compressional waves from the acoustic velocity transmitter tends to

T TP —
e TR T et 5 g S

e R T T

A g TR

bypass large vo1ds y1e1d1ng an “apparently“ Tow porostty on the acoustlc B

RSN e—— =

veloc1ty log. As a consequence, the numerator of the M factor increases
nd data po1nts shift upward (north) of the tr1angu]ar plot., If the
percentage of each lithologic type is known, this information can be

replotted on the 1ithology-porosity cross plots and secondary porosity

effects can be quantified. There is still some conjecture as to whether

all the porosity not recorded on the acoust1c ve10c1ty 1og 15 of a

e A S e

secondary nature.

e e

The previous information may be summarized as follows; if:

$acoustic velocity © 9neutron-density

then the two end-member lithology cross plot is correct
(1imestone-quartz sand, limestone-dolomite, or quartz sand-

dolomite).
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9 acoustic velocity < ¢ neutron-density
then there are secondary porosity effects by-passed by the
acoustic velocity probe.

9 acoustic velocity > % neutron-density

then the 1ithologic combination chosen was wrong and
the M and N plot should be used as a starting point
to determine the proper lithologic combination.

? neutron-acoustic velocity > qbdensity

then there is probably an appreciable percentage of clay in
the matrix that needs to be accounted for to obtain the
correct Tithology and porosity (Hilchie, 1982).

Examples of Lithology - Porosity Cross Plots

In order to minimize adverse extraneous factors affecting log
response, the following methodology was used in selecting zones for
analyses:

1) Smooth sections of the borehoie where the zones were at

or very near bit gauge;

2) Uniformly thick-Tithologic zones (as determined by the
entire log suite). Transition zones were avoided
whenever possible;

3) Zones exhibiting extreme values were used in order to
plot data over a wide range of porosity, density, etc.;

4) Log measurements were averaged over approximately twice
the probes radius of investigation in order to minimize
adjacent bed effects; and

5) Clays and clayey zones were avoided.

calibration methods for neutron, density and porosity logs are
discussed in Appendix I, Algorithms for steps in utitizing lithologic-

porosity cross plots follow the figure presented in the text,
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Cross plot paper for different cementation factors is provided in
Appendix N,

Neutron-Density Cross Plot for Well LV-1

The neutron-density cross plot is one of the most widely used
lithology porosity cross plots used owing to its accuracy and to the

wide use of neutron and density logs. The accuracy of th1s p1ot may be

attrtbuted to the w1de separatton between the 11nes representtng the

e AP At o

three main produc1ng 11tho]og1es for the two parameters compared

(poros1ty and densqty) The neutron poros1ty sca1e, along the X -axis,

T i g T T AR T e

is calabrated in relative 11mestone porosity. A dolom1te of the same

porosity (or quartz sand) should be converted to the proper density.

T S a2 T B
S S
S (T e

Table 6 may be used to convert neutron measurements to porosities or

densities {in g/cc) for lithologies other than limestone.

tithoiogic determinations were made for well LV-I;'located in
north-central Florida for the interval analyzed from 950 to 1,150 feet
below land surface. Two distinct tithologies, pure dolomite and a limey-
dolomite, appear to be interbedded throughout this interval. Porosity,
as indicated from the cross plot (Figure 18), ranges from 4 to 31 percent
Many of the zones analyzed suggest the dolomites are very compact and of
Tow porosity. These inferences are in good agreement with the geologists'
Tog, as described from the core obtained from this well (Appendix L),
Very 1ittle or no clay is observed in the carbonate sequence is observed
from the cross plot (points southeast of the dolomite Tine) or is noted
in the geologists' log. The two points above the limestone line may be
reftecting a small percentage of quartz sand that may have been washed
during the drilling, Table 7 is an algorithm for outlining the steps

for using lithologic-porosity cross plots.
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Table 6.--Limestone, Dolomite and Sandstone Densities for Various
Porosities in Saturated Freshwater Environments. -

POROSITY LIMESTONE DOLOMITE SANDSTONE
0 2.71 2,85 2,65
1 2.69 2,83 2.63
2 2,68 2,81 2.62
3 2.66 2,79 2.60
4 2,64 2,78 2,58
5 2,62 2.76 2.57
6 2.61 2,74 2,55
7 2.59 2,72 2.53
8 2.57 2.70 2,52
9 2.56 2.68 2,50

10 2,54 2.66 2,49
11 2,52 2.64 2,47
12 2.50 2.62 2,45
13 2,49 2.61 2,44
14 2,47 2,59 2,42
15 2,45 2,57 2,40
16 2,44 2,55 2.39
17 2,42 2.54 2.37
18 2,40 2,52 2,35
19 2.39 2.50 2,34
20 2.37 2,48 2,32
22 2,33 2,44 2,29
24 2.30 2,41 2,25
26 2,27 2,37 2.22
28 2,23 2,33 2.19
30 2,20 2,30 2,16
32 2,16 2,26 2,12
34 2.13 2,22 2,09
© 36 2,09 2,18 2,06
38 2,06 : 2,14 2,02
40 2,03 2,11 1.99
42 1,99 2,07 1.96
44 1,96 2,03 1,92
46 1,92 2,00 1.89
48 1,89 1,96 1.86
50 1.86 1,92 1,83
55 1.77 1.83 1.74
60 1.68 1.74 1,66
65 1.60 1.65 1.58
70 1,51 1.56 1.50
75 1.42 1.46 1.41
80 1.34 1.37 1.33
85 | 1.26 1.28 1.25
90 1.17 1.19 1.17
95 1.09 1,09 1.08
100 . 1.00 1.00 1,00
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Figure 18.--Bulk density vs. neutron porosity - lithology cross
plot for well LV-1 located in north central Florida. The
geophysical logs are located in Appendix K and a geologic
description of the core in Appendix L.
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Table 7.--Algorithm for Determining Lithology and
Porosity from Density vs. Neutron, Acoustic
Velocity vs. Neutron and Density ys. Acoustic
Velocity Cross Plots.

1) Select zones near bit.gauge size from the
caliper Tog which require no correction factor
for borehole diameter.

2) Locate thick uniform Tithologic zones {at least
twice the thickness of the probe with the
largest radius of investigation) from natural
gamma and electric logs. Correction factors
may be necessary for zones with thin sharp
peaks, i.e., probe did not obtain maximum
(or minimum) reading from zone.

3) Adjust neutron, density and acoustic velocity
logs between minimum and maximum values.
{See Appendix I for further discussion}.

4) If the 1ithology scaled is not limestone,
adjust porosity before aligning neutron,
density and sonic transit time scales,

5) Compare porosity values of logs for agreement
and compare with cutting (or cores} to
determine if a clay content factor is
necessary.

6) Readjust scales to ctlean 1ithologies and plot
other points accordingly.

Logs required: neutron, density or acoustic
velocity and caliper.

Assumptions:

A. Only saturated, clean zones (non-clays) are
selected for analyses; and

B, Borehole diameters are at or near bit gauge.

C. Saturating fluid is fresh water,
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Acoustic Velocity-Neutron Cross Plot For Well LE-7

This type of 11tho]ogy poros1ty Cross pIot is restr1cted to

format1ons conta1n1ng 11tt1e or no c]ay and format1ons w1th 11tt1e

secondary poros1ty. These two factors have oppos1ng effects on the

acoustic ve1oc1ty log that may yield erroneous resuits. C]ays tend to

increase the acousttc ve1octty y1e1d1ng an “apparently“ h1gh poros1ty

Qoo i e A T I
gm0

value. Vugs and other types of secondary poros1ty, often record

Y

weaster® than true matrix velocities which tend to underestimate
porosity.

The well chosen for this cross plot is Iocated in the coastal
area of Lee County, (Well LE-7) southwest Florida. From the depths
analyzed, 1,450 to 1,600 feet -below land surface, the cross pilot (Figure
19) suggests a matrix comprised of both limestone and dolomite end-members.
porosity, from the 23 zones analyzed, ranged from 19 to 36 percent.

Data points plotting slightly above the limestone 1ine probably do not
contain a sand component, but are probably reflect the presence of
secondary porosity. Lithologic percentages of limestone and dolomite
are in good agreement with the geologic log described from the well
cdttings (geologic log, Appendix L, neutron and acoustic velocity logs,
Appendix K}.

Density-Acoustic Velocity Cross Plot of Well PB-1

This type of plot requires precise measurements from both the
density and acoustic velocity iogs. Boreho]e compensated probes and

un1form1y th1ck, porous 11tho]og1c sectlons are requ1red for thas type

of plot. In order to obtatn as precise measurements as poss1b1e data

T

for this cross plot were procured from a deep well run with borehole

compensated probes by Schiumberger Well Surveys, Inc. The well is
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: Figure 19.-- Acoustic velocity vs. neutron porosity - 1ithology cross
plot for well LE-7, southwest Florida. The geophysical logs are
located in Appendix K and a geologic description of the core in
Appendix L.
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located in southeast Florida (Well PB-1). The interval examined ranged
from 4,000 to 4,150 feet pelow land surface. Unfortunately, the combina-
tion of compensated néutron and’ acoustic velocity logs with corresponding
1ithologic information was not available for any freshwater wells in the
study area. Conclusions reached from the cross plot cannot be confirmed
but are consistent with 1ithologic data coliected from adjacent wells,
Aécording to the cross plot (Figure 20), about one-half of the zones
analyzed are a dense, Tow porosity dolomite of six to eight percent
porosity. The remaining zones contain a greater percent of limestone

and appear to be more porous (up to 21 percent).

Density-acoustic velocity cross plots can be used to determine
clay content {volume percent). of clayey~sands provided the density and
acoustic velocity values of at least one ‘zZone analysed is known Since
density values (obtained from density logs) are relatively unaffected by
clay, clay percentages can be inferred linearly as a proportion of the
distance between the sandstone line and the "known™ clay point.

M and N Piot for Well PB-1

The M & N plot (Figure 21), has a variety of applications
including determining mineral type, clay content and secondary porosity
(independently of primary porosity). Daﬁa used for this plot were the
same zones used in the density-acoustic velocity cross plot (Well PB-1),
in addition to neutron porosity data. A1l of these probes were
compensated for borehole rugosity.

Lithologic information from this plot also indtcate a group of
dense dolomites progressively grading to limestones also characterized
by an appreciable increase in secondary porosity. Data points plotting

below the dolomite-limestone 1ine may contain an additional component of
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ustic velocity cross plot for
11 PB-1, southwest Florida.

11 are located in Appendix K.

Figure 20.--Bulk density vs. aco
1ithologic determinations for we

The geophysical logs for this we
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Figure 21.,--M & N plot for well PB-1, southeast Florida. This
type of plot yields information on the mineralogical
composition of the formation (D = dolomite, L = limestone
and S = sandstone). Formations with an appreciable amount
of clay and/or secondary porosity will plot slightly above
or below the triangle in a north (secondary porosity) or
south {clay) direction,
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sand and/or clay. Other information would be required to confirm this

departure from the carbonate line,

Comparison of Porosity and Density Log Values
with Laboratory Core Analyses

Results of nine core samples from a test well (GA-39 located iq
eastern Gadsden County, northwest Florida) were analyzed for porosity by
laboratory methods and compared to porosity measurements obtained from
neutron and density Togs. Each sample was split in the laboratory and
analyzed for porosity. The core was obtained from an NX diamond bit
core barrel (54 mm diameter), Laboratory and log measurements are
summarized in Table 8. Geophysical logs and corresponding lab measure-
ments of cored intervals are graphically represented in Figure 22,

Table 8.--Laboratory Core Analyses for Porosity as Compared
to Porosity Derived from Neutron and Density Logs for

Well GA-39,
Dominant Lab Neutron Density
Depth Lithology Porosity (%) Porosity (%) Porosity (%)

75 Limestone 43,9 44 42

91 Limestone 48,5 51 43

101 Dolomite 44,2 45 46

206 Dolomite 32,2 33 41 7
227 Dolomite Tled o B2 g
268 Dolomite 40.0 42 36 C>
276 Dolomite 47.7 55 38

335 Dolomite 43,3 34 36

358 Dolomite 43,9 ‘ 40 36

The correlation coefficient (r), of the lab porosity compared to

the neutron and density logs, for the nine zones analyzed (for
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Figure 22.--Neutron and density logs from well GA-39 used in
comparing porosity from laboratory core analyses. Data
points (laboratory) plotting directly on the log curve
are in good agreement with the log. Table 8 is a
numerical comparison of the porosity values for the two
methods.
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significance levels of Pearson Product - Moment correlation coefficients,
Appendix G) is r = 0.67, The core from depth 227 is an extremely porous
dotomite with moldic type porosity. If this sample were eliminated from
the statistical analyses, the correlation coefficient would rise to about

= 0.92. A re-examination of volumetric and density analyses indicate
that the porosity analyzed from this laboratory plug was too high,
Observations from the core exhibit an extreme amount of variability in

porosity with depth. Some of the porosity differences can be attributed

distance and actua]]y may be more. representat1ve of the "true" format10n

va]ues.

Lithologic Determination by Thermal Conductivity

Lithologically, thick homogeneous formations exhibit a distinct
uniform thermal conductivity (Figure 23), The magnitude of conductivity
is a function of the formation's mineralogy, porosity, pore geometry and

volume of ground water circulated through the hydrologic system., An
\..____.__‘_

"average“ geothermal gradlent for the coasta] plain may be on the order

R ot e i T S SR et e o

of O, 02/F° per foot of depth but may vary s1gn1f1caﬁ£]y in d1fferent

P o e e i o

geographical areas dependzng upon the physical properties of the 1nd1v1-

e e

R

dual formations., The following thermal conductivity values represent some

A TS S

of the more common lithologies. (See Appendix F for a more detailed list

of thermal conductivities.,)

Cal/Sec/Cm2
Sandstone 3.0 -12.7
Limestone 2.4 - 8.1
Dolomite 9.3 -11,9
Clay 2.2 - 3.9
Water 1.43
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Figure 23,--Gradient and differential temperature logs
penetrating six hydrogeologic units, in southern
Okaloosa County, Florida. Clays and argillaceous
units tend to have a lower geothermal gradient than
clean carbonates and quartz sands.
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Very sensitive temperature probes have been used in a few

instances to determine the thickness of various hydrogeologic units in
northwest Florida. The temperature log from (Figure 23) Well CA-41,
distinctly defines six hydrogeologic zones based upon thermal conducti-
vity. Clays appear to have a thermal gradient of about 0,012 °F/Ft.
while thermal gradients of carbonate units are about 50 percent higher
{about 0.018 °F/Ft.). The shape of the Qradient temperature curve at the
formation contact is characteristic of the relative thermal conductivity
change. The slope of the gradient temperature curve increases upon

entering more conductive units such as clays or argillaceous formations,

Lithology Inferred From Caliper Logs

The geometric shape of the borehole often can provide information
concerning the type of 1ithology and induration of the formations -
penetrated by the drill bit (Figure 24)., Although caliper logs do not
reveal quantitative hydrogeologic information, the caliper can be used
to confirm the presence of cavernous zones, clays, unconsolidated
material and occasionally, highly fractured dolomites.

Most drill bits used in water well construction are designed to
drill a smooth hole through moderately consolidated material. If the
material is very soft, the shape of the hole will be fair]y shooth, but
exhibit an undulating surface characteristic of sands, clays, or poorly
consolidated limestones. Thin "streaks" indicate a softer or less
consolidated material has been washed from more consolidated zones, such
as sand streaks bedded in a carbonate, Highly indurated dolomites have

Tow ductility and often fracture into irregular shapes.



103

Figure 24.--Caliper jog response to various types of lithologic
units. The degree of induration and geometry of the borehole
is often indicative of the lithology.
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similar ionic characteristics) would tend to substitute for calcium in
carbonate minerals,

If the above assumption is true, then it would appear that a
gamma spectrometer probe (capable of separating gamma energies) would be
capable of differentiating between gamma active dolomites and clays.
Gamma spectrometric probes are available for borehole logging, but have
been primarily restricted to locating sylvite or uranium deposits. In
order to determine if gamma spectrometric probes would aid in water
resources investigations, 90 core samples from 1l wells were chosen for
gamma spectrometric and x-ray analyses based upon extreme high and low
gamma activity as recorded on the natural gamma log. All major litho-
logic types, ranging in age from Eocene to Recent, were sampled. Metho-
dology and laboratory procedures for determining the percent of total
gamma activity emitted from each isotope is documented in Appendix J.

The results failed to conc1u51ve1y prove that any of the 1sot0pes

preferred to concentrate in any partxcuiar type of lithology (Tab]e 9

PRI e i

and Figure 26). The mean percent of total gamma activity from potassium

was 8.5, 9.7, 8.4 and 9.6 for sand, clay, limestone and dolomite,
respectively. Gamma activity uranium had means of 58,8, 56.5 65.3 and
63.6 percent for sand, clay, limestone and dolomite, respectively.
Thorium had the greatest statistical deviation but was not convincingly
incorporated in any particular type litholegy. Thorium had percent
gamma activities of 32.7, 33.8, 26.4 and 26.8 for sand, clay, limestone
and dolomite respectively., The standard deviation for each of the
samples was large enough to conclude that there is not an appreciable

fractionation of these isotopes with respect to lithology. Fiqure 27 is
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Crystalline and sucrosic dolomites will often produce an extreme-
ly irregular borehole profile with only a few thin zones remaining at or
near bit gauge., Cavernous zones will often span many feet vertically
aﬁd extend beyond the maximum diameter measurable of most calipers
{about 36 inches). Borehole diameters less than gauge may be the result
of clays or clayéy zones squeezing into the borehole, excessive mud cake
buildup adjacent to permeable zones or fractured rocks shifting within
the borehole, Comparing the caliper log with other logs may help to
eliminate some of these possibilities.

Lithologic Determination From Natural Gamma and
Gamma Spectrometry Logs

Natural gamma logs often display a wide range of gamma activity
for various mixtures of quartz sand, clays, limestones and dolomites.
Low gamma activity is normally associated with clean quartz sands, é]ays
with low cation-exchange capacities, (kaolinite, discussed later in the
clay content section), and clean platform type limestones (such as the
Ocala Limestone), Thése types of lithologies often have gamma activity
near background levels (10 to 20 A.P.I, Gamma ray units). High gamma
activity is frequently associated with dolomites, high cation exchange
capacity clays {illite), micaceous sands, feldspathic sands and clays,
and phosphorites (Figure 25). Therefore, it is evident that the magni -

tude of gamma act1v1ty, as recorded on the gamma log, is not assoc1ated

i e e
e e et e e e,

with any part1cu1ar type of lithology. Most sediments are mixtures of

R -

two or more mineral end-members. Since virtually all gamma activity is

from isotopes of three elements; potassium, uranium, and thorium, it
would appear that potassium would preferentially fractionate in

feldspathic sands and clay minerals, and uranium and thorium (having
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Figure 25.--American Petroleum Institute (A.P.I.) gamma ray units
for various types of Tertiary sediments.
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Figure 26,--Trilinear plots of percent gamma-rays emitted from
potassium (K), uranium (U), and thorium (Th) for sands, clays,
limestones and dolomites., Each division represents five
percent, None of the samples analyzed had gamma activity
in excess of 15 percent.
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Figure 27.--Natural gamma log and relative gamma emissions
(in percent) for various Tithologies from uranium,
thorium and potassium for well GA-39, The dominant
lithology is noted beside the depth,
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a natural gamma log (Well GA-39) froﬁ a test hole penetrating quartz
sands, clays, limestones and dolomites, _The percent”of gamma radiation
(fn counts per second) from each of the three gamma emitting isotopes is
recorded to the right of the log.

In add1t1on to the absence of any 51gn1f1cant fractlonat1on among

e — e W — N i T A e S .

these 1sotopes, on1y about 9% (9 26%) of the totai number of ‘gamma rays

counted (from the 90 cores) were from potass1um (K40) Uran1um _
accounted for the largest percent of gamma rays detected (61 12%) and
thor1um next contr1but1ng 29 62 percent. T
Tabte 9.--Percent of Total Gamma Rays Emitted from Potassium,

Uranium and Thorium as Determined by Gamma Spectrometric
Analyses for Varicus Types of Tertiary Sediments,

For all samples, including mixed Tithologies {n = 90 from 11 wells).

Potassium(K) Uranium (U) Thorium (Th)

n = 90 90 99
mean 9.26 61.12 29.62
std, dev, 2.26 12,05 12,41

Relatively "pure" lithologies (n = 72)
SAND CLAY LIMESTONE DOLOMITE
K U ™m x U Th kK U T K U Th

n = 11 11 11 11 11 11 32 32 32 18 18 18
mean 8.5 58.8 32.7 9.7 56.5 33.8 8.4 65.3 26.4 9.6 63.6 26.8
std. dev, 1.8 14,9 14,3 1.8 13,2 12.2 1,7 8.8 8.0 2,7 12,4 9,9

From this data, it appears that gamma spectrometry logs run in
carbonate environments may not be a useful method for determining
Tithology.

| A re-examination of the "clay material" analyzed indicated that
many of the “clays" are actually weathered (or dissolved) carbonates of

a clay size fraction, These calcareous clays have also incorporated a
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minor amount of clay minerals (kaclinite, montmorillonite, etc.) which
yield clay (mineral) peaks on x-ray diffractograms"(See Dabous, 1981,
for x-ray procedures).

Most of these calcareous "clays" have very high gamma activity.
One explanation of the nigh gamma activity may be attributed to the
“pure” calcium carbonate fraction, after being dissolved, leaves behind
a more resistant residue fraction containing a nigh concentration of
potassium, uranium and thorium. These clays often appear in unconform-
able, thin layers within thick carbonate sequences {of much lower gamma
activity). Although these "clays" comprise only a small percentage of
the total carbonate sequence, their presence is of great hydrologic
importanée. These c]ays often act as effective aquicludes greatly
Timiting the exchange of water between producing zones. These clays,
although very thin but areally extensive, also are very distinct on
natural gamma logs and can be used in subsurface mapping as
strati-graphic marker horizons that can often be traced for tens of

mites.

Estimating Clay Content From Clastic and Carbonate Formations

The s1ng1e most 1mportant 1og 1nterpretat1on problem is recognTZ-

1ng and determ1n1ng the v01ume of c!ay present 1n producwng zones.

Clays can considerably affect the response of natural gamma, neutron

aCOUStTC ve10c1ty and e]ectr1c 1ogs. Onty the den51ty 109 appears to be

"1mmune ~to minor amounts of clay. Since most of the main logs are
affected to some degree by clay, it can be assumed that lithologic
determinations, water quality, and producing characteristics, as

inferred from logs, may be in considerable error if the clay content
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is not recognized.

The term "clay" .has both mineralogical and grain size connotations

{Table 10). Most geophys1ca] 1ogs respond s1m11ar]y to c]ay m1nera1s or

. it o S A b

sections comprised of “c]ay size" mater1a15. The most notab]e except1on

ey e AT R e
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various cTay manera]s.

Samples from & w1de range of carbonate sequences indicate that
true clay minerals are only present in significant quantities in
Hawthorn (Middle Miocene) and younger formations. Clays directly
overlying the Floridan aquifer and clays within the thick carbonate
sequence are often clay size particles comprised of calcareous residium
(by-products of the disso1ufion of the upper portion of the carbonate
units)., Incorporated in these calcareous clays {size term) are clay
minerals deposited contemporaneously with the finer fraction of residium,
In many instances, this small proportion of clay minerals (kaolinite,
montmorillonite, etc.) will yield characteristic peaks on x-ray diffrac-
tograms. In many instances, the entire sample is erronequsly assigned a
clay (mineral) name although the bulk of the sample is calcareous.

It is also important, hydrologically, to recognize the type of
clay distribution within the formation. Clays may appear in distinct
thinly Taminated streaks, alternating between very clean zones, or as
interspersed particles homogeneously mixed with coarser granular
material. Hydrogeologic units of the latter type distribution usually

will be less productive than zones containing laminated clays.



117

Table 10.~-Types of Clays Occurring in Tertiary Sed1ments Within the
Study Area,

LOG RESPONSE

Clay-mineral Formula Gamma Neutron™ Density Acoustic**Electric™**
Kaolinite A185140 10 Moderate High H*  2.69 Slows t  Mod R
(OH)g
Montmorillonite A18514010 Low High HF  2.33  Slows ¢t Low R
1ite Ki,5A14 Hign High H* 2,76  Slows t Low R
%éi, Al)g
020(0H)4
Palygorskite M98518?20 Moderate High HF 2.4 Slows t Low R
OH,)4
.4 28
Clay-size
Chalk CaClq Low Moderate 2.71 Slows t Mod R
H+
Calcareous @ =m-me= High High H+ —-=~  Slows ‘t Low R
Residium
*H = hydrogen concentration
**%€ = ftransit time
***%R = resistivity

Clays in carbonates may appear as laminations but more commonly
are homogeneousty distributed throughout the carbonate unit (argi]]acepus
limestones). Argillaceous limestones are very fine grained and rarely
develop effective secondary porosity and are generally poor aquifers.
Carbonate units, with areally continuous laminations, tend to respond as
multiple aquifer systems since thinly laminated clays greatly impede the
exchange of water between adjacent aquifers,

The type of clay distribution (interspersed or laminated) also

affects acoustic velocity and electric logs. Formation with interspersed
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type of plot appears to be applicable for both granular (F1gure 29) and

arg11!aceous format1ons (Fagure 30) Both p¥ots appear to y1e]d

reasonable results but shou1d be further ana]yzed and compared w1th

actua] cores, The actual dens1ty and neutron ]ogs for F1gures 29 and 30

S

are included in Appendix K.

Another variation on clay content percentage for adjusting to
true porosity, also utilized data from the density and neutron logs and
can be estimated according to the equation (Schiumberger, 1975).

¢ corrected (#n)2 ; (%0)2 (13)
é

The acoustic velocity log may be substituted for the density log

in most clay content cross plots and equations, but is more sensitive to

dher factors and requires additional formation information.
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clay do not seriously affect the acoustic velocity if the clay is
entirely interstitial and not supporting-the grains within the matrix.
Laminated clays tend to slow acoustic waves, and record an "apparentiy"
higher porosity. Interspersed clays, within a formation, will greatly
reduce apparent resistivity to a greater degree\than a formation with
lamainated clays.

Effective clays, (clays with high ion exchange capacity) due to
their ionic layering decrease resistivity below what would be expected
from a reduction in grain size alone, Illite, especially, shows this
effect of decreased resistivity while kaolinite, chlorite and dolosilts
have "high" resistivity, similar to fine grained sands (Hilchie, 1982).

Clays and Natural Gamma Activity

In petroleum log interpretation, the natural gamma log, often
called a "shale" log, is widely used to delineate shaly zones,
Occasionally, the gamma log is also used as a quantitative indicator of

shale content. Within the study area, the gamma 109 appears to be a

rather poor 1nd1cator of c!ay (or "sha]e ) for two reasons: 1) even the
e T T i Ao 10 s e e s e et

very pure" clays (mineral) exh1b1t a w1de range gamma act1v1ty from

near background to greater than 500 A P I. counts per second, and 2)

many other 11tholog1es are known to have a w1der range of 'gamma act1v1ty

than c]ays.

"Pure montmorillonite (A1,51401g(0H}g) does not readily
incorporate any of the naturally occurring gamma active isotopes (K, U,
or Th) and often appears as units of low activity on natural gamma logs.
Many of the carbonatés and phosphates freely substitute uranium and
thorium ions in their lattice structure {up to 150 ppm uranium in pebble

phosphates, (Sweeney and Windham, 1979)). Phosphatic limestones are
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among the most gamma active formations encountered in carbonate environ-

ments due to the incorporation of uranium and thorium.

Methods for Determining Clay Content of Clastic
and Carbonate Formations

Gamma Ray Index (GRI)

If the gamma active zones on a log are due to a particu]ar type

of clay (e1ther as 1nterspersed or 1am1nat1ons), the proport1onai amount

of gamma act1v1ty of each zone can be measured by the Gamma Ray Index

(GRI) Method. In add1t10n to the above assumption, at Teast one sample

poxnt on the 1og must have 1ts clay content (percentage) known in order

to sca]e the rema1n1ng zones (Dresser At1as, 1975)

Gamma Ray Index (GRI) = 6R10g - GRclean sands (10)
GRelay point - GRclean sand

or;
Velay = 0.21 x [2(2.9 x GRI) _ 13
where V = clay volume in percent

The plot of the clay-gamma relationship is semi-Togarithmic where
the clay has a proportionally larger effect on the gamma log in the Tow
percentage range and a lesser contribution to total gamma activity in
the higher range (Dresser'AtTas, 1975). Figqure 28 is an actual example
using the GRI Method in a binary granular environment. The only two
lithologies present {observed from a core) are coarse quartz sands and
gravels, and an illitic-kaolinitic ciay (determined by x-ray diffraction
from all clay.zones}.

The GRI Method probab1y has 1ess appl1cat1on in carbonates than

e —

in granu?ar matertals. Arg111aceous 11mestones tend to 1ncorporate a

greater amount of “dtrty", or gamma acttve carbonate mater1a] that is
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Figure 28,--Gamma log of well SR-2 used for clay content analyses
of a clayey sand by the gamma-ray index method. The chart
shown is for determining clay content by the gamma ray index
method {From Dresser Atlas, 1975).
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NAME Wilbur Weeks COUNTY __ Santa Rosa W-
LOCATION T __ 4N R__29% _ sEC. 06 1/4 NWF-_SR-2
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not read11y d1st1ngu1shed from gamma act1ve “c]ayey“ material,

q-Factor Method

The gq Factor Method is used only in formations where the clay
is interspersed in the formation. The g-Factor is related to

(Gearhart-Owens, 1975};
by, - (12)

9= _ta D
&

where: Vv, is porosity from the
acoust1c velocity log

%D is porosity from the
density log

Although this equation assumes the density of the clay is
simitar to the matrix, which is rarely the case, q is used as a

relative index for comparing the relative clay content between zones

within the same well.

Density-Neutron Clay Content Cross Plot

Another method, independent of natural gamma activity, relies
upon plotting matrix density from the density log against either the

neutron or acoustic velocity log. Formation bulk densfty, as derived

from the dens1ty 109, 15 relat1ve1y ‘unaffected by the presence of clay.

—

If poros1ty from the neutron 109 (or aCOUStTC veloc1ty 109) is p]otted

against the dens1ty log, the data po1nts w111 11e on & 45 degree 11ne 1f

the zones analyzed are c]ean or “clay free". A departure from th1s

s]ope of 45 degrees (due to an apparent increase in por051ty from the

e e T

neutron or acoust1c ve]oc1ty 1ogs) is an 1nd1cat10n ¢f the presence of

clay 1n the format1on. At 1east one zone must have the c]ay percent

known in order scale the other zones based upon a 11near reIat1onsh1p

between the c]ay free 11ne and known c]ay po1nt“ (F1gure 29) This
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Figure 29.--Density-sandétone porosity vs. neuiron porosity cross
plot for clay content determination of a clayey sand for
weH)SR-lS and clay effect on resistivity log (From Guyod,
1966).
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Table 11,--Algorithm for Determining Clay Content of
an Argillaceous Limestone or Clayey Sand by the
Density vs. Neutron Cross Plot Method.

1} Select zones near bit-gauge size from the
caliper log that require 1ittle or no
correction factor for borehole diameter,

2) Locate thick uniform lithologic zones (at least
four feet in thickness) from the natural gamma
and electric logs.

3) Adjust the neutron and density logs between
the minimum and maximum values (Appendix I
for further discussion). At Tleast one zone
should be included where the clay content
percent can reascnhably be inferred from
the logs and/or cuttings. This point will then
be used as a pivot point for determining the
c1?y content of the other zones (Figures 29 and
30).

4) Plot values from the neutron and density
Togs on arithmetic paper with the density
scale on the y-axis. Density measurements for
lithologies other than 1imestone should be
corrected using Table 6.

5) ‘Draw the clay-free line (45 degrees, extending
northeast from the 0.0 point)., Draw another
Tine through the point with the known clay
percentage and scaie proportionally back to
zero. Extend the clay percentage lines
parallel to the clay-free line through the
graph., '

Logs required: neutron, density, caliper, gamma
and electric.

Assumptions:

A) Formations are 100% saturated with water; and
B) At least one zone has a known clay percentage
(by volume},
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Figure 30.--Density porosity vs. neutron porosity for determining
ciay content of an argillaceous limestone for well FK-10.
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DETERMINING FORMATION WATER QUALITY FROM GEQPHYSICAL LOGS

An important and often costly aspect of water resources
investigations is the drilling of test wells for determining formation
water quality. Ground-water quality generally decreases with depth, and
as a function of time and distance traveled through the aquifer system.
Water pumped from a well represents a composite sample of all the
water-bearing zones transmitting water to the borehole. In order to
determine the water quality of each particular zone, muitiple test wells
are often drilled to various depths to sample the different
hydrogeologic units (a considerable savings in cost and time would be
realized), If in situ formation pore water quality could be determined
from a single, small diameter, deep test hole, without actually setting
casing, developing, or pumping the well. Res1st1v1ty and porosxty ?ogs

s

have been successful]y used 1n the petroleum 1ndustry to determxne Rw’

wh1ch can in turn, be re]ated to water qua11ty for a part1cu1ar

chem1ca1 type water mass.
The su1te of 1095 most sensitive to water quality changes are the

various types of electric logs. Resistivity measurements recorded by

e iy e b T T 3 e o T T e bt 8 P 5

alectric logs are 1nf1uenced by 1) compos1t1on of the matrxx mater1a1

2) size, vo1ume and geometry of the gra1ns and pore spaces between the

gra1ns, and 3) res1st1v1ty of the f1u1d conta1ned between the pore

spaces of the grains. If the first two factors are known, then water

res1st1v1ty, wh1ch 1s re]ated to water qua]1ty, can be determ1ned.

Since matrix re51st1v1t1es of the ma1n water bearing format1ons (sands,

e e iy e e P " e s S

11mestones and doTomates) are near 1nf1n1ty, the reduct1on in
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resistivity recorded on electr1c 1095 1s pr1mar11y the resuit of the

graTn s1ze, pore volume and geometny (Format1on Res1st1v1ty Factor -F)

and the pore water r951st1v1ty (Ry).

Th1s re]attonsh1p is expressed by the equation:

povl
1]

(14)

=
*nL::

resistivity of the formation pore water
{in ohm-meters)

resistivity of the formation, 100%
saturated with water

formation resistivity factor

=
=
[y
|
D
e prwl
(=] =
1 ]

-n
1]

The Formation ReSISt1v1ty Factor (F) is the var1abIe represent1ng

the s1ze, pore volume and geometry of the gra1ns and is equ1va]ent to

the f011ow1ng equat1ons

F = Ry/R, (14, rearranged)

F= a - (15, Archie Equation; Archie, 1942)

1]

where: a = the pore geometry coefficient., a is
often less than 1 for granular systems and
greater than, or most often equal to

1 for carbonates and other consolidated

formations
¢ = porosity (in percent)
m = cementation factor

Rearranging the above equations, water resistivity (Rw) is
expressed as:
Ry = Rg o™ (16)
Values for the cementation factor {m) range from 1.4 for loosely
sorted, unconsolidated quartz sands to greater than 5 for dense
crystalline rocks of virtually zero porosity. Typical m values are

given in Table 12 for various types of Tertiary sediments, Since m is
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Table 12.--Typical Cementation Factor (m) and Formation Factor (F)
Values for Tertiary Sediments.

m Typical Ranges for Tertiary Formations m
Miocene-Pliocene Unconsolidated Surficial Sands 1.3-1.4
Slightly Consolidated Sands. 1,4-1,5
Argillaceous Limestones 1,4-1,6
“"Shelf type" Poorly Solidated Limestones 1.5-1.7
Clean "Platform type" Limestones 1.6-1.8
Dotomitic Limestones 1.8-2.0
Sucrosic Dolomites 2,0-2,2
Crystalline Dolomites 2.2-2.4

m  Granular Material (from Hilchie, 1982)

Quartz Spheres 1.2
Rounded Quartz Sand 1.4
Ptaty Sand 1.6
Spheres and Shells (1:1) 1.7
Shell Fragments 1.8
Kaolinite 1.87
Mlite 2.11
Attapulgite 2.46
Catcium Montmorillonite 2.70
Sodium Montmorillonite 3.28

F, for: General Equation _a  (15) a = pore geometry coefficient, a<l
oM : for intergranular, a > 1 for
fracture porosity.

Granular Systems 0,62 (17) {Humble Formula)
$2.15
Carbonate Rocks 1 (18) (Archie Formula)

oM
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an exponent in the above Ry equations, it is critical to determine this
value as accurately as possible., A value of m = 2 is commonly cited for
carbonates encountered in petroleum test well drilling. This value
appears to be too high for most Tertiary carbonates that have not been
subjected to deep burial or high pressures compacting the original
matrix. A range of m between 1.4 to 2.0 appears to be more reasonable

e T e e e ot e — N —

for Tert1ary carbonates used in thTS study. The lower value of 1 4

app11es to arg11laceous and poorly conso11dated 11mestones. An increase

in cementat1on has a pronounced effect in rats1ng the va]ue of m, such

as in sucrosic and s]1ght1y crysta111ne do]omttes ( m = 1 8 to 2.0).

Values for m a]so tend to ingrease as grain s1ze decreases. The

pu———

determ1nat1on of m ¢an on]y be dertved by solv1ng for all the other
unknowns in the above equation (16) by cross plotting porosity and
resistivity logs and not from laboratory measurements,

Pickett Porosity-Resistivity Cross Plot for Determining
Cementation Factor (m) and Water Resistivity (R,)

Water resistivity (R ) and the cementat10h factor (m) may be

determined by piotting poros1ty Vs, saturated formatton re515t1v1ty {R )

on Tog Iog paper (P1ckett 1973 MacCary, 1978 F1gure 31 and Tables 13

and 14) If the res1st1v1ty of the water is constant throughout the

zones anaTyzed the slope of the I1ne (f1tted through the data po1nts by

a ]east-squares f1t) w11] be equaI to m by the following equation:

= log X1 - log %o (19)
Tog ¥Y; - log Yo

In a practical sense m cannot remain constant in a given forma-

t1on for extreme _ranges 1n poros1ty, but may, for ai] pract1ca1 purposes

remain constant for poros1ty ranges of most aqu1fer systems.
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Figure 31.--Porosity vs. resistivity (RO) for finding m and Ry,
from well GF-12,
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Table 13.-QA1g5f1fﬁm for Déteraning Cementation
Factor {m) by the Pickett Porosity vs,
Resistivity Cross Plot Method.

1) Select zones near bit-gauge from the caliper
log which require 1ittle or no correction
factor for borehole diameter.,

2) Locate thick zones of uniform Tithology (at
Teast twice the thickness of the longest
radius of investigation} from the natural
gamma and electric logs.

3) Plot porosity (from neutron, density and/or
acoustic velocity logs) vs. R, {(from electric
logs 16", 64" lateral or 1nduct1on Tags) on
log-log graph paper (Figure 31).

4} A wide range of‘poros¢t1es and R, values should
be plotted to insure proper fit of a 11ne
through the data points.

5) The line should form a negative slope which
‘ will represent (m), the cementation factor,
The slope (m) is derived from the equation:

(m) = 1og X, - Tog X, (19)
tog Y1 - Tog Yy

Logs required: porosity (from neutron, density or
acoustic velocity), short-normal electric, caliper and
gamma .

Assumptions :

A. Pore water resistivity is constant throughout
the zones analyzed;

B. Only saturated, clean zones (non-clays) are
sefected for analyses.
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Table 14,--Algorithm for Determining R, by the

Pickett Porosity - Resistivity Cross Plot
Method, :

1)

Select zones near bit-gauge size from the
caliper requiring 1ittle or no correction
factor for borehole diameter.

Locate thick zones of uniform lithology (at
least twice the thickness of the deepest
radius of investigation) from the natural
gamma and electric Togs.

Plot porosity (from neutron, density and/or
acoustic velocity logs) vs. Ry (from electric
logs 16", 64" lateral or induction logs) on
log-log graph paper (Figure 31).

A wide range of porosity and Ry values
should be plotted in order to properly fitting
& line through the data points.

Fit 1ine to data points by least squares
regression and extrapolate line out to 100%
porosity (Y-axis). Read R, (X-axis) at that
point. This value will be R, with the matrix
resistivity effects removed. '

Logs required: porosity {from neutron, density or

acoustic velocity) short-normal electric, gamma and
caliper.

Assumptions:

A,
Bl

Pore water resistivity.is constant throughout
the borehole; and

Only saturated, clean zones (non-clays) are
analyzed, -
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If different sections of the aquifer were cemented to varying degrees
{i.e., had less porosity due to increased cementatiqn)_then different
values of m would be expected and should be assigned cementation values
accordingly. Variations in m, with respect to porosity will be noted by
changes in siope of the line fitted through the Pickett cross plot.
Similarly, the intercept of this line at 100 percent porosity

will correspond to R,. A part1cu1ar value of R, may be determxned

after m is obta1ned by subst1tut1ng por051ty and Ro into the equat1on

1og R, = log R +'m ]og¢ ( 0)

Formation Resistivity Factor (F)

The Formation Resistivity Factor (F) is related to m and changes

logarithmically with formation porosity (Table 12 and Figure 32). For

—_—

the purpose of this study, which includes unconso11dated granuiar

B - e U U, SO

aqu1fers and poor to moderately consolidated carbonate aqu1fer systems,

the fo]Iowlng equat1ons are most often appt1cab1e

Unconsol1dated quartz sands,

$2.15 (Humble Formula)

and for Tert?ary carbonates
F=1
m where: m = 1,6 to 2.0

Geophysical Logs Used to Determine R,

Since R, s related to both porosity and F from the previous
equation {16); -
Ry = Ro oM.
then; R, can be determined by plotting saturated formation
resistivity (RO) versus porosity and reading R, at the intercept of 100

percent porosity. This plot is referred to as the Pickett plot and



139

Figure 32,--Formation factor (F) vs. porosity for different
cementation (m) factors. (From Gearhart-Owen, 1975}.
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utilizes porosity from the neutron, density or acoustic velocity log,
‘plotted along the Y-axis versus R, from the normal electric log. A line
fitted through the data points will have the slope equal to the
cementation factor (m).

Obtaining a valid R, measurement is normally not difficult since
most producing zones of wells finished in carbonates are drilled without
mud. Therefore, true saturated formation measurements (RO) may be
obtained very near the borehoTe wall. It is advisable to run at least a
shallow and deep resistivity survey to observe the depth of mud
jnvasion, Probes with shallow radii of investigation are preferred in
order to avoid averaging resistivities over great thickness of vertical
sections within the borehole. Occasionally it is necessary to increase
the radius of investigation to bbtain a deeper, more precise megsurement
of R, beyond the invaded zone, Measurements should be obtained from
zones at least twice the probe's radius of investigation to minimize

boundary effects, Clays and clayey zones should be avoided since many

1

of the resistivity assumptions are violated due to the increased conduct

ivity relating to the ionic structure of clays. Other factors adversely

affecting electric log response inciude:

1) Formations containiﬁg highly resistive pore waters (greater
than 100 ohm-meters} - which force the current to shunt
along the borehole fluid;

2) rugged boreholes - generally with borehole deviations
greater than half the radii of investigation;

3) highly fractured zones - allowing the current to follow
along fractures, rather than through the matrix; and

4) unsaturated formations - which tend to have apparently high
resistivity due to the high resistivity of air occupying the
voids,
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Al res1st1v1ty measurements shoqu be corrected to the standardM\

temperature (25°C 77°F} for ,proper compar1sons and correction factors.
- One of the pr1mar§‘d1fferences in }eéw;eterpretetTeﬁibetweeﬁﬁthew
petroleum industry and logs run in freshwater environments is the
difference in saturated formation resistivity. In many cases, logs run
in formations saturated with fresh water are at least two orders of
magnitude greater in resistivity., Typical resistivity values are listed

in Table 15,

Table 15.--Typical Resistivity Values for Common Formations
and Fluids.

Resistivity (ohm-meters)

Dry quartz sand, limestone or dolomite Infinite

Clean limestone-saturated with > 2,000
fresh water '

Clean dolomite-saturated with > 1,000
frash water

Clean sand-saturated with > 1,000
fresh water

Marl ' up to 600

Fresh water (in clean quartz sand) up to 400

Fresh water (in carbonates) up to 75

Borderline potable water 25

Clay 15

Drilling fluid (fresh water mixed) 2

Seawater 0.2

Hingle Resistivity Porosity Cross Plot (RPCP) for Determining
Water Saturation and Water Resistivity.

The Hingle Resistivity Porosity Cross Plot Method yields additional
information on water saturation (Sys in percent), assuming a portion of
the log analyzed is from the vadose zone and their is no change in Ry
with depth. -In order to obtain this additional information, it is
assumed that m is constant in each of the producing zones analyzed.

Normally m is first obtained from the Pickett Plot to determine the
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correct RPCP paper with the corresponding m value (RPCP paper for m =
1.4, 1.6, 1.8, 2.0, and the Humble factor are in Appendix N).

Water Saturation by RPCP

Proper 1nterpretat10n of all logs assumes the formation to be 100

percent saturated wlth fresh water, An a]gorithm for determ1n1ng water

“saturat1on by the RPCP Method is summar1zed 1n Tab?e 14 This plot

requ:res that at least one point of known water saturation (usually
chosen from a very deep zone) is necessary to scale other saturation
percent lines (Figure 33). The Hingle RPCP Method assumes Ry, remains
constant over the zones analyzed since only one unknown resistivity can
be solved for (S,). Factors adversely affecting the validity of the
data points include the addition of clays to the formation{s)}, which
lower Ry, and chosing an improper m value value for the formation(s)
analyzed,

Delineating Different Water Masses by RPCP

Probably the most usefu] purpose of the res1st1v1ty poros1ty

crass plot is to graph1ca11y show changes in water res1st1v1ty ( w)

versus depth Individual water masses (hydrogeo]og1c Zones conta1n1ng

- PRSI S R —

pore water of approx1mate1y the same r951st1v1ty and ion proport1ons)

w111 tend to p]ot on a posxtTve s]op1ng 11ne as Ry decreases w1th

JRU—

1ncreas1ng poros1ty (Fagure 34) Water res1st1v1ty generaily decreases

w1th depth w1th1n the same aqu1fer system. If the aquifer system is

e S

"Tayered" where d1st1nct water masses are confaned to d1screte zones,

e e e o S

each water mass w1Tl p]ot on a s1ng1e stra1ght Itne. Hydrogeo]og1c

zones of decreaSTng water resistivity (1ncreased conduct1v1ty genera1iy

1nd1cates poorer water qua]Tty) w1]] p]ot on pos1t1ve s]op1ng ]1nes, and

increase in sTope as R decreases. R may then be determ1ned by
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Figure 33.--Resistivity-porosity cross plot for determining water
saturation percent in formations from well GA-39,
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Table 16.--Algorithm for Determining Water Saturation
(Sy) Percent In Unsaturated Zones by the Hingle’
Resistivity-Porosity Cross Plot Method.

1)

2)

4)

6)

Select zones at or near bit-gauge from the
caliper log requiring little or no
correction factor for borehole diameter.

Calibrate one of the porosity logs (neutron,
acoustic velocity or density log) to the proper
scale. {See Appendix 1 for further

discussion of log calibrations).

Plot R, from the short-normal electric log vs.
porosity on the proper resistivity-porosity
cross plot paper (determined by m value) for
the zones analyzed, Plot the depth next to
each data point (Figure 34).

The uppermost data points should form a line
sloping from northeast to southwest
intersecting at the zero porosity point (and
infinite resistivity).

A log scale in water saturation percent from
zero to 100% porosity should intercept the line
from step 4 at 100% and extend vertically

‘downward to intercept the X-axis at zero

porosity.,

Other saturation lines (in percent) can be
drawn from a log scale intercepting the zero
porosity-infinite resistivity point,

Logs required: porosity (neutron, acoustic

velocity or density) short-normal electric and
caliper.

Assumptions :

A,

BD

Cementation factor (m) remains constant
throughout the borehole; and
Ry 1s constant throughout zones analyzed,
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Figure 34.--Resistivity-porosity cross plot for determining R,
and different water masses from well GF-12.
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Tabie 17.--Algorithm for Determining Ry by the Hingle
Resistivity-Porosity Cross Plot Method.,

1} Select zones at or near bit-gauge from the
caliper log that require little or no
correction factor for borehole diameter.

2) Calibrate one of the porosity logs (neutron,
acoustic velocity or density log) to the proper
scale. (See Appendix I for further
discussion of log calibrations).

3} Plot Ry from the short-normal electric log vs.
porosity on the proper resistivity-porosity
cross plot paper (determined by m value) for
the well analyzed. Plot the depth next to each
data point to determine if the water
resistivity decreases with depth linearly with
depth or if distinct zones are present where
the water resistivity remains relatively
constant (Figure 34).

4) If water resistivity decreases continuously
with depth, a single line cannot be fitted
through the points to derive a R, for that
particular well (i. e., many water masses are
present). If the data points appear to cluster
in linear trend with a northeast-southwest
slope and all the data points are contiguous
with depth a line may be fitted through the
data points to determine R, at the 100%
porosity - R, intercept.

Logs required: porosity (neutron or acoustic
velocity or density), short-normal electric and
caliper.

Assumptions:

A. Cementation factor (m) does not change
appreciably through producing zones
B. All formations are 100% saturated.
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extending the line to 100 percent poros1ty and read1ng the res1st1v1ty

—— e e et et s

at the intercept on the Y -axis, Hydrolog1c zones of re]at1ve]y th1ck

o Bl e i s e e L i it e

uniform vert1ca1 permeab111ty w111 exh1b1t a cont1nuous degradat1on of

water res1st1v1ty with 1ncreas1ng depth Data ana]yzed from th1s type

of aqu1fer system w111 p]ot w1th a negat1ve s]ope, 1nd1cat1ng there are

numerous va]ues for Rw° Attemptlng to f1t a 11ne throqgh the data

po1nt5 will not yield a unique value for R (F1gure 34 ~depths 5907ﬁo .

P e retone P e

704),

The "trade off" for this additional information requires a
greater knowledge of the aquifer system and discretion in analyzing
zones meeting the following conditions:

1} The zones analyzedvare completely saturated (S, = 1.0};

2) m is constant, or its variations are accounted for;

3} Clays and clayey zones are not analyzed;

4) Zones with fracture or extreme secondary porosity are not

analyzed; and

5) Resistivity measurements are measuring Ry» beyond any mud

invasion,

Zones analyzed should have a wide range of porosity and
resistivity values to aid in fitting to the data.

Temperature corrections should also be made for all resistivity
measurements to obtain a more precise value of R,. An algorithm
using the RPCP Method for determining Ry 1s outlined in Table 16,

Example of Determining Water Resistivity Using RPCP, Well GF-12

The case history used for determining R, by the RPCP Method is
from a well {GF-12) drilled into the Floridan aquifer of central Gulf

County, northwest Florida. Two distinct water masses are observed in
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the upper portion of the well: 1) zone 1, depths 338'-498', with a R, =
35 ohm-meters; and 2) zone 2, 5056'-573', with a R, = 15 ohm-meters.
Water resistivity below zone 2 shows a continuous decrease in
resistivity with depth until R, at depth 704 is equal to about one
ohm-meter, These analyses compare favorably with point samples obtained
with the fluid sampler, The short normal electric (16") and density
log, with corresponding data from zones analyzed, are Tocated in
Appendix K.

R, from Fluid Resistivity Log Profiles

The most direct method for measur1ng R is w1th a f]u1d

res1st1v1ty probe (FTgure 35 ) Th1s probe shou]d be run in the well

on]y after 1t has been developed and has stab111zed from a]I dr1]11ng

—= e it o VPP b et e A o A IR

and pumping act1v1ty. F1u1d res1st1v1ty probes measure the res1st1v1ty
of the ooreho1e f1u1d passing between two or more electrodes located
inside the probe, Optimum results have been obtained on wells meeting
the following conditians:

1} Water Resistivity generally decreasing with depth;

2) The well has been sufficiently developed to remove
. all foreign water and mud from drilling activities; and

3) Inner borehole flow has not significantly altered the
native formation water resistivity.

Ry from Spontaneous Potential Logs

Spontaneous potential (SP) logs are frequently used in the
petroleum industry for determining formation water resistivity (Rw),‘but
have Tittle or no application in freshwater environments, Many of the
assumptions are grossly violated in freshwater carbonate environments,
such as the producing zone analyzed is: 1) often not of a granular

material; 2) not bounded by ion sieving shales; or 3) contain pore
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Figure 35,--Fluid resistivity log for determining R, from well
FK"lOo
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fluid in excess of 10,000 parts per million total dissolved solids., In
addition, drilling mud resistivity or viscosity is not carefully
monitored during the drilling of most shallow wells, and geophysical log
suites rarely include shallow focused resistivity logs for determining
the extent of mud flushing (Rys Ryfs Ry Or Rye) necessary for SP

determinations.

Relationship Between Water Resistivity and Water Quality

Although formation pore water 2r resistivity (Rw) is not a direct
RTVIouS ToTWerlen PP

indicator of water qua11ty, @ strong correlat1on usua]ly ex1sts between

e

R and the domtnant ions compr1s1ng the ground water w1th1n the range of

- S

potable water (thure 36) The dominant ions frequently have recommended

concentrat1on limits (usua]]y expressed in parts per mTllTOﬂ p p Ma ) and

often have a def1n1te linear relat1onsh1p to Ry for a partlcuiar water

mass. ChTor1de is usua]ly the first ion to render ground water
‘unpotab1e in granular aquifer systems, whereas, in carbonate aquifer
systems, sulfate in addition to chloride most commonly govern the ground
waters' potability {250 p.p.m. recommended limit for chloride and
sulfate). In carbonate aquifer systems, other major ions such as
calcium, magnesium and bicarbonate are present in relatively high
concentrations, but are geneté]]y not considered harmful. Other
obnoxious ions (such as iron} and toxic fons (arsenic, cadmium, etc.)
are rarely present in concentrations great enough to affect the water
resistivity.

The remainder of the water quality section addresses the
relationship of R, to specific jon concentrations. The chloride ion,

which is the most common ion rendering water unpotable in granular and
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Figure 36.--Total dissolved solids and various multiplier
coefficients for different ions based upon sodium
chioride. (Modified from Schlumberger, 1972).
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carbonate Tertiary aquifer systems, is plotted against R, for 18
localities throughout the study area for all four major aquifer systems.
Following this section are plots of other ions commonly present in
granular and carbonate aquifer systems are plotted against RQ to
determine the relationship (if any) to water resistivity.

Note: Water resistivity (R,) is rarely measured in ohm-meters in
hydrogeotogic investigations. Specific conductance (conductivity in
micromhos ), is the reciprocal of resistivity and is related by the

following equation;

| Specific conductance = 10,000 (21)
P {in micromhos) : Ry

Ch]or1de concentrattons and R, measurements are 1nf1uenced by

changes in temperature and shou]d be corrected to standard temperature

e —_ S

us1ng F1gure 37

Water Resistivity Versus Chloride Concentrations for
Various Types of Aquifer Systems

plotted for e1ghteen 1oca11t1es throughout the study area 1nc1ud1ng

SR e a1 R T T et i sy

water masses from a1l four maJor aquifer systems (1ocat1on map, F1gure

2; typ1ca1 plot F1gure 38) The actual plots are included in Appendix

M and results ‘are tabulated in Table 18 for quick reference (numerical
relationships and correlation coefficients).
Wells were selected in various localities based upon withdrawing

water from the same aquifer system or water mass. A]though a w1de range

of water res1st1v1ty and ch]ortde va?ues were pIotted, 1t was assumed

that the proport1on of the 1ons rema1ned re]atave1y constant as

RE—— o

dxsso]ved mineral content of the water 1ncreased This assumptlon
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Figure 37,--Resistivity of saline solutions nomograph based
upon temperature and chloride ion concentration.
(Modified from Dresser Atlas, 1975).
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Figure 38.--R, vs. chloride concentration for the Floridan
aquifer, Seminole County, Florida. Data from Barraclough,
1962,
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Table 18.--R, vs. Various lon Concentrations for the Four Major
Aquifer Systems.

- Ry SPECIFIC CONDUCTANCE*
10N RELATIBNSHIP (S.C.) RELATIONSHIP n¥*  pkx

Sand and Gravel Aquifer (sands, gravels, clays) - southern Escambia and

Santa Rosa counties, Florida. :

Chloride (C1~) 2,890 - 11.46 0.289(S.C.) - 11,46 137 0,995
Ry

Iron, total (Fe*2,Fe*3) 5 + 2,03 0,0005(S.C.) + 2.03 120 0,019
RW

Sand and Gravel Aquifer (quartz silts and sands) - southern Okaloosa and
Walton counties, Florida.

Chloride (C17) 1,010 + 0,787 0,101(S.C.) + 0,787 37 G.947
Ry

Biscayne Aquifer (sand) - Broward County, Florida.

Chloride (C17) 2,800 + 52 0.28(S.C,) + 52 36 0,524
R
W

Surficial Aquifer (sand) - Duval -County, Florida

Chioride (C1-) 350 - 1 0.035(S.C.) - 1 30 0.670
RW

Surficial Aquifer (sands) - East-Central St. Johns County, Florida.

Chloride {C1-) 2,060 - 109 0.206(S.C.) - 109 38  0.917
Ru

Surficial Aquifer (sand) - Palm Beach County, Florida

Chloride (C17) 2,320 - 62 0.232(S.C.} - 62 51 0,705
Floridan Aquifer (Timestone} - southern Walton County, Florida.

Chloride {C1-) 3,220 - 72,74 0,322(S.C.) - 72.74 25  0.996
Ry

Floridan Aquifer (limestone and dolomite) - northern Okaloosa and Walton
counties, Florida,

Chicride (C17) 3,690 - 107.9 0.369(S.C.) -7107.9 91  0.999
R
W
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Table 18,--R, vs. Various Ion Concentrations for the Four Major
Aquifer Systems. - (continued)

Ry ~~  SPECIFIC CONDUCTANCE* - -
10N RELATIONSHIP  (S.C.) RELATIONSHIP  p**  pwks

Floridan Aquifer {limestones and dolomite) - Quincy area, Gadsden County,
Florida.

Chloride (C17) 3,070 + 74.74 0,307(S.C.) + 74.74 32 0.992
Ry

Total Dissolved Solids 5,900 + 14,74 0.590(S.C.) + 14,74 27 0,986
Ry

Potassium (K*) 40 + 1.85 0.004(S.C.) + 1,55 23 0.917
Ry

Magnesium (Mg*2) 120 + 9,35 0,012(S.C.) + 9.35 31 0.905
R

W
Hardness as (Ca*2, Mg*2) 723 + 95,62 0,072(S.C.) + 95,62 32  0.851

W
Sulfate (S04-2) 275 + 3.607 0.0275(S.C.) + 3.607 32 0.774
Ry
Sodium (Na¥) 1,677 + 0,987 0,1677(S.C.) + 0.987 31 0,611
Ry .
Fluoride (F-) 2 +0,492 0,0002(S.C.) + 0,492 28 0.560
Ry
Calcium (Ca*2) 10 + 26.84 0,001(S.C.) + 26.84 31 0.101
‘ Ry
Bicarbonate (HCO5™) 37 + 155.1 0.0037(S.C.) + 155.1 20 0.089
R
Dissolved Silica 5+ 16.14 0.0005(S.C.) + 16.14 25 0,070
R
W

Floridan Aquifer (1imestones and dolomites) - Havana area, Gadsden County,
Fiorida. :

Chloride (C1-) 1,836 - 60.57 0.1836(S.C.) - 60,57 25 0,995
Ry

Floridan Aquifer (limestone) - northeastern Volusia County, Florida.

Chloride (C1-) 3,260 - 167 0.326(S.C.) - 167 43 0.998
Ry
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Table 18.--R,, vs. Various lon Concentrations for the Four Major
Aquifer Systems. - (continued)

) R SPECIFIC CONDUCTANCE* '
I0N RELATIHNSHIP _{S.C.) RELATIONSHIP nEE o pRkk

Floridan Aquifer {limestone} - Seminole County, Florida.
Chloride (C17) 3,500 - 153 0.35(S.C.} - 153 46  0.996
Ry
Floridan Aquifer {1imestone)} - southeastern Orange County, Florida.

Chloride (C17) 2,780 - 150 0.278{S.C.) - 150 46 0.996
Ru

Floridan Aquifer (1imestone) - southwestern Hillsborough County,
Florida,

Chloride (C17) 1,600 - 88 0.16{(S.C.) - 88 33 0.930
Ry

Floridan Aquifer {1imestone) - Sarasota County, Florida.
Chloride (C17) 3,260 - 191 0.326(S.C.) - 191 28 0.941
Ry
Floridan Aquifer (lTimestone) - Lee County, Florida.
Chloride (C1-) 3,180 - 182 0,318(S.C.) - 182 40 0.912
Ry
Floridan Aquifer (1limestone) - Dade and Monroe Counties, Florida.

Chioride (C17) 3,720 - 582 0.372(S.C.) - 582 26 0,997
Ry

Deep Carbonates of nine-county area of south Florida.
Chloride (C17) 4,170 - 733 0.417(S.C.) - 733 75 0,991
»

*  Specific Conductance in Micromhos/cm?,
*%  Number of Samples.
**x Correlation Coefficients,
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appears to be valid throughout the potability range (Figure 38, 39, and
40).
Results

Eighteen plots utilizing over 800 comparisons (minimum of n = 25
for each plot) were used to determine the relationship between R, Vs,
chioride ion concentrations (Figure 39). Sixteen of the eighteen plots
had a Pearson Correlation Coefficient (r) of r > 0.91 and ten had a
correlation coefficient > 0.99 dindicating & very strong relationship
between R, and chloride. The two lTocalities utilizing the Biscayne and
Surficial aquifers had an r of 0,51 and 0,67, respectively, and both
_appear to be sampling wafer from a mixture of different type waters.
One water, in each case, is believed to be a calcium bicarbonate type
and the second is of a sodium chloride type (from a intruding saline
wedge), The mixing of two different type waters violates the linear
proportion assumption involving ion concentrations, thus accounting for
the lower corretations.

A general equation relating R, for each of the four main aquifer
systems (Table 19) may be expressed as;

Table 19,-- Approximate Relationship Between Chloride and R, for the
Four Major Aquifer Systems,

AQUIFER RELATIONSHIP

Sand-and-Gravel Chlorides = 2,400 - 5 (22)
Ry

Biscayne Chlorides = 2,800 + 50 (23)
» Rw

Surficial and Intermediate Chlorides = 1,600 - 60 (24)
Ru

Floridan Chlorides = 3,100 - 200 (25)
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Figure 39.--Ry vs. chloride concentration for various water
masses throughout Florida,



Curdd w * 19) IAHOTHD

000°0L .000'¢ 0002 000't 00S 002 00l oS 0z oL G z L

00! 00t

002 0s

et

S v

m £

oos o 02
L b
S ) m
© 2]
000't 9 ot m
§ =
2 8 g <
0002 W. S =
z 2
mo 3
000's 5 2 o
: 5 -4
. - m
. S &
00001 Z |

LA
s TVIOLIHNS ——— _ .
ya ANAVISIH eeensesess 0000z S0
1’4 TIAVHD ANV ONVS .. —
Ve NVArdoid
4 | e ¥3INOV — 1 %00'0s 20
l\\
L L] |

00000t L0

-



168

Figure 40,--R, vs. various ion concentrations for the Floridan
aquifer, Quincy area, Gadsden County, Florida. See Appendix M
for individual plots and correlation coefficients.
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Figure 39 is a composite overlay of all the least squares best
(fit lines for Ry, vs. chloride. Although the relationship is not Tinear
throughout the entire chloride range, the match of the lines is general-
1y good. The above equations may be used as an approximation for the

LV —
Ry-Chloride relationship quwgfghwgprhe major aquifer systems, For

local analyses, it is advisable to plot the relationship from water

samples taken from adjacent wells for the area under study.

Water Resistivity Versus Common Ion Concentrations In
Carbonate Aquifers

In addition to plotting the relationship between R, and the
chloride ion concentration, ten other jons weré compared to R in a
carbonate aquifer to determine their significance and correlation. The
ten water samples plotted from the Floridan aquifer in the Quincy area
of Gadsden Count&, northwest Florida., At least 20 water quality samples
(n > 20) were used for each R,-ion plot, The numerical relationships
are summarized in Table 20 and individual ion plots are located in
Appendix M.

The individua]uions and correlation coefficients-are listed
below:

Table 20.-- R, vs. Correlation Coefficient (r) for Common lIons

Present in the Ground Waters of the Floridan Aquifer System,
adsden County, Florida.

Ion n Correlation Coefficient (r)
Chloride 32 0.992
Total dissolved solids 27 0.986
Potassium 23 0.917
Magnes jum 31 0.905
Hardness (as Ca, Mg) 32 0.851
Sulfate 32 0.774
Sodium 31 0.611
Fluoride 28 0.560
Calcium 31 0.101
Bicarbonate 20 0,089

Silica (dissolved) 25 0.070
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An overlay of least squares best fit lines for these ions vs.
R reveal a positivg relationship between most of these ions
(Figure 40).

Chioride had the strongest correlation to R, followed by total

dissoived solids, potassium and magnesium,

e r———

Iron, in both soluble and insoluble forms (Fe+2{ Fe+3), often
exceed the recommended public health Timit of 0.3 p.p.m. in granular
aquifer systems {quartz sands and gravels). Unfortunately, there
appears to be no correlation {r = 0,019) for 120 samples compared from
the sand-and-gravel aquifer of extreme northwest Florida (Figure 41).
The poor correlation may be attributed to the low conductivity of iron
in the oxidized (insoluble state) and the relatively low concentrafions
of iron present (commonly less than one p.p.m.) in most ground waters.

Retationship of Saturated Formation Resistivity and Porosity to
Potable Ground Water for the Major Aquifers in the Study Area

A qu1ck est1mat1on of water qua11ty can be Tnferred from e]eCtPTC

and por051ty 1095 for each of the four aqu1fer systems in the study

area., Figure 42 is a res1st1v1ty pOPOSTty plot for the potab]e 11m1t

P

of each of the four aquifer systems, The potable limit 1ines (based on

chlorides = 250 p.p.m.) were calculated from the following equation:

R, =R (16}
0
u
where: ¢ = porosity in percent
Ro = resistivity of saturated formation, from

normal or lateral log

and for each aquifer m and R,* were assigned values of:

6 7.21 Floridan

3 14,14 Biscayne

3 7.73 Sand-and-Gravel

3 5,15 Surficial and Intermediate
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Figure 41,--R, vs. iron concentrations for the sand-and-gravel
aquifer, southern Escambia and Santa Rosa counties.
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Figure 42.--R, vs. porosity for determining freshwater zones
of the four main aquifers in the study area.
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* based upon a weighted average of R, for 250 p.p.m.
chiorides for each aquifer system,

From this-plot it is- evident that electric-logs-may not be used
direct}y to infer water gquality without knowledge of formation porosity.
Saturated formation resistivity (RO), as graphed on Figure 42, can vary
more than one order of magnitude and still contain water of the same

quality.



DETERMINING FORMATION TRANSMITTING CHARACTERISTICS
FROM GEOPHYSICAL LOGS

Formation Factor as an Indicator of Permeability

Archie (1942) first recognized the fact that water resistivity
and porosity are directly related over a wide range of values by the
equation;

F = Ry/Ry (14)
The Formation Res1st1v1ty Factor (F), 1n deep we]l 1og 1nterpre-

tation 1s d1rect1y dependent upon grawn 51ze, sort1ng, and pore water

res1st1v1ty. Produc1ng formattons (non-c%ays) where the gratns have

o N S ——
e n

high contact area tend to have h1gh res1st1v1ty due to the current bewng

conducted pramar11y through the br1ne saturating fluid (by etectrolyt1c

conductance) rather than through the formation matrix. Smaller, 1ess

greater portlon of the current 1s d1rected through the matr1x. Both of

e o~

these factors serve to 1ncrease the res1st1v1ty recorded by electrtc

S VP e e

logs.
.

Alger (1966) 7n 1nterpret1ng eTectrac 1ogs in freshwater zones

S P

noted that the relat1onsh1p of res1st1v1ty to grain saze and sort1ng

(gra1n contact area) was oppos1te in response to that observed in deep

B e T e e T AL

well log interpretat1on. It appears in freshwater zones (high R )

electric current is preferent1a]1y conducted a]ong the matr;x-water

1nterface rather than through the more reststlve pore water (F1gure 43)

Format:ons composed of 1arge, we]] sorted gra1ns (1ow gra1n contact

E——

area) have h1gh res1st1v1ty due to the current fo110w1ng a more tortuous

R —

Fal

path through the format1on.
' 177
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Figure 43,--Influence of surface conductance upon formation
resistivity measurements,
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Increasing the tortuosity increases formation resistivity in both
freshwater and brine saturated formations, Tortuesity is defined as:

tortuosity = current path length
sampie length (26)

Current conducted along the water matrix interface may be due
-to a ltow resistivity layer of very fine grained precipitated cement upon
the grain matrix. If this theory is correct (a reduction in current
resistivity along grain surfaces through very fine grained material)
then "surface conductance" has widespread hydrologic implications
retating to the formation's fluid transmitting capability
(permeability). All of the factors reduc1ng formation res1st1v1ty (Ro)

T e e e e ek A e e et e e bt el

in produc1ng format1ons also have an effect on decreas1ng permeab111ty.

SmaIler grain sizes and poor sorttng also reduce porosity and
permeability. Archie's equation for any clean producing formation
("clay free" and assumes matrix resistivity is extremely high) may then

be rewritten as:

F = Surface Conductance (27)
Ry
where surface conductance = (grain size factor) x porosity (28)

grain contact area

If Ry rema1ns constant through a g1ven zone, the saturated

formatTon res1st1v1ty (RO) recorded on the tog will be d1rect1y re]ated

e T T

to the formatlon s permeab111ty. If R, changes with depth then F (or

S

k) can be norma11zed by d1v1d1ng R by Rye Relat1ve F-values can then

- VS U S

determined and related to permeab1T1ty (or transmtss1v1ty) for a g1ven

area. Croft (1971) demonstrated that F appeared to have a correlation

to permeab111ty 1n ki sandstone aqu1fer 1n North Dakota.“ The present

research 1s be11eved to be the farst attempt at us1ng F va]ues 1n
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Formation Factor (F) Versus Permeability for Well GF-18

In order to proper]y evaluate the emp1r1ca1 reIat1onsh1p between
"F and permeab1]1ty, another 1ndependent method of determ1n1ng
permaability was necessary to compare values of F against., The
methodology for this comparison was used in analyzing a well in Gulf
County, northwest Florida, having the following information available.

Normal electric logs, 16" and 64"

Flowmeter log (relative vertical fluid velocity)
Fluid resistivity (R,)

Caliper log

Aquifer test data (well transmissivity)

Zones of relatively uniform permeab111ty, hased upon the flow-

meter Iog, were d1v1ded 1nto e1ght dtst1nct hydro]og1c un1ts. Perme-

- T e T e S, s s e T T

abttzty from each zone was obta1ned by muIt1p1y1ng the relatlve percent

of flow from each zone (1n percent from the ftowmeter 1og) by the we]]

transm1ss1v1ty and then d1v1d1ng by the zone th1ckness 1n order to B

N i e

obtain a permeab111ty pgr\g“néxtndchéﬁﬁ\(Tabie 21). This number (a

d1rect measurement of permeab111ty) was then compared to F as obta1ned

1

6“ norma] e]ectr1c,

from the geophys1ca1 ]ogs (F = R /Rw’ where R

and R was obtained from f1u1d res1st1v1ty probe, Fagure 443,

e e T

Results

Plotting of the data appears to show a good agreement between F,

as determ1ned from the 1ogs, and permeab11tty caicuiated from the f?ow-

meter tests (F1gure 45) The e1ght produc1ng zones compared had a

correlatlonwcoeff1c1ent (r) of 0 79. The relationship of F to perme-
ability for this part1cu}ar well, GF-iS can be expressed as:
k =72 (F) - 284  (29)
where: k is in gai1ons/day/ft2.

The most productive zones, numbers 4, 5, 6, and 7 are located

. e i et e O e 5 8 oty
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Figure 44,--Flowmeter, 16" normal electric, and natural gamma logs
used in determining formation factor (F) from well GF-18,
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Figure 45,--Permeability vs., formation factor (F) for
well GF-18,
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Table 21,--Atgorithm for Determining. Permeability (k)
and Formation Factor (F) from Fluid Velocity and
Resistivity Logs.,

5)

Scale flowmeter log across the bottom of
the page from 0 to 100 percent flow.

Divide flowmeter log into zones where the slope
is relatively constant.

Find the percentage of flow from each zones,

From the transmissivity of the well (or
converted from specific capacity), Table 22,
divide the thickness of the producing zone (in
percent of total Tength of producing zone) into
the transmissivity to derive permeability (k)
in gallons per day per feet squared (gpd/ft }
for each producxng zone.

Divide each R, by R, (obtained from fluid
resistivity 109 or po1nt samples taken after
the well has stabilized) to obtain F (F=R,/R,).

Plotk vs. F and fit a 1ine through these
points. This relationship of F to k should be
relatively constant over a large area if the
pore water resistivity is constant or known and
the lithology and cementation factor (m)} remain
retatively constant over the area under
investigation,

Logs required: flowmeter, short-normal electric

(16"), fluid resistivity, caliper, and transmissity
or specific capacity (from aquifer test).

Assumptions :

A,
B.

C.

Resistivity of pore water is known;
Borehole is relatively smooth or changes in
diameter can be corrected for; and
Cementation factor (m) remains uniform
throughout borehole,




188

Table 22,--Estimating Transmissivity from Specific Capacity

Artesian: Well Diameter Multiplier*
2"
4" 2,532
" 2,439
8" 2,373
10 2,321
12" : 2,280

Non-Artesian: 2" . 2,163
4" 2,002
6" 1,909
8" 1,843
10" 1,791
i2" 1,750

*Transm1ss1v1ty Multipltier x specific capac1ty

in gpd/ft. (Divide by 7.48 to obtain ft /d)
(From Meyer, 1963)
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near the center of the open borehole. Although the total length of
these zones comprised less than ten percent of the open hole length,
approximately 50'péfcen£ of'the flow 1s coﬁtributed by these four zones.
Zone 6 had the highest F factor and also had the highest flow per unit
length according to the flowmeter log. The upper portion of the
borehole (about one-third of the total open nole length) is a very fine
grained argillaceous limestone contributing no water to the well (accord-

ing to the flowmeter log) and correspondingly has the lowest F factor.

Matural Gamma Log as an Indicator of Permeability

Using data from the the same well, GF-18, a comparison was made
betwean theb“average” natura} gamma activity of each hydrogeologic zone
versus the formation factor (F). The purpose of this comparison was to
observe if a correlation exists between clay content of the carbonate

and F, It is assumed only one type of clay is present throughout the

sequence, and the clay accounts for the magor port1on of the gamma

e ol e i e

activity recorded on the 1og. The p]otted data 1nd1cate a strong

4Vcorre1at1on between h1gh gamma activity and low permeability, i.e.,
increased clay content in the carbonates (as determined by increased
gamma activity) lowers the fluid transmitting characteristics of the
formation. Further analyses are needed to confirm this re?ationéhip
(Figure 47).

Permeability, Gamma Activity and Resistivity Relatjonships
Permeability Versus Resistivity

As demonstrated earlier, if F and permeability are related for a
given aquifer system, then saturated formation resistivity (RO) is
1aﬁge1y a function of permeability (F = k = Ry/R,). In order to test

this hypothesis, Ry measurements were compared to aquifer transmitting
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Figure 46,--Gamma activity vs. formation factor (F) for determining
the relationship between permeability and clay content of the
limestone aquifer in well GF-18. It is assumed that the clay is
the primary gamma emitter and composition of the clay is
relatively constant throughout the interval analyzed.
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properties as determined from numerous cores and corresponding electric
logs. In one example, twenty-one formation resistivity measurements (R0
from 16“‘norma1) were compared to aquifer transmitting properties (well
GA-39), based upon a scale of one to nine in the following manner:

Aquifer transmitting:
Coefficient Hydrogeologic Character

very fine grained clay, no silt or sand
content

Confining bed 1

3 - as above, some silt or sand in matrix
Aquiciude 5 - leaky confining bed, may transmit some
water
7 - poor aquifer - capable of transmitting
a moderate amount of water to wells
Highly
Permeable 9 - well developed secondary porosity, good

producing zone

In this example, water resistivity was assumed to be constant (as

determined from numerous po1nt water samples and fluid res1st1v1ty Iog

measurements), and R was p]otted d1rect1y aga1nst the aqu1fer

transmitting cgeff1c1ent (FTgure 47) ResuIts show a correIat1on

i e i

J——

coefficient (r) of 0.89 (n = 21), 1nd1cat1ng a good relat1onsh1p between

permeab1]1ty (or F) and saturated format1on res15t1v1ty (RO) in

freshwater env1r0nments. -

Permeab111ty vs, Uranjum-Potassium Gamma Activity

Utilizing the same core as in the previous example, GA-39, it was
observed that the zones of highest permeability appeared to have a
significantly higher uranium-potassium ratio (determined by gamma
spectrometry). Uranium-potassium ratios appeared to be influenced by

the permeability of the formation rather than lithology. Generally, the

‘more permeable zones had h1gher uran1um/potassaum rat1os. One exp]ana—

t1on of th15 phenomenon may be accounted for by adsorpt1on of uran1um

R EO—
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Figure 47.--Aquifer transmitting characteristics coefficient vs.
saturated formation resistivity for well GA-39,
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ions onto the fluid-matrix interface as ground waters percolate through
_—— T T T —

the aquifer system (Cowart 1974) Uranium jons appear to be leached

'E;;;:;;d:;;nts in ox1dlzed zones, near 1and surface, an env1ronment )
;;ere uranlum 1ons are hxgh]y mob11e. Uran1um 1ons then m1grate w1th
rthe perco1at1ng ground water and prec1p1tate downdip, in more reduc1ng
environments., The_;oncentrat1on of uranium prec1p1tatéd on the
.fldid?d;;;%gwdnterface would then appear to be a function of; the
concentration of uranium in the percolating waters and; the volume of
ground water flowing through the aquifer system. Many economical
uranium deposits (in the western United States) are believed to have

formed in this manner. Permeability may then be related to the

—

uranium- potass1um 1sotop1c rat1o (1f potass1um 15 not fractxonated in

e

the same manner as uranxum) The use of gamma_ spectrometr1c probes

{togging probes capab]e of quant1fy1ng uranlum, thor1um and potass1um

1sotopes) may have some hydro]og1c s1gn1f1cance as an 1nd1cator of

permeab111ty. Isotop1c data from we11 GA-39 vs. aqu1fer transm1tt1ng

rcoeff1c1ents (as previously defined) are plotted on Figure 48,

Twenty-~four samp1es were compared and had a corre]atwon coeff1c1ent of

- —

(r) 0. 80 The dominant lithology (lithology is noted by the symbol

pldtted) appéars to have little correlation to permeability.

Uranium-Potassium Gamma Activity vs. Resistivity

Considering that the last two compar1sons, res1st1v1ty vs.

—

transmwtt1ng coeff1c1ent and uran1um/potassaum vs. transm1tt1ng

P

coeff1c1ent had stat1st1ca11y s1gn1f1cant corre]at1ons (r s of 0 89 and

0. 80, respect1ve1y), Tt may be postuiated that uran1um/potass1um vs.

re515t1v1ty should also correTate. The resu]ts are p]otted for the same

-

intervals of Well GA-39 (Figure 49). Twenty-one samples were plotted
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Figure 48.-- Uranium/potassium gamma emission ratio vs. aquifer
transmitting coefficient for various lithologies obtained from
-well GA-39,
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Figure 49.--Uranium/potassium gamma emission ratio VS,
saturated formation resistivity for various lithologies
from well GA-39,
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having a corre]at1on coefficient of (r) = 0.97 indicating even a

r—

. S

strooger re]at1onsh1p between re51st1v1ty and uranium concentration.

e A T

Further analyses are necessary in order to determine if uranium

concentration are preferentfally concentrated in zones of high
resistivity, i.e., "clay free" portions of aquifers.
From the above analyses, It appears. that the eIectrac 1og, ‘gamma

A,

Iog, and relattve uranlum/pota551um content may relate to permeab1!1ty.

T e e e it e eSS

Further 1nvest1gat1on of these relat1onsh1ps are necessary to

R — S S gt

conf?rm these hypotheses. If any (or a11) of these re]at1onsh1ps are

! va11d then a new method of approx1mat1ng permeathtty may be ava11ab¥e

for use in freshwater env1ronments.

Influence of Secondary Porosity Upon Permeability

Permeability in carbonate aquifers is greatly influenced by the
degree of secondary porosity development. Secondary porosity in
carbonates may be split into two types solution or fracture porosity.
Solution type porosity is most notable in carbonates of moldic type
porosity (dissolution of meta stable shell material). Secondary

poros1ty is a?so dependent upon the c]ay content within the matrix.

Very f1ne gra1ned (cha]ky) 11mestones and arg111aceous I1mestones rare1y
develop h1gh permeab111ty, except 1n recharge areas where actzve

d1sso1ut1on of the carbonate mater1a1 is acceTerated by acidic

prec1p1tat1on.

The process of do1om1t12at10n may be great]y influenced by the

primary permeab111ty of the carbonate. Even smal] amounts of c]ay are

be]1eved to h1nder percoiat1on of Targe volumes of ground water

, necessary for doTom1t1zat1on (Hanshaw et a], 1971, Fanning et al, 1981,
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Bloom, 1982)., This hypothesis is also supported by the fact that

argillaceous dolomites are relatively rare in the Tertiary rock record..
The absence of c1ay'1n do10mites, may also attribute to the low |
ductitity of dolomites. Even in tectonically “"quiet" areas, such as the
Floridan Platform, dolomites are often highly fractured while being
interlayered with Timestones with little or no fracture parosity.
Fractured dolomites are often associated with zones of extremely high
permeability.

Determining Secondary Porosity-Solution Type

The determination and quantifying of secondary solution type
porosity would yield valuable hydrologic information concerning aquifer

permeability. Squt1on type poros1ty may range from a very few percent

to more than 50 percent of a format1on S voTume. Secondary porosity is

deve]oped by ground water percoTating a]ong ”preferred solut1on channels”®,

Permeab1]1ty, d1rect1y related to the number and size of the channels

1ntersected may vary cons1derab}y over extreme]y short hor1zonta1

d1stances. Acousttc ve]oc1ty probes are often used to determlne the

presence of secondary poros1ty. Compressxon waves generated by the

probe s transm1tter traveI fastest through the matr1x and tend to bypass

S — e SO — o g T

vugs and cav1t1es. Since the arr1va1 time of on}y the fastest acoustic

waves are recorded, the acoustic velocity Tog will record "apparent™

porosities lower than true in carbonates with secondary porosity. The

E———

amount of porosity “over!ooked“ may be compared with porosity values

determ1ned from other types of probes not sens1t1ve to secondary
poros1ty (neutron or densxty) and the d!fference between the poros1ties

is due to secondary poros1ty. The M and N plot or the litholegic cress
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plots may be used, if the lithology is known, to observe the presence of
secondary porosity.

Determ1n1ng Secondary Poros1ty Fracture Type

AIthough fracture poros1ty rarely contributes to more than f1ve

percent of a formatlon s total porosaty, fracture p0r051ty 15 common]y

the d0m1nant type in the most productave aqu1fer systems. Fracture

w1dth has been re]ated to permeabTITty by:

permeability in darcys

Width of fracture in cm x 2,000
permeability in th/d)

(in inches x 12,200

u un

(From Hilchie, 1982)

Fracture porosity is also the most difficult to detect and
measure. Fractures often appear as low porosity on all three types
of porosity togs. Fractures-may also appear as very high or Tow
resistivity on electric logs, depending upon the orientation of the
fractures.

Permeability from fractures cannot be easily quantified, but the
shape, orientation and width can be observed by; television surveys,
impression packers, or by the borehole (sonic) televiewer. The borehole
televiewer is superior to other methods for observing fracture porosity.
Basically, the borehole televiewer is an acoustic type probe transmit-
ting an‘acoustic pulse towards the borehole wall which is reflected back
to a receiver. A continuous record of the borehole rugosity is recorded
as tne transmitter rotates in a 360 degree plane normal to the borehole.
Vugs and cavities are recorded as dark spots on strip chart paper.
Magnetic north is recorded by the probe and may be used in orienting the

fracture directions. At this time, the borehole televiewer is primarily
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a research probe, but has a great potential for detecting fractures in
| water resource investigations.

Tracer Logging

5 Measuring the rate of inner borehole flow has been accomplished
using chemical, radicactive and thermal tracers. Tracer logging has
very Timited quantitative applications to hydrologic investigations.
Inner borehole flow will yield relative head differences between
aquifers penetrated, but is also dependent upon permeability of both
zones and the rate of flow in the borehole is by no means indicative of
flow through the adjacent formations.

! Radioactive tracers (commonly I131, 8 day 1/2 life: or Br32, 36

hour one-half life) are often used but are expensive, cannot be stored

for extended periods of time, require a license to handle and a permit
to use in most potable aguifers. Thermal tracers have been successfully
used in a number of instances with good results to determine lateral
flow (injected plumes measured in adjacent monitor wells). Thermal
plumes are not advisable for use in single boreholes (i.e., thermal
changes should be measured in monitor wells) since the warmer water will
rise faster, within the borehole, than the native fluid. Chemical
tracers have been successfully used for determining lateral and vertical
flow provided the tracer i3 a similar density and chemically inert to
the surrounding formations and pore waters,

Any type of vertical flow measurements must be used in

conJunction WIth a ca]Tper 1og to correct changes in veIoc1ty due to

var1at1ons in boreho]e d1ameter.
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Permeability from Flowmeter Logging

Mechanical flowmeters directly measure vertical flow from

boreholes (Figure 50). Flow meter logs are extremely useful for

determining individual zone permeability, but require vertical

I P

velocities in excess of three feet per minute (to overcome inertia of

propeller), Quantitative resuits also require the borehole to be

v

uniform in diameter over long vertical spans or adjustments should be
made accordingly using a caliper log., Variations in borehole diameter
can be corrected using the following equation:

Q=1/4d% . v (30)

where Q = flow in counts per second
{cps)
d = diameter
v = velocity in cps

Flowmeter logs run up-hole have smoother and more representative curves
than when run down-hole, Logging down-hole the flowmeter often bounces
of f ledges and may free fall short distances yie]dfng anomalous spikes
on the log.

F]owmeter Togs, when used in conjunction with R, measurements,
can be used to infer water quality and quantity contributed from
specific produc%ng zones in open boreholes. This information can be
very valuable in determining specific capacity and water quality at

v

various pumping rates (Figure 51},



205

Figure 50,--Typical flowmeter log response to various borghole
conditions.,
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Figure 51.--M'éxim1'z1‘ng water quantity at a desired quality using
flowmeter logs and R, of aquifers,
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DISCUSSION

General
| Borehole geophysical Togs provide an accurate means of obtaining
- hydrogeologic information relating to lithology, formation pore water
P quality and transmitting properties of hydrogeologic units. Although
none of these character1st1cs are d1rect]y measured by any part1cu}ar

| o N R

! leg, strong 1nferences can be made prov1ded some knowledge of the 1oca1

[ — N

geology is ava1lab1e, cuttings and/or cores are co11ected to supplement

et T e . R b e

Tog 1nterpretat1ons and extraneous effects affect1ng 10g responses are

i minimized,

SUEE

Quality log interpretations in freshwater carbonate environments

@ are based upon numeroes assumptions and principles different than those
employed in deep well ltog interpretation. Near surface freshwater

. carbonate formations are characteristically less compact, less cemented,
lower in temperature, higher in porosity and permeability and at least
two orders of magnitude greater in saturated formation resistivity than

‘ their more deeply buried counterparts. These physical differences
affect every type of log currently run and in some cases to such a
degree that certain probes cannot be utilized in both types of
environments.

A major portion of this research is devoted to the interpreiation
of geophysical logs in freshwater carbonate environments, Many of the
traditional log interpretation principles are based on the assumption
that the formations evaluated are of a clastic or granular nature, Very

little research has documented the response of porosity (neutron,

i 209
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density and acoustic velocity), or electric logs in near surface

carbonates., Resuits from this research, developed by empirical methods,

strong]y indicate that uncompacted Tertxary carbonates respond very

R OO e re

s1m1Tar1y to unconsol1dated to moderate]y cemented granu]ar mater1als.

Except1ons Inc1ude do]om1tes, w1th fracture type poros1ty, and

crysta1l1ne do]omites of extreme]y Tow poros1ty. Most limestones appear

to nave high porosity (common]y 25 to 45 percent) and respond on most
logs as nhomogeneous, porous granular material, Sucrosic dolomites have
intercrystalline type porosity and also appear to yield valid results
for porosity, lithology, and water quality determinations. Formations
dominated by fracture porosity and a high degree of secondary porosity
{vugs, channels, etc.) are often highly permeable, but are difficult to
detect or quantitize from any logs currently available., Acoustic
velocity logs are sensitive to secondary porosity effects and the
percentage of secondary porosity may be quantified by obtaining the
porosity difference recorded from neutron or density logs. The affect
of under saturated zones on various logs have not been determined and
these zones should not be used for quantitative analyses.

In near surface environments, it is assumed all or the pore
spaces in saturated zones are occupied by fresh water and never
hydrocarbons. Most logs run in the vadose or unsaturated zone require
water saturation percent (S,%) correction factors for proper
interpretation. Unsaturated formations will directly affect the
response of natural gamma, neutron, density, acoustic velocity and
electric logs. The affect of under saturated zones on various logs have
not been determined and these zones should not be used for quantitative

analyses.
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Clays and argillaceous formations also affect quantitative
analyses of neutron, acoustic velocity and electric logs. MNon-effective
c]ays {clay with Tow cation exchange capacfties - kaolinite and
chlorite; also chalk and dolosilts) respond as very fine granular
material and may be interpreted without correction factors. Effective
clays, clays incorporating water in their lattice structure
(montmorillonite, i11ite and palygorskite) have an extremely variable
effect on porosity and electric logs and should not be used in
quantitative analyses. Fortunately, producing zones of hydrogeologic
interest are predominantly composed of relatively pure limestone,
dolomite or quartz sands and rarely need to be corrected for clay
content. Clay content may also be quantified by cross plotting density
log porosity vs. porosity from neutron or acoustic velocity logs. The
Tatter two logs tend to "ignore" the water incorporated in the mineral
structure of the clays. Apparent porosity differences between density
and neutron log or acoustic velocity log, can be used to determine clay
content (percent by volume).

Carbonates often exhibit an extremely diverse texture and
composition (dolomites interlayered with limestones, etc.) in very short
vertical spans, "Clean" carbonates (limestone or dolomite without clay)
may act nydrologically as extremely productive zones {characterized by a
high degree of secondary porosity) or as aquicludes (example; dense
crystalline dolomite). Quantitative analyses using thin alternating
beds exhibiting extreme hydrologic variations over very short distances
should only be used for quantitative anal&ses with extreme caution. In
many cases, the various logs will reflect properties of adjacent zones,

depending upon the probes radius of investigation and bed thickness,
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Smooth boreholes, uniform in gauge, are desirable for all types of log
1nterpretaﬁion since most probes are influenced by material closest to
thé pfobes sensof. Activit{es and Qashouts appear on ﬁény 1on as

“clays" {low density-high water saturation) and should be identified and

eliminated from interpretation by using caliper logs.

Lithologic Determinations

Lithology can be accurately determined by cross plofting data
obtained from porosity logs (neutron, density and acoustic velocity).
This technique yields the percentage of each lithology (assuming only
two end members - quartz sand, limestone or dolomite), and provides a
relatively accurate means for determining porosity,

If a third lithologic fype is suspected all three porosity logs
may be used simultaneously in an M and N plot to determine the percent
of each mineral present (calcite, dolomite and quartz), M and N plots
also reveal information relating to secondary porosity and clay content
cf formations. Electric logs are rarely used for determining 1ithology
since the main producing formations (quartz sand, limestone and
dolomite) -all exhibit similar and extremely high resistivities.
Saturated formation resistivity is influenced to a much greater degree
by pore water resistivity, porosity, and pore geometry than lithology.

A flow chart for determining the order of lithologic cross
plotting is illustrated on Figﬁre 52.

Lithologic determinations by gamma spectrpmetric techniques have
faiied to reveal any significant affinity for potassium, uranium or
thorium to any particular type of lithology. The percentage of gamma

rays emitted from each naﬁura]]y occurring isotope for sand, clay,
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Figure 52.--Flow chart for"determining lithology and clay content
by different cross plotting methods,
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limestone and dolomite, was relatively constant and calculated at
approximately 61, 30 and 9 percent for uranjum, thorium and potassium,
réspective1y. Fﬁrther analyses of.ﬁiay minerals directly overlying and
within carbonate units revealed their composition to be highly
calcareous and afe probably not "true" clays, but a residium from
weathering of primary carbonate formations. Small percentages of clay
minerals were deposited with the dissolved carbonate fraction and often
yield characteristic clay mineral patterns on x-ray diffractograms
{commonly palygorskite).

These calcareous clays appear to be composed of the resistanf
fraction of the dissolved carbonates and contain a high proportion of
impurities and gamma emitting. isotopes (but are similar in isotopic
ratio to the parent carbonates)., Although usually very thin, but
areally extensive, these "clays" often serve as excellent stratigraphic

marker beds on natural gamma Togs.

Water Quality Determinations

Water quality within prospective producing zones is of a prime
concern to hydrogeologists evaluating ground-water resources. Water
quality is often related directly to the resistivity of the formation
pore water. Water hes%stivity (Ry) can be derived from deep penetrating
electric logs (measuring true saturated formation resistivity, Ro) and
porosity logs used to determine the parameters in the following
relationship:

Ry =¢™ Ry
where; m is the cementation factor (approximately 1.3 for

unconsolidated Tertiary granular materials and 1.6
for non-compacted Tertiary carbonates).
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Once R, 1s determined, water quality can be derived from water
resistivity - ion cross plots, This relationship between the ion
concentrations is nd}ma11y éétaﬁ]ished from water quality anéiysés frbm
nefghboring wells tapping the same water mass. In most instances, the
ions influencing water resistivity (R,) are also present in the highest
concentrations such as; chloride, sulfate (or total dissolved solids)
and are also the first ions to render the water unpotable, For example,
chleride is normally the first ion to exceed concentrations recommended
for public water supplies in the Floridan aquifer and ground water are
generally not potable if the product of porosity and Ry Measurements
combined are less than 7,21 ohm-meters, when substituted into the
following equaﬁion; |

Chlorides exceed potable limits (250 ppm) if:

416 (Ry) < 7.21 ohm-meters
from ¢™ (Ry} =R, (16)

Precise water quality determinations rely upon accurately
determining the formation cementation factor (m). Cementation factors
cannot be determined in the laboratory and can only be calculated from
porosity-resistivity cross plots. The cementation factor is obtained by
plotting formation porosity !5.'saturated formation resistivity on
log-log paper, m is equal to the stope of the Tine fitted through the
data points. A wide range of porosity and saturated formation
resistivity values are necessary for a proper line fit and to observe if
m remains constant throughout the interval plotted. An aquifer system
with extreme ranges in porosity may exhibit a slight variation in
cementation factor. Lithologically thick, homogeneous aquifers of

uniform water quality may be difficult to analyze since the resistivity
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and porosity range will be narrow rendering it difficult to properly fit
a line through the data. In many wells open to mqltip]e qqujfer
”syétems, or aquifers having an extreme range in porosity, various units
may have a distinct m-values which must be applied to all determinations
from those particular zones.

Once m is accurétely determined, water resistivity for the entire
interval can be analyzed using resistivity-porosity cross plot (RPCP)
paper with the proper m spacing (Appendix N). Zones with fracture
porosity, large vugs and zones where porosity is less than seven
percent, should be avoided for the determination of Rye

Saturated formation resistivity (R,) should be obtained using
multiple electrode resistivity probes in order to penetrate deep into
the formation., Electric logs with varying depths of investigation also
aid in determining the depth of mud flushing. Normal electric Togs (16"
and 64") are adequate for most freshwater environments, but are
adversely affected in carbonate formations saturated with highly
resistive pore waters (R, > 100 ohm-meters). Under these conditions,
focused resistivity logs, such as laterologs or guard logs, may be used
to penetrate highly resistive formations.

A flow chart depicting the different methods and pracedures for

determining water quality is illustrated on Figure 53,

Water Transmitting Properties

The water producing characteristics of wells tapping carbonate
formations is highly dependent upon the type and development of
secondary porosity distributed throughout the aquifer system. Solution

type porosity is greatly influenced the: 1} chemical compatability of
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Figure b3,--Flow chart for.determining water quality by different
plotting methods.
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the ground water in contact with the carbonate {largely a function of
distance to the recharge area; 2) volume of ground water flowing through
thé aquifef‘system; aﬁd é) the ofiginal texture and mineralogy of the
carbonate matrix. For example, carbonates, chiefly composed of unstable
bryozoan remains tend to form “"better interconnections (higher perme-
abitity) than small mollusk shells in a fine grained carbonate mud
matrix. Dissolution of the original fossil material in the former case
favors interconnection of pore spaces, but does not enhance permeability
in the latter. .

Carbonates containing even small proportions of clay rarely
develop into highly productive aquifers. This may be accounted for by:
1) inability of percolating ground water to dissolve the clay and cause
the clay to "plug" any secondary porosity channels that begin to
develop; and 2) clay will teﬁd to lower the ductility, of carbonates
thus reducing the susceptability to fracture porosity (an effective
method of increasing permeability).

The most significant difference between log response in fresh
water versus bfine saturated formations is the means of conducting
electrical current through the formation. In brine saturated
formations, electric current'is by e!eétrolytic conductance through tﬁe
saturating fluid., Formation resistivity in brine saturated formations,
therefore, is primarily a function of water resistivity and degree of
matrix cementation, In freshwater environments, electrical current is
more readily conducted along the fluid-matrix interface, rather than
through the saturating fluid. This phenomenon has important hydrologic
implications relating to permeability not applicable in the o1l

industry. Formation resistivity (F) in freshwater environments
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increases with grain size and sorting since the current is forced to
travel a more tortuous path between electrodes. All of the factors
increasing tortuosity (i.e., formation resistivity) tend to increase
permeability. In freshwater environments, producing zones correlative
with zones of high resistivity are characteristic of formations having:
1) low clay content; 2) high surface conductance (high grain contact
area ratio to pore volume); 3} "large" grain sizes; and 4) high water
resistivity (an indicator of "good“ water quality).

Fractured dolomites often have very high formation resistivity,
but low porosity., Fortunately, the low porosity is offset by extremely
high permeability and still appear as "good" productive zones on
electric logs. Different methods of obtaining permeability in
freshwater zones are illustrated on Figure 54,

Since the presence of clay tend to reduce permeability and in
aquifer systems ﬁhere clays are the primary_gamma emitter, the natural
gamma log may be used to approximate permeability. High gamma activity
appears to be a good indicator of "low" permeability throughout the area
researcned. Notable exceptions to high gamma activity/permeability
retationships are: 1} permeable "clean" medium quartz beach sands with
accessory mica flakes thigh percent of potassium -40) emitting high
gamma counts; 2) "pure" montmorillonitic clays with very low gamma
counts acting as an effective confining bed; and 3) low gamma activity
from organic material often observed in cores and well cﬁttings
(contrary to organics in the petroleum industry having very high gamma
activity).

Preliminary results from gamma spectrometric analyses indicate a

strong correlation between permeability and uranium/potassium isotopic
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Figure 54,--Flow chart for determining water transmitting
properties of aquifers by different plotting methods,
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ratios. Uranium appears to be preferrentially concentrated, with
respecf to potassium, in the higher permeability zones. A mechanism
| 1nvo1v§ng the adsorption of uréhium 1on§ on to aquffer type material
accounts for this phenomena and is described in detail by Cowart (1974),
Uranium appears to be mobile in recharge areas (oxidized zones) and
percolates with ground waters until Eh-pH conditions favor precipitation
(or adsorption) onto formation matricies. Permeable carbonates normally
have a greater volume of ground water {and associated uranium in
solution) circulation and are more likely to concentrate uranium by
adsorption than less permeable zones. Potassium also appears to be
unaffected by this process, which may centribute to the apparently high

uranium/potassium ratios,



SUMMARY AND CONCLUSIONS

During the last decade, borehole geophysical logging has become a
widely accepted method of obtaining information relating to ground-water
resources. Although once considered a very expensive and cumbersome
method for procuring hydrogeologic information, recent advances in
microelectronics have made logging more feasible and economical to use
in the water well industry.

Geophysical Togs provide a continuous record of various physical
parameters, at exact depths, relating to such hydrogeologic information
as lithology, porosity, pore water quality and water transmftting
properties of hydrogeologic units., Currently, well cuttings are the
most common method of obtaining information on Tithology, but represent
6n}y "point samples" which may be contaminated or have undergone density
fractionation during circulation in the borehole. Clays and secondary
porosity are rarely preserved in well cuttings. Cores are also a
valuable means of obtaining subsurface information, but rarely.obtain
100% recovery and are extremely expensive. Laboratory porosity and
permeability measurements from cores still only represent "point
samples” whereas geophysical logs depict a continuous record of these
parameters. Values obtained from geophysical logs may actually be more
representative than laboratory results considering the measurements
obtained from logs are based upoﬁ a volume many times of those used for
laboratory core analyses. Geophysical logs are also capable of
obtaining information on existing wells and provide "on-site" results

without extensive procéssing.
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This research has compared numerous well cuttings and cores with
accompanying geophysical logs from freshwater environments in order to
eva]ute.the app]icatfﬁn 6f v&ridﬁs tybes"of logs currently available for
use in water resources investigations. Some of the more significant
findings retating to the application of borehole geophysical logs to
hydrogeologic investigations, as based upon this researcﬁ, may be
summarized as follows:

1) The optimal suite of geophysical logs for obtaining
semi~quantitative information on lithology, water
quality and water transmitting characteristics of
coastal plain type sediments include; the natural
gamma, neutron, density, acoustic velocity, normal
electric logs (16" and 64"), caliper. Other important
complimentary logs include the temperature, fluid
velocity, fluid resistivity and fluid sampler,

2) The Tertiary carbonates {Eocene to Recent) examined
in this research are generally poorly cemented and
may be treated as granular materials for log
interpretation purposes.

3) Lithology and porosity can be accurately determined
for both carbonate and granular aquifer systems by
cross plotting data obtained from any two of the
porosity type logs (neutron, density or acoustic
velocity}.

4) Most of the "clays" examined from Miocene and
older formations are not true clays (clay minerals)
but are clay size calcareous particles (or residium)
as a product of weathering carbonate units. These
clays act, hydrologically, as confining beds and may
be interpreted as clay minerals on all types
of logs.

5) Pore water resistivity (R,) may be accurately deter-
mined by cross plotting resistivity (R,) and
porosity measurements obtained from electric and

- porosity type logs. R, can then be related to
specific ion concentrations for a particular type of
water mass {based on water chemistry) in both
carbonate or granular aquifer systems,

6) In freshwater environments formation permeability
appears to be related to formation resistivity
(F, F = Ry/R,)}. Electrical current, in freshwater
environments, is conducted primarily along the
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grain-matrix interface (surface conductance) rather
-than directly through the saturating fluid (electro-
lylic conductance). Generally, the higher the
tortuosity of the current path the higher the
formation resistivity. ‘Formations of high
resistivity, characteristically, are composed of
well sorted, Targe, uniform grain diameters (i.e.,
low surface contact to pore volume ratios). Factors
decreasing formation resistivity (small grain
diameters, poor sorting, flatter grain shapes,
increased clay content, etc.) also decrease formation
permeability. This relationship has important
hydrologic implications regarding the estimation of
permeability in both granular and carbonate aquifer
systems. .

7} The tertiary doTomites examined quite often were Tow
in porosity, Tow in clay content, high in saturated
formation resistivity and were usually extremely
permeable. The high permeability may be attributed
to the Tow ductility of "pure" dolomites causing the
units to be highly fractured even in tectonically
"quiet" areas. Carbonate units with fracture type
porosity are often highly productive and appear on
electric logs as highly resistive material.

8) Gamma spectrometric analyses failed to reveal any
appreciable fractionation of the naturally occuring
gamma emitting isotopes (uranium, thorium or
potassium) as related to lithologic type. Some
fractionation was observed between uranium and
potassium with respect to permeability. Isotopic
ratios appeared to be at Teast a magnitude higher
(uranium/potassium) in more permeable sections of
single aquifer systems.

Conclusions and findings presented in this research are intended
to aid in the interpretation of borehole geophysical logs. This
information is urgently needed by hydrogeologists and will aid in;

1) determining the optimum water bearing zones to

produce from small diameter test holes without
actually casing, developing or pumping;

2) determining the suitability of proposed sites for
tandfills, industrial pits, ponds or lagoons used for
storing hazardous wastes;

3) assessing the permeability and confinement of prospec-

tive receiving zones, in test holes, drilled for deep
well injection of wastes;
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4) recognizing facies changes, depositional enviraonments
and sedimentological features essential for a good
understanding of regional aquifer flow systems; and

5) evaluating the type of numerical flow model to use in
evaluating different aquifer systems. In addition to
supplying basic hydrogeologic information concerning
the aquifer system, many of the input parameters can
be obtained from geophysical logs (i.e., vertical
leakance, storage coefficients, boundary effects,
etc.). Geophysical Togs also aid in refining relative
vertical permeability variations obtained from aquifer
pumping tests.



APPENDICES

GLOSSARY OF HYDROGEOLOGIC AND WELL DRILLING
TERMINOLOGY

SYMBOLS COMMONLY USED IN GEOPHYSICAL LOGGING AND
HYDROGEOLOGY

BRITISH-METRIC UNITS AND CONVERSION FACTORS

FORMULAS RELATING TO LITHOLOGY, WATER QUALITY AND
PERMEABILITY AS USED IN TEXT

PHYSICAL PROPERTIES OF MINERALS AND MATERIALS

THERMAL CONDUCTIVITY OF VARIOUS LITHOLOGIES AND
MATERIALS

SIGNIFICANCE LEVELS FOR PEARSON PRODUCT - MOMENT
CORRELATION COEFFICIENTS

DESCRIPTION AND SPECIFICATIONS OF LOGGING EQUIPMENT
USED IN RESEARCH

CALIBRATING NEUTRON, DENSITY AND ACOUSTIC VELOCITY
LOGS TO LIMESTONE POROSITY

GAMMA SPECTROMETRIC PROCEDURES AND ANALYSES

GEOPHYSICAL LOGS OF WELLS USED FOR HYDROGEOLOGIC
INTERPRETATIONS

LITHOLOGIC DESCRIPTIONS OF WELLS USED IN RESEARCH

WATER RESISTIVITY VERSUS SPECIFIC ION PLOTS FOR
WATER MASSES USED ?N RESEARCH

CHARTS AND CROSS PLOTS USED IN LOG INTERPRETATIONS

CORRECTION FACTORS AND CONVERSION CHARTS FOR PROBES
USED IN RESEARCH

DESCRIPTION AND LOCATION OF WELLS WITH CUTTINGS AND
CORES USED IN THIS RESEARCH

229



APPENDIX A
GLOSSARY OF HYDROGEOLOGIC AND WELL DRILLING TERMINOLOGY

AQUICLUDE - A formation which, although porous and capable of
absorbing water stowly, will not transmit water
sufficient enough to furnish an appreciable supply for a
well or spring.

AQUIFER -~ A formation, group of formations, or part of a formation
that contains sufficient saturated permeable material to
yield significant quantities of water to wells and
springs.

AQUIFUGE - A rock without inter-connected openings which can
neither absorb or transmit water. Replaced by the term
"confining bed",

ARTESIAN - Artesian is synonymous with confined. An artesian well
is a well deriving its water from an artesian or
confined water body. The water level in an artesian
well stands above the top of the artesian water body it
taps. :

ARTESIAN WELL

A well tapping a confined or artesian aquifer in which
the static water level stands above the water table.

A clay mineral with a fibrous structure and suspension
properties depending on the mechanical dispersion of
needle-Tike units which entangle to resist flow. Used
as a drilling fluid component in saline formations.
Reptaced by the term palygorskite,

ATTAPULGITE

BRINE - Fluids comprised of more than the usual amount of
dissolved salts contained in seawater.

COEFFICIENT OF
STORAGE - The volume of water released from or taken into storage
per unit surface area of an aquifer, per unit change in
head normal to that surface. (§) is a dimensionless
index and ranges from 3.0 x 10! to 10 x 10-5,

COEFFICIENT OF
TRANSMIS-
SIBILITY - The field coefficient of permeability multiplied by the
aquifer thickness.
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A measure of the ability of the water to conduct an
electric current. It is related to the total
concentration of ionizable salids in thé water, It is
inversely proportional to electrical resistance,

Replaces the term "field coefficient of permeability."
If a porous medium is isotropic and the fluid is
homogeneous, the hydraulic conductivity of the medium is
equal to the volume of water at the existing kinematic
viscosity that will move in unit time under a unit
hydraulic gradient through a unit area measured at right
angles to the direction of flow.

Is a term which will now supplant the terms "aquiclude,"
"aquitard," and "aquifuge" in reports of the U, S.
Geological Survey and is defined as a body of
“impermeable” material stratigraphically adjacent to one
or more aquifers.

Water entrapped in the interstices of a sedimentary rock
at the time it was deposited.

A unit of permeability. One Darcy is the rate of
viscous flow of one cubic centimeter per square
centimeter per second of a fluid of one centipoise
viscosity with a pressure gradient of .one atmosphere per
centimeter. Equals 18,24 gallons per day per square
foot {60°F.)

Lowering of water level caused by pumping. It is
measured for a given quantity of water pumped during a
specified period, or after the pumping level has become
constant,

The portion of pore space in saturated permeable
material in which movement of water takes place.

An assemblage of rock masses grouped together into a
unit that is convenient for description or mapping.
Formation boundaries may be independent of hydro-
geologic units.

Water in the zone of saturation,

Is the change in static head per unit of distance in a
given direction. If not specified, the direction
generally is understood to be that of the maximum rate
of decrease in head. The gradient of the head is a
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mathematical term which refers to the vector, h, whose
magnitude dn/dl is equal to the maximum rate of change
in head.

Water that cannot be withdrawn even under pumping
conditions.

The actual written record of the response of the probe.

The capacity of water-bearing material to transmit
water, measured by the quantity of water passing through
a unit cross section in a unit time under 100 percent
hydraulic gradient,

As defined by Meinzer, the rate of flow in gallons a day
through a square foot of the cross section of material,
under 100 percent hydraulic gradient, at a temperature
of 60°F, In field terms, it is expressed as the number
of gallons of water per day at 60°F. That is conducted
laterally through each mile of the water-bearing
formation under investigation (measured at right angles
to the direction of percolation) for each foot of
thickness of the bed and for each foot per mile of
hydraulic gradient.

A measure of the relative ease with which a porous
medium can transmit a liquid under a potential gradient.

The amount of interconnected pore space available for
fluid transmission, It is expressed as a percentage of
the total volume occupied by the interconnecting
interstices. Although effective porosity has been used
to mean about the same thing as specific yield, such use
is discouraged.

Replaces the term “piezometric surface," is a surface
which represents the static head of an aquifer system.
As related to an aquifer, it is defined by the levels to
which water will rise in tightly cased wells,

Any of the three Togs which indirectly measure porosity,
which include the neutron, density or acoustic
velocity.

Also called sonde or tool, is the actual instrument
attached to the end of the logging cable which is
lowered into the boreholse,
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The zone helow the water table in which all interstices
are filled with ground water.

Openings in rocks formed by processes affecting the
rocks after they were deposited,

Suspended solids are those which are not in true
solution and can be removed by filtration. They may be
imparted from small particles of insoluble matter, from
turbulent action of water on soil., Dissolved solids are
in true solution and cannot be removed by filtration,
Total solids represent the sum of dissolved and
suspended solids.

The rate of discharge of water from the well divided by
the drawdown of water level within the well., It varies
slowly with duration of discharge which should be stated

when known. If the specific capacity is constant except

for the time variation, it is roughly proportional to
the transmissivity of the aquifer.

The electrical conductivity of a water sample at 25°C
(77°F), expressed in micro-mhos per centimeter,

The ratio of (1) the volume of water which the rock

or soil, after being saturated, will yield by gravity to
(2) the volume of the rock or seil, The definition
jmplies that gravity drainage is complete.

The volume of water an
aquifer releases from or takes into storage per unit
surface area of the aquifer per unit change in head.

The hydraulic conductivity multiplied by the thickness
of an aquifer,

The rate at which water of the prevailing kinematic
viscosity is transmitted through a unit width of the
aquifer under a unit hydraulic gradient. It replaces_
the term "coefficient of transmissibility".

Water in excess of pellicular water seeping toward the
water table; used as a synonym for gravity water,



VADOSE ZONE
WATER TABLE

ZONE OF
AERATION

ZONE OF
SATURATION

234

Same as zone of aeration,

That surface in an unconfined water body at which the

- pressure is atmospheric, - It 1s defined-by the levels- at
which water stands in wells that penetrate the water

body just far enough to hold standing water. In wells
which penefrate to greater depths, the water level will
stand above or below the water table if an upward or
downward component of ground water flow exists.

The zone above the water table in which the interstices
are partly filled with air,

The zone below the water table in which all 1nterst1ces
are filled with ground water.



APPENDIX B

SYMBOLS COMMONLY USED IN GEOPHYSICAL LOGGING AND HYDROGEOLOGY
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Area

A current electrode used in electric logging (The current
electrode nearest the measuring electrode "M" in 16" and 64"
normal circuitry)

Amplitude

Constant in formation factor relationship (F=a/ M)
Alternating current

Normal (two electrode) device electrode spacing

Lateral (three electrode) device electrode spacing

A specific unit of Radiation Concentrate (a standard from
American Petroleum Institute)

Borehole television
Borehole compensated
Bottom hole temperature (°F in USA)

Centigrade

Caliper

Conductivity at a given temperature usually formation
temperature (in millimhos/m)
Current Induction log
Casing Collar log

Density log (compensated)
Centimeter

Square centimeters

Cubic centimeters

Counts per minute

Counts per second

Density log

Depth

Diameter

Birect Current
Borehole diameter

Normal electric log
Reduction or oxidation potential (redox)
Electron volt(s)

Foasessesss Formation resistivity factor (ratio of resistivity of porous

OF IIII’OOIII

Ff Secsnesen

medium 100% saturated with water to resistivity of the
saturating water).

Fahrenheit

Field-formation-resistivity factor
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Feet per minute
Foot or feet

Gamma Ray Log

Gecmetrical factor

Gravity

Gamma Spectrometry log
Gallon

Grams per cubic centimeter
Gram

Gallons per minute

Bed thickness

Inside Diameter
Electrical current magnitude
Tracer Injection log
Inch '
460+°F Rt
Coefficient in SSP formula K = -70.7 537 + 109 Rye

Permeability
Kilogram
Kilometer

Pound

Liter

Limestone

Logarithm base 10 (common logarithm)

Measuring electrode used in electrical logging (measuring
electrode nearest current electrode "A" in 16" normal and
64" normal circuitry)

Exponent in formation factor-porosity formula (Archie
"cementation" factor)

Milliampere

Millidarcy (permeability)

Miliion electron volts

Milligrams per liter

Mile

Millimeter

Distance between two potential measuring electrodes
Mitlivolt

Micromhos per centimeter

Measuring electrode used in electric logging potential
(measuring electrode farthest from current electrode “A" in
16" normal and 64" normal circuitry)

Neutron log

Qutside diameter

Ohm-meter {(a measure of resistivity, reduced from
ohm-m</m)

Ounce
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Pressure

Parts per million (equals milligrams per liter/specific
gravity of solution at STP)

Pounds..per. square -inch

Polyvinyl chloride

Quantity

Resistivity in ohms meter squared/meter at a given
temperature

Lateral Resistivity log

Radius

Apparent resistivity as recorded by a resistivity device
Resistivity of invaded zone

Resistivity of mud

Resistivity of mud cake

Resistivity of mud filtrate

Microfocused Resistivity log

Resistivity of formation 100% saturated with formation
water of resistivity R,

Revolutions per minute

Resistivity of adjacent formation

Resistivity of uninvaded zone

Resistivity of formation water

Apparent resistivity of formation water

Calculated resistivity of formation water uncorrected for
salinity or ion type (apparent)

Resistivity of flushed zone

Fluid sampler

Saturation (general term)

Specific gravity

Sand

Shale

Sandstone

Saturation in invaded zone

Spontaneous potential

Static SP (the maximum possible SP for a given Ry¢/R,)
Standard temperature and pressure (i.e., 60°F at 14.# psi)
Water saturation as a percent of pore volume

Water saturation in flushed zone as a percent of pore
volume

Temperature (°F U,S.A.)

Temperature log

Time

Radioactive half 1ife in units of time
Time constant

Total depth at time of logging

VYolume
Acostic Velocity log

Fluid Velocity log (flowmeter)
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Vte seeee... Borehole Televiewer log
V sssarseass Yelocity

b sssevesese Porosity in percent

A essseesass Change of any variable (an increment of change)

D esesesesss Density

Ph eeessssss Bulk density of formation within the area of investigation
Pf eeeceosss Density of fluid in pores within the area of investigation
Pma *essess Matrix (grain) density

T esreceeses A summation

QM seevsves Resistivity ohms m2/m

Aeacearsses Have length (feet in U.S.A.)

®eseassanes INTiNity



APPENDIX C

BRITISH-METRIC UNITS AND CONVERSAION FACTORS

MUTLiplymmmrcmca e
to obtain-mwemecmcmmccmeas

Flow

gal/min

Transmissivity

ft2/d
(gal/d)/ft

Hydraulic conductivity

ft/d

Specific capacity

{gal/min)/ft

Time per unif, Tength

ms /ft

DISTANCE/
DEPTH/LENGTH

mm
cm

in

ft

0.6309

0.0929
0.0124

0,3048

0.2070

3.280

0.0358370
0.39370
0.03281
0.01
25,40005
2.54000
0.02540
0,08333
30, 48006
12,0
0.3333
0.30480
10,000,000,000.0
1,000,000.0
1,000,0
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to obtain
divide

1/s
1/s

2
m&/d
m2/d

m/d

(1/s)/m

ms /s

in
in

mm
cm

ft
cm
in
yd

mm



MUItiply e mcmmmmccmmeameaas
to 0btain-c-cmammmmdacaaas

DISTANCE/
DEPTH/LENGTH - continued

km

AREA

2
cm
in2
ft2

me

km2

VOLUME/CAPACITY

em

in3

gal (U.S.)
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100.,0
39,370
3,2808
1,0936
3,280.83
1,000,0
.62137

0.15499
6.4516
929.0341
0.092903
1,549,9969
10,76387
1.19599
0,000,0
247,104
0.386

1,000,0
0.001 -
0.06162
0.0002642
0.00003531

16,387025
0.004329
0,01638
0.0005787
0,0001031

1,000.,0

1,000.0

61.02705
1.057
0.26417
0,03532 -

3,785.0

231.0
4.0
3,78583
0.13368
0.003785

cm
in
ft
ft

mi

acres



MuItiply===emmmccmcmaaas
to obtain--cemeccamaeaaa

VOLUME/CAPACITY - continued

ft3

yd3

DENSITY/
CONCENTRATION

gm/ce

WEIGHT/MASS

gm

04

kg
b

RESISTIVITY

ohm cmz/cm
ohm m2/m

PRESSURE

psi

1b/ft2
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1,728.,0
28.31684
7.4809
0,037037
0.02831
264.17
1,3079
35.314
201.974
27.0

62,42976
8.34544
0.036127

15,43236
0.03528
0.00220

28.34952
0.0625

35,274
2.2046

453,59237

16.0

0.4536

70,3067

0,0703070
0.0689474
0.0680458

14,6960
1.01325
47.88

----- to obtain
----- divide

1b/cu ft
1b/gal(U.S.)
Ib/cu in

grain
0z
1b
gm
ib
0z
1b
gm
0z
kg

ohms m?/m
ohms cm</cm

gm/cm2
kg/cm2
bar
atm
ps i
bar
N/m?



242

MUTEIply === eeeee R et to obtain

t0 ObLainemmem e e by ==em e eeeeea divide

HEAT/ENERGY

btu 1,05 x 1010 ergs

1.054.8 joules
251,996 ‘ cal

cal 4.19 x 107 eras
4,1840 joules
0.003968 btu

TEMPERATURE

°F=(1.8°)C+32 °C=0.56(°F-32) °K=°C+273



APPENDIX D

FORMULAS RELATING TO LITHOLOGY, WATER QUALITY AND
PERMEABILITY AS USED IN TEXT

Porosity from density log:

(1)

Ph
Pg

$ = g
’ma
Bulk density from density log:

(2) o4 = ¢ . ee + (1-4) Pe
Porosity from acoustic velocity log:

{3) ¢ = At . - At

Atma - Atf

Ohms law:

v
(4) r =‘T

Spontaneous potential/resistivity relationship:

{(5) SP = -K log E@i

R

Resistivity/current/formation volume:

VLA
(6) R=1" T

Water saturated formation/true formation resistivity:

7y R, = __55?_ | where R, = R, in formations saturated with freshwater.
(S,)
M and N mineral plot:
(8) M= At - AL
Pp - O

243
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M and N mineral plot - (continued):

(9) nN=Tg - T
pb'pf

Clay content from gamma log:

(10) Gamma Ray Index (GRI) = GRTog - GRcTean sands
GRcTay point ~ GR.1ean sand
or;
) (2.9 x GRI)
(11) Vc]ay 0.2l x12 - 11
q - factor:
(12) g = ¢V, - ¢D
oV,

Porosity correction:

(13) ¢ corrected = (¢n)2 + (¢D)2
2

Water Resistivity:

(14) Rw = Ro s F = EQ

F

e

W

Formation factor:

(15) F = a (general equation)
m
¢

Combining equations 14 and 15:

. m
(16) Rw = R0 &

for clean granular systems:

(17) F= 0.62  (Humble equation, minimum 17% porosity)
2.15
$
for Tertiary carbonates:
(18) F= 1 where m = 1.6 to 2.0 (Archie equation)
mm

¢
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Cementation factor from log-log paper:

(19} m = log X; - Tog X,
Tog Y1 - log Y2

Water resistivity from porosity/resistivity logs:

(20} Tog Rw = log RO +m log ¢

Specific conductance - RW relationship:

{21)  Specific conductance = 10,000 (Rw is in ohm-meters)

{in micromhos) Rw

ChToride-Rw‘re1ationsh1p for major aquifers:

(22) Sand-and-Gravel Chlorides = 2,&00 -5
(23) Biscayne - o Chlorides = 2,330 + 50
(24) Surficial and Intermediate Chlorides = 1,230 - 80
(25) Floridan Chlorides = 3,&30 - 200

W
Tortuosity:

(26) Tortuosity = current path length
sample length

Formation factor/surface conductance/water resistivity relationship:

(27) F = Surface conductance

R

Surface conductance:

(28) Surface conductance = (grain size factor) x grain contact area

porosity
Permeability/formation factor relationship:
(29) k(permeability) = slope {formation factor; F) - intercept
Fiowmeter rate equation: '

(30} Q=%d .v



APPENDIX E
PHYSICAL PROPERTIES OF MINERALS AND MATERIALS

MATRIX TRAVEL
DENSITY RESISTIVITY TIME US/FT.

MINERAL/MATERIAL FORMULA (g/cc) {ohm-m)  {avg.)(range)}
Silicates \
Quartz Si0, 2,65 10121014 55,0(52,5-57.5)

Silicates-Phylosilicates

Kaolinite A14Si4 Oy 2.63 .3-100 {70-150)

Montmorillonite Alo3i40q0 2,35 .3-100 (70-150)
(OH)p « xH50

[11ite KAT4(St, Al)g0gp 2.81 .3-100 {(70-150)
(OH) 4

Palygorskite Mgg Sig Opp
(OH)10 « 4Ho0

Sepiolite Mg6 Sijp Ogg
(OH)10 - 6Ho0

Biotite K(Mg, Fe) 2.84 1014_101% 0.0(60-80)
(A1,Si3 O10) (0H),
Muscovite K Aly (ATSig Opg) 2.91 1012_1014 (38.73)
(OH)
Glaucenite K (Fe, Mg, A1)y 2,30
(Sig 070) (OH)»
Chiorite ?Mg, Fe, Al)g 2.74 62,0
(A1, Sig) 019 (OH)g
Carbonates
Calcite CaCO 2.71 107.1012 46,5(45,5-47,5)
Aragonite CagD 2.93 . 53,0
Dolomite CaMg ?603)2 2,85 1-7x10%  43.5(40,0-45,0)
Sulfates
Gypsum CaSO4 . 2H,0 2,32 106 53.0(52,5-53.0)
Anhydrite CaSOq 2.96 106.1010 50,5
Halides
Halite NaCl 2.16 104-1014 66,7



MINERAL/MATERIAL FORMULA

Other Materials

Limestane CaC0q
Sandstone

Mar]

Siltstone

Sand

Steel

Concrate

Cement

Water (100,000 ppm NaCl)
Water { 50,000 ppm NaCl)
Water { 30,000 ppm NaCl)
Water (Pure}
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MATREX TRAVEL

DENSITY RESISTIVITY TIME US/FT.

(g/cc) (Ohm-m)  (Avg.)(RANGE)
2.69 80-6x103_  42,0(47.7-53.0)
2,65 1012.1017 57,0(53.8-100.0)

up to 600

up to 300

up to 1,000

57.1

2.35 92.5(83,3-125.0)
1.99 95.0(83.3-95.1)
1,073 192.3
1,0365 199.8
1.022 202.7
1.00 207.0



APPENDIX'F
THERMAL CONDUCTIVITY OF VARIOUS LITHOLOGIES AND MATERIALS
THERMAL CONDUCTIVITY

MATERIAL 10-3 (cal/cmé-sec)*
Air {Dry) @ 68°F .061
Cement (Portland) .71
WYater @ 68°F 1,43
Clay 2-3
Chalk 2-3
Gypsum 3.6
Shatle _ 2-4
Sandstone 3-12.2
Limestone 2.4-8
Basalt ' 4-7
Granite 5-8.4
Calcite . 5-13
Feldspar : 5.8
Quartz 6-30
C-axis 26
A-axis 14
Salt 14,3 (8~15)
Dolomite 9,3-11,9
Anhydrite 7-13.4

*To conyert to BTU/ft2hr/°F/ft multiply by 242,08
BTU/Ftl-hr/°F/ft multiplied by 0.00413 = (ca]/cmé/sec)/(°C/cm).
Values of thermal conductivity are commonly temperature dependent,
increasing with temperature.
Moisture content and grain orientation are also important when
measuring thermal conductivity.

(Gearhart-Owen, 1975)
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APPENDIX G

SIGNIFICANCE LEVELS FOR PEARSON PRODUCT-
MOMENT CORRELATION COEFFICIENTS

"~ VALUES OF CORRELATIONS REQUIRED

Sample Size (m) At 5% Level At 1% Level
5 .755 .875
10 .576 714
15 .483 605
20 .425 .538
25 ' .380 .488
30 .338 .440
35 .320 - 417
40 300 .394
45 .280 .370
50 .262 .346
60 .248 .328
70 .233 .308
80 . .220 .290 -
90 .206 272
100 .194 .255
150 .158 ' - .209
200 137 .182
250 .125 .163
500 .088 115

(Fisher, 1965)
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APPENDIX H
DESCRIPTION AND SPECIFICATIONS OF LOGGING EQUIPMENT USED IN
RESEARCH, (ALL MANUFACTURED BY GEARHART-OWEN
INDUSTRIES, INC., FORT WORTH, TEXAS)

Overview of equipment - The logs used in most of this research were

obtained from borehole geophysical logging equipment manufactured by
Gearhart-Owen, Industriés, Fort Worth, Texas. The unit is completely
self-contained in a four-wheel drive Chevrolet Suburban (1979). Power
is provided by a portable 2,500 watt gasoline powered generator, The
four conductor cable (3/16 inch) and associated nims modular electronics
has the capability of logging to a depth of 3,500 feet.

Natural Gamma - Scintillation type, 4 x 1 inch thallium activated sodium

iodide crystal is connected to a photo muitiplier tube. This probe is
normally logged up-hole at 22 feet per minute. The ratemeter is set on
a time constant of two or three seconds. The internal electronics
calibrate the analog scale in counts per second (CPS).

Neutron-Epithermal Neutron - The isotopic source for the neutron probe

is a triple encapsulated Americium241-8ery111um pill of 3.0 curies.
Source to detector (He3) spacing is 13 inches. Field ca1ibratioﬁ is
with a polyurethane wrapped fiberglass sleeve, calibrated to 1,000
A.P.T. units (19% porosity). The strip chart paper is internally
calibrated to CPS and converted is easily to A.P,I. units., No
correction factor is necessary fqr 1/2 1ife of the neutron source
{1/2 1ife = 453 years).

Density -The isotopic source for the density tool is a 125 millicurie

s 137 encapsulated pill inserted near the bottom of the density probe.
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Distance from the source to the detector (scintillation type -same as
natural gamma tool) is 13 inches, separated by lead spacers. The
detector is a side collimated type held agajnst the bqrehole wa]T by &
decentralizing bow spring. This configuration of detector to borehole
aids in minimizing extraneous effects due to irregular changes in bore-
hole diameter and rugosity. Density probes are normally logged up-hole
at 22 feet per minute at a 3 second time constant. Calibration of the
gamma detector is with a 20 microcurie radium source held 36 inches from
the crystal, The observed CPS may be converted to A.,P.I. units.

Acoustic Velocity -The acoustic velocity is a centralized probe and is

Timited to borehole diameters from 5 to 12 inches. Electrical energy is
transformed into acoustic energy emitted (about 20,000 hertz) by trans-
mitters and is induced intovthe borehole wall., Three receivers are
placed at various spacings from the transmitter in order to compensate
for “noise" generated due to extreme borehole rugosity. Calibration is
by wave frequencies observed on a surface mounted oscilloscope,

Caliper -Tnhe caliper is a three arm mechanical type where the arms are
dependent upon each other, i.,e., the measurement is always assumed to be
a minimum value, Gauge range is from 1 1/2 to 32 inches at a
sensitivity of 1/4 inch. Logging speeds range from 15 to 25 feet per
minute, depending upon borehole rugosity.

Normal Electric Probe (16" and 64") AM spacings are set at 16 and 64

inches, An option 32" spacing electrode is also available. Calibration
is in ohm-meters, calibrated at the surface by internal electronics and
a test box to check the cable resistance. Grounding is by means of a
lead electrode, usually placed in the mud pit. Logs are normally run

up-hole at 30 to 40 feet per minute,
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Spontaneous Potential and Single Point Resistance -Spontaneous potential

logs are very difficult to calibrate in thick, freshwater hydrogeologic
environments. The only useful spontanesus potential logs availdble were
run in mud filled test holes of the sand-and-gravel aquifer {clastics
the extreme western panhandie Florida). The spontaneous potential and
point resistance logs are calibrated with internal resistors, in
millivoits and ohm-meters respectively, logs are normally run up-hole at

30 to 40 feet per minute.

Fluid Resistivity -Internally calibrated in ohm-meters, this log is run

down-hole, at speeds less than 15 feet per minute., The borehole fluid
is forced through a cup, near the bottom of the probe, directing the
borehole fluid between four gold electrodes ltocated in the mid-section
of the probe. Continuous measurements are recorded in analog form on
chart paper.

Fluid Sampler -Down-hole point samples of one liter each are obtainable

from the fluid sampling probe. This probe has a motor driven valve
capable of being opened and closed at predetermined depths. The
container is made of stainless steel.

Flowmeter -The vertical flowmeter has blades at 45 degrees which can

be operated up-hole or down-hole with the same accuracy. A fluid
movement of at least 3 feet per minute is necessary to overcome the
internal friction of the impeller, Calibration is in counts per second,
ca]ibrgted internally at the surface, which can be translated to
vertical velocities at various borehole diameters to arrive at flow

rates.



APPENDIX 1

CALIBRATING NEUTRON, DENSITY AND ACOUSTIC VELOCITY LOGS
TO LIMESTONE POROSITY

General

HMost neutrén, density and acoustic velocity probes (all three are
referred to as porosity probes), as used in water resource investigations, are
uncalibrated or uncompensated for changes in borehole diameter, fluid density,
etc. These probes can be used to obtain useful data on formation porosity if
the interpreter is aware of the factors affecting the probe's response.
Correction charts and nomographs are available for most of the extraneous
factors affecting the response of Qarious probes, The more "corrections”
necessary add to the associated error with the porosity values obtained,
In order to minimize this error, it is desirable that: the borehole diameter
is relatively constant throughout the borehole (1ess than 20% deviation from
bit gauge); the zones analyzed are lithologically uniform and at least twice
the thickness of the radius of investigation of the probe; the density of the
borehole fluid is uniform, and the logging speed is constant during each log
run,
Neutron

The neutron log is the most direct indicator of porosity of the three
types of porosity logs. The neutron Tog is least affected by clay content,
fractures and secondary porosity effects. HNeutron porosity is scaled
logarithmically (condensed towards high porosity) based upon limestone
porosity (matrix density of 2,71 g/cc). If the scale is calibrated on

dolomitic units an adjustment must be made for the increased matrix density
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(2.85 g/cc, use Table 6), Zones used to calibrate neutron logs include; the
mid-point of cavities greater than 24 inches in height and depth (assume 95%
porosity), c]ayej"units (approximatejy 60% porosity) and "tight" limestones
and dolomites (porosities 5 to 15%). The critical end of the scale is the. low
porosity end since a few percent shift will change the porosity in the upper
range considerably (where most of the measurements occur).
Density

The density log is not affected by the type of carbonate material, but
measures matrix densities lower than true in clayey zones. These zones should
be avoided for scale calibrations. Density is scaled in grams per cubic
centimeter {g/cc) and is arithmetically scaled through the end points.

Acoustic Velocity

Acoustic velocity loags are é]so affected by clays and secondary
porosity., Clean zones, tight zones and large washouts can be used to
calibrate the sonic travel times (in microseconds per foot).

If cuttings or cores are not available to check the log calibrations, a
few trial and error cross plots should be attempted to determine if any of the
Togs need to be readjusted. Cross plotting "clean" {non-cliay) formations
should plot as a 45 degree line between any two of the porosity Togs (on
arithmetic paper). If the plot is not at 45 degrees, then one {or both) of

the Togs should be readjusted.



APPENDIX
GAMMA SPECTROMETRIC PROCEDURES AND ANALYSES

Gamma spectrometic data were analyzed from a number of granular,
clay and carbonate formations in order to determine if fractionation of
the common, naturally occurring, gamma emitting isotopes (potassium,
uranium and thorium} had any relationship to Tithologic type or
hydrologic characteristics. No attempt was made to quantify the
volumetric percentages of the isotopes present. Gamma spectrometric
analyses were used to determine the relative percentages of gamma
radiatioh emitted from each éf the three isotopes as comparison to the
total gamma activity. These numbers in turn are related to the relative
volumes of the isotopes occuring in the formations. The equipment used
was manufactured by Nuclear Data, model number ND-180F, a 512 channel
pulse height analyzer. Gamma energies were counted over the range of
approximately 0.5 to 3.0 MeV and stored in a Nuclear Data ND-180M memory
unit, The scintillation detector is a thalium activated sodium iodide
crystal connected to a photo multiplier tube.

Data used for analyses in this text were collected in the
following manner:

1} A blank chamber was counted for an extended perfod of time in
order to determine the natural background in the chamber, This
step is necessary to subtract the background effect per given

unit of time from each of the samples measured;
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In order to determine ratio of gamma emissions from each isotope

(K, U, and Th}, it is useful to total the number of gamma rays

counted under one of the most distinct daughter decay pedks, and

compare the relative areas {(number of counts over a given energy
range} under each curve to one another, The three peaks chosen
for comparison were K40 (1.46 MeV) for potassium, Bj214 (1.76 MeV)
for uranium and T1208 (2,62 MeV) for thorium. These peaks were
distinct on each analog print-out, A six window width
(approximately 0.03 MeV width) was chosen to represént the area
under each curve;
Each of the three isotopes emit a characteristic gamma spectrum.
Unfortunately, all three isotopes have daughter energy emissions
overlapping one another throughout the spectrum, In order to
examine the characteristic spectrum for each isotope, a relatively
pure "hot" sample containing each individual isotope was run to
establish the ratio between the six window area to the total area,
under the gamma spectrum, for each particular isotope. The ratios
of window counts to total gamma counts are summarized below
(background has been subtracted),

Isotope ratio constants (95%% confidence interval)

Multiplier to Obtain

Standard Isotope Window Peak Total Gamma Counts
Ko Crlyg Potassium K40 10.93
Monazite  Uranium Bi2l4 143,30
Sand
Zircon Thorium 71208 227.57
Sand

and;
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4) The above ratios were normalized to 100 percent and used to
calculate the relative proportions of total gamma activity from
‘each isotope.” The proportions were then compared to various
lithologies and hydrologic properties.

Statistics for Gamma Analyses

1) Z 6 Window Counts - Z Background constant (in counts per
Total Minutes Analyzed - minute - cpm)}
NTecpm + X6 window counts N=number of counts
minutes T=time

2) K80 pn + Bi2 op + 11208 = 3cpm
Thus, K+ B1 4+ T1 = 1004
3) Constant, C, representing peak relative to entire gamma spectrum
(from standards).
X6 window counts - Background cpm
minutes

2total spectrum counts - Background cpm
minutes

4} 6 window counts x 1; for each peak using respective constant,

normalized to 100% (as in Step 2).
Parameters appearing to have some correlative significance, as
discussed in this text, include U/K vs. aquifer transmitting coeffiéient

and U/K vs, resistivity from the short-normal electric log.

For a more detailed discussion on gamma spectrometry

instrumentation and principles, the reader is referred to Adams, 1970.
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ENERGY (MeV)

{ADAPTED FROM HILCHIE, 1982)

Typical gamma spectrum and individual spectra for each of the gamma
emitting isotopes - potassium, thorium and uranium.



APPENDIX K
GEOPHYSICAL LOGS OF WELLS USED FOR HYDROGEOLOGIC
INTERPRETATIONS
Well FK-10, Neutron-density clay content of limestone units.
Well GA-39, Water saturation percent.

Well GF-12, Formation factor (F) gamma activity vs. permeability.

Well LE-7, Neutron-acoustic velocity lithology cross plot.
Well LV-1, Neutron-density lithology cross plot.
Well PB-1, Density-acoustic velocity lithology - M and N plot.

Hell SR-15, Neutron-density-clay content of sand.
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NAME St. George Island COUNTY  Franklin W- 7574
LOCATION T s R _6w SEC..__ 22 t/4 __sy  NWF-_ FK-10
DEPTH _ 912 CASING 93 DIA _G6 AQuIFeR floridan _
Notes: '
DEPTH NEUTRON DENSITY
650 _ . —, 6556 | 1=
-;._,__=1_ ;
-:::"'r_ ‘ﬁ>
676 . .| .;?
= | <~
Pl — 594 1 ”?i
700
=T 108 ,._f

<
760 <:E. 50
|

A% AN YV

{__ 775 _
780
L“:-
=
800 B <
_‘-J"'g (._
-::' b
‘5
____818 &
= 8
{
= —
S —_—sag ]
850 T '
50 40 - 30 - 20 26 24 23 20

Scale:

NEUTRON POROSITY (%) DENSITY (g/cc)




261

NAM__E _NWFNMD-_Cor_e — COUNTY G_ads_qen_ W
LOCATION T __IN R_24 SEC.,___ 06  1/4 _______ NWF-GA-39
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GA~-39
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NAME _Florida Power Corp. COUNTY Gulf w- |
LOCATION T__55 R __1IW  sec.._ 09 174 __SE  NWF-_GF-12 _
DEPTH __721 CASING 324 DIA _12 _ AQUIFER _[Lloridan |
Notes:
FLUID RESISTIVITY
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GF-12
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NAME_U. S. Gypsum COUNTY _ lee  w-__
LOCATION T_43S R _26FE SEC. 06 1/4 _ NWF-_LE-7 _
DEPTH 2105 CASING __-- DIA _12  AqQuiFer _Floridan
Notes:
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APPARENT LIMESTONE POROSITY (%)

NAME _ SWFWMD #134 COUNTY Levy w-
LOCATION T_125  R__19E sEC..___19 . 1/4 NWF—_LV-1
DEPTH 1173 CASING 70 DIA 8 AQUIFER [Floridan
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NAME ___State Lease #1 COUNTY  Palm Beach W-
LOCATION T_43S _ R_39  SEC.__ 08 1/4 . NWF-_PB-1
DEPTH 11002 CASING 3995 DIA 8 _ AQuIFER _Floridan
Notes:
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PB-1
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NAME_ Midway #2 _ COUNTY _Santa Rosa - w- ___
LOCATION T__25S _ R_Z26W  SEC. 20 174  _  _ NWF-_SR-15
DEPTH 1091 CASING __ 760 DIA 4 _ AQUIFER Surficial
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SR-15
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APPENDIX L
LITHOLOGIC DESCRIPTIONS OF WELLS USED IN RESEARCH
LE-7, Lee County, Florida, depths 1,425 - 1,650 feet

LV-1, Levy County, Florida, depths 950 - 1,145 feet
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1435

1445,
1495.

1500,
1505.

1510.
15615,
1525,

1530.
1535.
1540.
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LITHOLOGIC DESCRIPTION OF WELL LE-7, 1425 ft. to 1650 ft.

.0-1495.0

.0-1445.0

0-1495.0
0-1500.0

0-1505.0
0-1510.0

0-1515.0
0-1525.0
0-1530.0

0-1535.0
0-1540.0
0-1545.0

Limestone, very light orange to white, 15% porosity,
intergranular, grain type: micrite, biogenic,
skeletal, 85% allochemical constituents, grain size:
medium, range: microcrystalline to coarse, good
induration, micrite cement, sparry calcite cement,
dolomite cement, 15% dolomite, benthonic
foraminifera, mollusks, echinoid, bryozoa.

As above with Amphistegina sp.
Samples at 1455, 1465, 1475, 1485 all as ahove.

Dolomite, moderate yellowish brown, 14% porosity,
intergranular, intercrystalline, 50-90% altered,
euhedral, grain size: very fine, range: fine to
microcrystailine, good induration, dolomite cement,
micrite cement, 12% micrite, sucrostic, fossil
molds, benthonic foraminifera, echinoid.

As ahove.

Dolomite, very light orange, 12% porosity, inter-
granular, intercrystalline, 50-90% altered, euhedral,
grain size: very fine, range: fine to microcrys-
talline, good induration, dolomite cement, micrite
cement, 40% micrite, benthonic foraminifera,
mollusks, echinoid.

As above.
As ahove.

Dolomite, moderate yellowish brown, 13% porosity,
intergranular, intercrystalline, moidic, 50-90%
altered, euhedral, grain size: very fine, range:
microcrystalline to fine, good induration, dolomite
cement, micrite cement, 12% micrite, sucrostic,
benthonic foraminifera, echinoid.

As above,
As above.

Dolomite, very light orange to grayish orange,

11% porosity, intergranular, intercrystalline,
moldic, 50-90% altered, euhedral, grain size, very
fine, range: microcrystalline to fine, good indura-
tion, dolomite cement, micrite cement, 35% micrite,
benthonic foraminifera.
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1545.0-1550.0 Limestone, very light orange, 11% porosity, inter-
granular, grain type: micrite, biogenic, skeletal,
60% allochemical constituents, grain size: very
ftne, range: m1crocrysta111ne to _coarse, good

calcite cement 35% d010m1te benthonic foram1n1fera,
mollusks, echinoid.

1550.0-1555.0 As above.

1555.0-1560.0 Limestone, very light orange, 12% porosity, inter-
granular, intercrystalline, moldic, grain type:
micrite, biogenic, crystals, 60% allochemical
constituents, grain size: very fine, range:
microcrystalline to medium, good induration, micrite
cement, sparry calcite cement, doTomite cement, 20%
dolomite, benthonic foraminifera, moliusks, echinoid.

1560.0-1575.0 Samples at 1565, 1570, and 1575 are as above.

1575.0-1580.0 Limestone, very light orange to white, 11% poros1ty,
intergranular, intercrystalline, moldic grain type:
micrite, biogen1c, crystals, 40% allochemical con-
stituents, grain size: microcrystaliine, range:
microcrystalline to medium, good induration,
micrite cement, sparry calcite cement, dolomite
cement, 15% dotomite, benthonic foraminifera,
mollusks, echinoid.

1580.0-1530.0 Limestone, very 1ight orange to white, 13% porosity,
intergranular, grain type: micrite, b1ogen1c,
skeletal, 70% allochemical const1tuents grain size:
fine, range: microcrystalline to med1um, good
1ndurat10n micrite cement, sparry calcite cement,
doTomite cement, 15% dolomite, benthonic foram1n1fera,
mollusks, echinoid.

1590.0-1600.0 As above.

1600.0-1610.0 Limestone, very 1ight orange, 12% porosity, inter-
granular, moidic, grain type: biogenic, micrite,
skeletal, 75% allochemical constituents, grain size:
medium, range: microcrystalline to coarse, good
induration, micrite cement, dolomite cement, sparry
calcite cement, 15% do]om1te benthonic foram1n1fera,
mollusks, ech1no1d

1610.0-1620.0 Dolomite, very light orange, 12% porosity, inter-
granular, moldic, intercrystalline, 50-90% altered,
euhedral, grain size: very fine, range: very fine
to microcrystalline, good induration, dolomite
cement, micrite cement, 35% micrite, benthonic
foraminifera, mollusks, echinoid, fossil molds.



1620.0-1630.0

1630.0-1640.0

1640.0-1650.0
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Limestone, very light orange, 14% porosity, inter-
granular, grain type: biogenic, skeletal, crystals,
80% allochemical constituents, grain size: medium,
range: microcrystalline to coarse, good induration,
dolomite cement, micrite cement, sparry calcite
cement, 25% dolomite, benthonic foraminifera.

Limestone, white to very 1ight orange, 11% porosity,
intergranular, grain type: biogenic, micrite,
crystals, 40% allochemical constituents, grain size:
microcrystalline, range: microcrystalline to medium,
good induration, micrite cement, sparry calcite
cement, 02% peat.

Limestone, very light orange, 14% porosity, inter-
granular, grain type: biogenic, skeletal, crystals,
80% allochemical constituents, grain size: medium,
range: microcrystalline to coarse, good induration,
micrite cement, dolomite cement, sparry calcite
cement, 25% dolomite, benthonic foraminifera.



950.

951

958.

965.

972,

977.

980.

990.

0-951.0

.0-958.0

0-965.0

0-972.0

0-977.0

0-980.0

0-990.0

0-999.0
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LITHOLOGIC DESCRIPTION OF WELL LV-T

CAVITY = some infilling by light brown, friable,
dolomite sands and offwhite-l1ight gray, slightly
dolomitized, sparse biomicrite, moderate porosity.

DOLOSTONE = Tight brown, hard, friable, moldic
dolomite alternating with dark tannish brown, very
hard, partly recrystallized dolomite, low-moderate
moldic porosity.

DOLOSTONE-LIMESTONE = dark brown-dark tannish brown,
hard-very hard, partly recrystallized (microcrys-
talline}, dolomite alternating with cream-offwhite-
light gray, slightly dolomitized, microcoquinal
biomicrite, some forams (some Dictyoconus ameri-
canus), low-moderate moldic porosity in dolostone,
moderate-high porosity in Timestone.

LIMESTONE = cream-offwhite-light gray in parts, soft,
chalky, poorly cemented, microcoquinal biomicrite,
abundant microfauna (common milliolids, some
Valvulina floridana, common but eroded Amphistegina
Topeztrigoi, trace of Gunteria floridana,
Lepidocyclina cedarkeysensis, some Dictyoconus
americanus), some 1ight gray, slightly dolomitized
Timestone, some small echinoid tests (Echinocyamus
vaughani?) and test fragments, moderate-high
porosity.

LIMESTONE = cream-1ight tan-Tight gray in parts,
soft-hard in parts, slightly indurated, chalky,
poorly cemented, microcoquinal biomicrite, common
microfauna (common milliolids, some Amphistegina
lopezfrigoi, some Valvulina floridana, some 1ight
gray, heavily eroded Heliostegina gyralis?, some
Dictyoconus americanus), common aragonitized, small
echinoid test fragments, moderate-high porosity.

DOLOSTONE = light-dark brown, hard but tufaceous,
slightly friable, moldic doTomite, some cream,
chalky biomicrite fragments, low-moderate moldic
porosity.

DOLOSTONE = Tight-dark brown, very hard, partly
recrystallized, slightly moldic in parts, dolomite,
low moldic porosity.

DOLOSTONE = 1ight-dark brown, hard, partly recrys-
tallized, slightly moldic in parts, dolomite, some
tan dolomite sands, Tow moldic porosity.



999.0-1005.
1005.0-1015.

1075.0-1020.

1020.0-1040.

1040.0-1050.

1050.0-1055.

1055.0-1062.

1062.0-1070.

1070.0-1082.

1082.0-1104.
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DOLOSTONE = Tight-dark tannish brown, very hard,
recrystallized (microcrystalline-sucrosic) dolomite,
very low porosity.

DOLOSTONE = T1ight tannish brown, very hard, partly
recrystallized {microcrystalline-sucrosic) dolomite,
very low porosity.

DOLOSTONE = 1ight tannish brown, very hard,
recrystallized (microcrystalline-sucrosic) dolomite,
thin seam of 1ight gray chert nedules at 1018',
chert nodules having offwhite weathering rinds, some
Tight gray, silty, highly soluble clay, very low
porosity.

DOLOSTONE = dark tannish brown-dark brown-brownish
black mottling, very hard, recrystallized {micro-
crystalline-sucrosic in parts) dolomite, some
offwhite-light gray, dolomitized sparse biomicrite,
some light gray, silty, highly soluble clay, very
low-low porosity.

DOLOSTONE = 1ight tannish brown, hard, recrys-
tallized (microcrystalline-sucrosic) dolomite, very
low porosity.

DOLOSTONE = light-dark brown, very hard, recrys-
tallized {microcrystalline-sucrosic) dolomite, some
vugs infilled by offwhite-milky white recrystallized
quartz crystals, very low porosity.

DOLOSTONE = Tight brown, hard, recrystallized
(microcrystalline-sucrosic) dolomite, some vugs
infilled by offwhite-milky white quartz masses,
trace of echinoid test fragments, very Tow porosity.

DOLOSTONE = dark brown-dark tannish brown mottling,
very hard, recrystallized (microcrystalline) dolo-
mite, some light brown, friable, soft, sucrosic
dolomite streaking this section, some 1ight brown
dolomite sands, some vugs infilled by offwhite-milky
white quartz masses, very low-low porosity in dark
brown dolomite, low porosity in Tight brown dolomite.

DOLOSTONE = Tight tannish brown, hard, recrys-
tallized (microcrystalline-sucrosic), some dark
tannish brown mottiing, some quartz masses infilling
vugs as described above, low porosity.

LIMESTONE-DOLOSTONE = cream-offwhite-light gray,
soft-hard, indurated, sparse biomicrite, some
heavily eroded microfauna (some Dictyoconus sp.?),
trace of light tan, sticky clay fragments with some




1104.0-1106.0
1106.0-1120.0
1120.0-1145.0
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yellowish staining due to oxidation, moderate
porosity, dolostone as above described.

DOLOSTONE = same as 1070.0-1082.0'.
LIMESTONE = same as 1682.0—1]04.0', no dolostone.
DOLOSTONE = Tight tannish brown-buff, hard, partly

recrystallized, fossiliferous dolomite, some vugs
infilled by milky white recrystallized quartz
crystal masses, low moldic porosity.



APPENDIX M

WATER RESISTIVITY (R,) VS
MASS%S USED IN RESEARCH

Floridan Aquifer, Quincy Area, R, vs,:

Chloride

Total Dissolved Solids
Potassium
Maanesium
Hardness

Sulfate

Sodium

Fluoride

Calcium
Bicarbonate
Dissolved Silica

VS. SPECIFIC ION PLOTS FOR WATER

Sand-and-Gravel Aquifer, Southern Escambia and Santa Rosa Counties, Ry Vs.:

Chloride
Total Iron

Sand-and-Gravel Aquifer, Southern Okaloosa and Walton Counties, Ry Vs.:

Chloride

Biscayne Aquifer, Broward County, R, vs.:
Chloride

Surficial and Intermediate Aquifers, R, vs.:

Chloride, Duval County
Chloride, East-Central St. Johns County
Caloride, Palm Beach County

Floridan Aquifer, R, vs.:

Chloride, Southern Walton County

Chioride, Northern Okaloosa and Walton Counties
Chloride, Havana Area, Gadsden County
Chloride, Northeastern Volusia County
Chloride, Seminole County

Chloride, Southeastern Orange County
Chloride, Southwestern Hillsborough County
Chloride, Sarasota County

Chloride, Lee County

Chloride, Dade and Monroe Counties
Chloride, Nine-County Area of South Florida
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APPENDIX N
CHARTS AND CROSS PLOTS USED IN LOG INTERPRETATIONS

Lithologic - Porosity Cross Plots:

Bulk density vs. neutron

Sonic transit time vs. neutron

Bulk density vs. sonic transit time
M and N Mineral Cross Plot
Resistivity Porosity Cross Plots (RPCP) for Carbonates:

m=1,6,a =1

m=1,8,a=1

m=2,0,a=1

m=2.2,a=1
Unconsolidated {Humble Formula)

m= 2,15, a = 0,62
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'APPENDIX O

CORRECTION FACTORS AND CONVERSION CHARTS FOR PROBES
USED IN RESEARCH

Gamma correction factor for casing and cement thickness
Gamma correction factor for hole size
Porosity from bulk density in air and water filled holes

Flow, gallons per minute vs. fluid velocity
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