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Hydrogeologic Assessment of Shallow Clastic and
Carbonate Rock Aquifers in Hendry and Collier
Counties, Southwestern Florida

By Charles E. Brown, Richard K. Krulikas, and Daniel L. Brendle

Abstract

Direct-current electrical resistivity data were
callecled from 109 vertical clectrical sounding
sites in Hendry and Collicr Countics, southwest-
ern Florida, Selecled direcl-curreni electrical
registivity surveys, together with available bore-
hole geologic and geophysical data, were used to
determine the approximate arcal cxtent of the
shallow clastic aquifers composed of thick sands
and carbonate lithologies. Results indicated that a
complex pattcrn of shallow sands, clays, and car-
bonate lithologies occur throughout the arca. Bur-
ied channel sands were found as deep as 50
melers below land surface in some places. The
channels contain unconsolidated finc- to medium-
grained quartz sand interbedded with sandy lime-
stone, shell fragments, and gray-green sandy clay.

Both surface and borehole geophysical tech-
nigques with lithologic data were necessary Lo
approximately locate and define layers that might
behave as confining layers and to locate and
define the extent of any buried sand aquifers. The
borehole geophysical data werce used to analyzc
the zones of higher resistivity. Direct-current
electrical resistivily dala indicated the approxi-
mate location of certain layer boundaries. The
conjunclive use ol natural gamma and short- and
long-normal resistivity logs was helpful in deter-
mining lithologic effects. Geohydrologic sections
were preparcd to identify potential locations of
buried channels and carbonates containing fresh-
water. Buried channel sands and carbonate rock
sections were identified in the subsurface thal
potentially may contain freshwater supplics.

INTRODUCTION

The U.S. Geological Survey is one of several
apgeneics participating in a scientitic effor( to under-
stand the natural environmenis in southern Florida. An
understanding of the extent and location of aquiler
systems that may contain rocks with potable ground
water is needed Lo properly manage regional water
resources in rapidly growing areas of southwestern
Florida. The shallow aquilet systems under study con-
sist of many thick sand layers associated with clay and
carbomate-rich zones, which may contain large quanti-
lics of usable ground water. These sand laycrs and car-
honates are of variable thickness and lithology, and
together form a complex aquifer system. Clays may or
may not separate the sand laycrs.

Tn order to understand the ground-water flow
dynamics and apply them to future management deci-
sions in southwestern Flarida, the areal extent, thick-
ness, and hydrology of aquifers that may contain
freshwater must be delined. With this objective in
mind, the T1.S. Gealogical Survey, in cooperalion with
the South Florida Waler Management District, con-
ducled a study uging surface and borehole geophysical
techniques and geologic methods to define strati-
praphic and hydrogeologic changes in the aquifer sys-
tems of southwestern Florida, The study was
conducted over a 3-ycar period from October 1992
through Scplember 1995,

Purpose and Scope

The purpose of this report is to assess the hydro-
geologic characteristics and relations of shallow aqui-
fers in southwestern Florida using dircel-current (DC)
electrical resistivity, borehole geophysics, and litho-
logic data. Three geohydrologic and [our geoclectric
sections were constructed using scleeted direct-current
electrical resistivity sounding sites, one test hole,

Introduction 1



existing lithologic data and geophysical logs from
selected wells, and chloride data collected from four
wells. All of these data were correlated to determine
the approximaic arcal extent of the shallow channcl
sands, carhonate aquifers, and associated clays in [len-
dry and Collier Counties and to identify the areas of
highest potential for locating shallow aguilers with
freshwater (or slightly salinc walcr) in the study arca.

The investigation was litmited o the upper 100 m
{meters) of the aquifer systems in southwestern Flor-
1da. The DC-¢lectrical resistivily soundings were donc
at ahout 1.6-km (kilometer) intervals. This report is a
compilation of gencral geologie and hydrogeologic
information relating to the subsurface conditions and
available watet resources in the stady area. It is
intended that (this report serve as a convenient refer-
ence for those charged with the responsibility of both
developing and protecting water supplies and for thosc
who use or control water 1o significant quantities,

Previous Investigations

Information concerning the geology and waler
resourees of southwestern Florida is contained in
numerous published and unpublished reports includ-
ing Matson and Sanford {1913), Stringfield (1933),
Parker and others (1955), Gleason (1974), Bogpess
(1981), Boggess and Watkins (1986), Smith and
Adams (1988), and La Bosc (1990). Other significant
studies are referenced throughoult the reporl.
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DESCRIPTION OF STUDY AREA

The study area is locaied m southwestern Flonda,
¢xlending south of the Caloosahatchee River in north-
weslem Hendry County to the northern part of Collier
County (fig. 1). Several small residential develop-
ments, cities, and towns are located in the study area.
The city of La Belle and the 1own of Immokalee arc
(he primary urban centers in the area, whereas the sur-
rounding area is agricultural. Recently, large-scale cit-
rus farming has become established in the area,
resulting in increased water demands.

Physiography

A prominent tfeature related to the shallow aquiler
sysiems of southwestern Florida is the Ocaloacoochee
Slough, a marshy drainageway oo the Sandy Flatlands
(fig. 2). T is also related to many buried channcl sands
(that is, sands below clay or limestone) in the area.
Qcalpacoochee Slough is about 3.2 km wide and
extends southward aboul 50 km from the vicinity of
L.a Belle into the Big Cypress Swamp (Parker and oth-
ers, 1955). The northem end of the (Ocaloacoochee
Slough has a number of branches, most of which dis-
charge into small creeks flowing into the Caloosa-
hatchee River. The southemn end branches out in a
similar mammer into the Big Cypress Swamp. The Fah-
kahatchee Slough 1s the southwestern branch of the
{Jcaloacoochee Slough (fig. 2). Land-surface eleva-
tions range from 3 to 20 m above sea level and average
6 to 20 m above sea level,

Ocaloacoochee Slough typically drains north-
ward and southward, but at times of high water 1t can
overflow westward towurd the Sandy Flatlands or
eastward toward the Everglades (fig. 2). Drainage is
retarded by the growth of vepetation and the aceumu-
lation of peat and organic muck that clogs the slough.
As a tesult, the general movement of water is some-
times difficult to ascertain.

Ocaloacoochee Slough occupies a poorly drained
depression on the ancient Pamlico and Talbot sea bot-
toms (Parker and others, 1955). The depression is now
partly obstructed by [ormet beach bars. When the
Pamlico Sea withdrew from its high stand (25 m above
present sea level), it left behind many low beach
ridges and bars. This physiography has been modificd
by erasion, but is still discernible by a higher elevation
around the city of Inmokalee.

2 Hydrogeologle Assessment of Shallow Claatlc and Carbonate Rock Aquiters in Handry and Colller Countles, Southwestern FL
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General Geology

The stratigraphic succession of formations inl
southern Florida was fortned, with few exceptions,
under 2 marine environmernt. The ¢xeeplions ocour in
the lacustrine and swamp deposits of the Lake
Okeechobee-Lverpglades depression and the connecl-
myg Kissimmee River Valley (Iarker and others,
1955). These deposits include the freshwater beds of
the Fort Thompson Formation, the freshwater Lake
Flirt marl, and orgamc soils of mostly peal and muck.
In west-cenlral Florida, there are dellaie, lacusinne,
and alluvial deposits that are believed to be contempo-
raneous with certain Pliocene marine beds (Parker and
Cooke, 1944). Most of the shallow geologic materials
of southern Florida are limestones, marls, silis, clays,
shell, sand, gravel, and mixtures of these.

The southern part of the study arca 1s cncom-
passed by the Big Cypress Swamp drainage area (fig.
2). The Big Cypress Swamp is a flat, awampy land of
abour 3,120 km? (square kilometers) west of the Ever-
glades (McPherson, 1974). It dilfers [rom the Ever-
glades in its relatively high land elevations, its thinner
soils ol marl and sand, and its forest vegetation ((Glea-
gon, 1974). In some areas, limestone of the Tamiami
Formation of latc Miocene age (fig. 3) and limestone
of the Anastasia Formation of Pleistoceny age arc
exposcd al land surface or overlain by a thin veneer of
s0il, The limestone surface is scalloped by many small
depressions and clongated troughs (Hoffmeister and
olhers, 1967).

The underlying Ilawthorn Formation of Miocene
ape (fig. 3) is composed predomunantly of relatively
impermeihle elay. Tt also contains lenses of sand and
gravel and thin layers of limestone and shell, This [or-
mation probably ranges in depth fram less than 30 m
near Tmmokalee to more than 60 m near Naples
(McCoy, 1962). The Tampa Formalion of early
Miocene age underlics the Hawthorn Formation. In
the Big Cypress area, the Tampa Formation is prima-
rily a sandy limestone with quartz sand or a calcarcous
sandstone. Below these rocks lic the Suwannee Lime-
stone of Oligocene age. The Suwannee Limestone (of
unknown thickness but preater than 600 m) is the
hydrostratigraphic equivalent of the Floridan aquifier
system.

Hydrogeologic Setting

Three major aquifer systems present within the
study area are the surlicial, intermediate, and Floridan
aquifer systems (fig. 3). These three aquifer systems
include the following tocally recognized aquifers: the

surficial aquifer (water-table aquifer), lower Tamiami
aquiler, sandslone aquiler, mid-Hawthom aquifer,
lower [[awthorn aquiter, and the Suwannee aquifer
{the upper part of the Floridan aquiler system). A bur-
ied channel system in southwestern Flonida appears to
incorporate the lower Tamiami and sandstone aqui-
fers. Smith and Adams (1988, p. 34) first mapped a
huried channel zone, known as the clastic zone in the
sundstone aquiler. In general, the water table ranges
from 0 to 5 m below the surface, but can vary locally.

The surficial aquifer system is composed prima-
rily of unconsolidated, fine- (0 medium-grained,
quartz sand and is interbedded with sandy limestone
and shell frapments and gray-preen, sandy clay. Two
water-yielding units comprisc the surlicial aquifer sys-
tem, the surficial aquifer and the lower Tamiami aqui-
fer (fig. 3). These two aquiters are scparatcd by a
secltion ol sediments of low permeability that retards
circulation of ground waler between the permeable
units. Detailed hydrogeologic descriptions of the surfi-
cial aquifer system are presented by Bopgess (1981),
Roggess and Watkins (1986), Smith and Adams
{1988}, and La Rose (1990).

The top of Lthe inlermediate aquifer system con-
sists of a regionally extensive, confining, silty, green
clay and coincides with the base of the surficial aqui-
[er system {fig. 3). Aquifers in the inlermediatle aquifer
system arc the sandstone aguifer, mid-1Tawthorn aqui-
[er, and lower Hawthorn aquifer.

The sandstone aquiter (tig. 3) 15 composed of
aray, calcareous sandstone and loose quartz sand and
is divided inlo two rones (a clastic zone and a carbon-
ate zone). The sandstone aguifer principally is used by
the agricultural and ¢ilrus industry in the study area.
Although water in the sandstone agquiler generally is
more mineralized than waicr in the surficial aquiter,
waler quality usually is within potable water-supply
standards.

The mid-1Tawthomn aquifer (fig. 3) is composed
of gray-whil¢, phosphatic limestone and dolomite and
is separated from the sandstone aquiter by 10 m or
more of a confining unit of sandy. phesphatic marl and
marly, phosphatic limestone. The top of the mid-Haw-
thorn aquifer is overlain by an crosional deposit, the
locally named “rubble zone™ (fig. 3), which consists of
a mixture of phosphate nodules, quartz sand, clay,
lime mud, shells, and shark feeth. Water in the study
arca i3 generally good (not very mincralized) due to an
abundance of freshwatcr aquifers at shallower depths.

The lower Hawthorn aquiter (fig. 3) consists of
gray-white, yellow, and tan phosphalic limestones.
Chloride coneentrations in the lower Hawthom aquifer

Description of Study Area 5
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excead 250 mg/L (milligrams per liter), making this
aquifer a less desirable source of water supply if a bet-
ter source is available.

The Floridan aquifer sysiem (fig. 3) is a thick
sequence of mostly fine-grained limestones and dolo-
mites. The aquifer system is extensively developed in
northern and central Florida, but salinity increases
toward the south. Therefore, the Flondan aquifer sys-
tem is not used as a source of waler supply 1 the study
area.

METHODS OF INVESTIGATION

The present study has been conducted along four
lines of rescarch: (1) DC-electrical resistivity methods,
(2) examination of lithologic data, (3) examination of
chloride data from exploratory test wells, and (4) bore-
hole geaphysical methods. This section presents a
description of the methods (that were used to assess the
hydrogeologic characteristics associated with the
study of aquiler systems in southwestern Florida. The
firat part describes the DC-electrical resistivity method
that was used for the surface-geophysical survey to
delermine the areal extent, thickness, and lithology of
the aquifers in Hendry and Collicr Counties. The sec-
ond part describes the geologic test wells that were
used in conjunction with the application of surface and
borehole geophysical techniques. The third part
describes the chloride data that were collected for this
study. The fourth part discusses the borehole geophys-
ical techniqucs that were used in this study.

Direct-Current Electrical Resistivity Method

The D(C-electrical resistivity method vses DC-
electrical cnergy (o determine the apparent resistivity
of hydrogeologic units. Apparcnt resistivities of
hydrogeologic units are dependent upon three factors:
(1) porosity, (2) mineralogy, and (3} conductivity of
fluids within the pore space of the unit (Stewart and
others, 1982). Typical sediments that occur in the
study area include quartz sand, clay minerals, and car-
honate minerals such as limestone and dolomite.
Quarlz and carbonate rocks exhibit greater resistivities
than clay minerals; however, as the porosity of more
resistive units increascs, their resistivity decreases.
Resistivities of units wilh water containing high con-
centrations of dissolved solids will be lower than [or
units of the same mingral composition and porosity
which contain water with low concentrations of dis-
solved solids. These three faclors controlling the
resistivity of geologic unils can occur in varions

combinations, leading to error in geologic interpreta-
tions. Therefore, correlations must be made with both
lithologic and water-quality (chlortde) data so that
geologic assignments can be made appropriately.

Apparenl resistivity was measured in this study
using the Schlumberger electrode array (Zohdy and
Bisdorf, 1989) to obtam vertical electrical soundings
(fig. 4). Four electrodes (two current and two polential
electrodes) were placed in the ground along a siraight
line at predetermined intervals. When specific electri-
cal current is trangmitted into the ground through the
two current cleclrodes, ¢llipsoidal lines of equipoten-
tial energy develop around the electrodes. The polen-
tial difference between Lhe inner electrodes is
measurcd using a volt meter (Zohdy and others, 1974).
This electrical potential depends on the conductivity
of interstitial fluids, porosity, and lithology of the
garth materials present. The input current and the
change in polential between the potential electrodes
are meagured to calculate an apparent resistivity for
the earth matcrial. Apparent resistivity is calculated
using the formula (Zohdy and others, 1974):

_ _{AB/D? - (MN/2)}? AV (N
o =7 — . _—
MN !

where pa is the apparcnt resistivity, in ochm-meters; ®
= 3.1416; AB is the current electrode spacing, in
meters; MN is the potential electrode spacing, in
meters; Al is he measured change in potential, in
volts; and { is the current applied to the current clee-
trodes, in amps.

The center of the electrode conliguration remains
fixed as the current electrodes are spread farther apart
at predetermined intervals and the potential electrodes
are spread farther apart as needed to measure a change
in potential between the clectrodes, As the distance
between the current electrodes increases, so does the
exploration depth of the survey. The etfective depth of
penetration of the vertical electrical soundings is about
one-half the total current electrode spacing (AB) and is
limited by transmitter power and reeciver sensitivity.

Apparent resistivity values obtained in the field
are not equal to the actual resistivity of the geologic
unils which affect the potential measured at the poten-
tial electrodes, unless the measurements are being
made over homogeneous ground (Telford and others,
1990). At shallow exploration depths and short current
clectrode spacing, the measured apparent resistivity is
most influenced by shallow layers through which most
of the current [lows. As electrode spacings increasc, a
sreater proportion of the induced current tlows inlo
deeper geologic laycrs. Thus, the response measured
al the surface is reflective of the resistivities of
increasingly deeper geologic units as the clectrode

Methods of Investigation 7
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spacings are increased in subsequent measurements.
The resulting sounding curves of apparent resistivity
versus depth show inflections brought about by resis-
tivity contrasts between neighboring geologic units.
When the units are thin or not laterally extensive, as is
the casc in the study arca, the effect of the unit on the
apparcit resistivity measured at the surface may not be
sigmificant enough to b measurable. Tt i3, therefore,
dilTicult to resolve differences between many thin lay-
ers of thin layers within thicker units of a geologic sec-
tion.

Geologic Test Wells

The exploratory well-drilling program was a joint
effort by the U.S. Geological Survey and the South
Florida Water Management District to obtain point
geologic data in the study area where such data were
lacking. Drilling was completed at the Church test
hole (fig. 1), CTII-1, which was drilled to 91 m below
land surface. Mud-rotary techniques were used and
samples were collected continuously and logged at
CTH-1. The test hole was logged upon completion
with borehole geophysical equipment supplicd by the
South Florida Water Management Districi.

Various types of geophysical logs (shown later)
were run ai CTH-1 and at four other geologic test
wells in the study area (HE-529, HE-616, HE-619, and
HE-1019), The location of the geologic test wells used
to obtain lithologic data are shown in figure 1. Geo-
logic test well numbers and their latitudes and longi-
ludes are presented in table 1.

Available Chioride Data Collection

Water samples were collected periodically at four
LS. Geological Survey chloride monitoring wells
(fig. 1 and table 2) as part of the ground-water data-
collection program. Samples were collected in April
1993 for chloride determinations. DC-elcetrical resis-
tivily methods were nsed to identity zones of high and
low conductivity within the aquifer. High-resistivity
zones are associated with coarse-grained aquifer mate-
rial saturated with low conductivity waier, whereas
low-resistivity zones are composed of fine-grained
materials with more conduclive water (1laeni, 1995).
Chloride data were then used to help ascertain the
quality of water in sclected sampled zones and to cali-
brate resistivity data obtained from the DC-electrical
resistivily surveys and geophysical logs.

a Hydrogaologle Assessmant of Shallow Clastic and Carbonate Rock Aguifers in Hendry and Colllar Counlies, Southwestern FL



Table 1. U.S. Geological Survey well numbers, depths, and latitudes and longitudes for test sites used in

the study and type of data used in report

Waell

Well number ( nfﬁfil's) Latitude Longhude  'hocd'C g::;ﬁ';:'lis Chioride
CTH-1 91 263335 812715 No Yes No
HE-529 126 263310 812509 Yes Yes Yes
IIE-554 5 263310 812509 No No Yes
HE-557 104 264235 813106 Yes No No
HE-615 91 264200 812612 Yes No No
HE-616 97 264302 812335 Yes Yes No
HE-619 106 264301 812825 Yes Yes No
HE-620 104 264353 812811 No No Yes
HE-621 106 264258 812757 Yes No No
HE-1019 15 263332 812610 Yes Yes No
C-578 79 262640 813101 Yes No " No
C-632 104 262602 812703 Yes No No
C-681 165 262509 812237 Yes No No
C-687 95 262554 812838 No No Yes

Table 2, UU.S. Gealogical Survey monitoring wells used for determination of chloride data in the study area

[Well depth shown in meters; chloride concentration shown in milligrams per liter]

April 1993 . Screened
Well number “{:I_:L:’;';;h chloride concentration thl;ci;lrzgllc;;nlt interval depth
(mllligrams per liter) P {meters)
HE-329 126 38 Limesione 4] - 47
HE-554 5 12 Sandstone 1.5-5
HE-620 104 290 Limestone 52-104
(open hole)
C-687 94 68 Sandstone %8 -94
{open hole)

Methods of Invesligation 8



Borehole Geophysical Techniques

The analysis of borehole geophysical logs is
needed to determing the complex geology and hydrol-
ogy of the study ares in Hendry and Collier Countics,
The spuntuncous potential, short- and long-normal
resistivity, and ngtural gamma (gamma ray) logs arc
often useful in delermining formation responscs asso-
ciated with water qualily and lithology.

The spontaneous potential log measures natural
electrical potential between the borehole fluid, forma-
tion {luid, and the surrounding rock. Generaliy, con-
ductivity ol the borehole fluid is lcss than that of the
formation fluid and surrounding rock, causing appar-
ent negative spontaneous potential deflections to the
right opposile clean sand and positive dellection to the
left opposite shale.

The elceincal resistivity of a rock depends on the
resistivity of the rock-mineral matrix and its contained
fluid. Rocks composed primarily of quartz and feld-
spar, which are poor conductors, contain water thar is
usually a better conductor. Thus, the resistivity of a
sandstone generally depends on the geometry of ils
pore space and the resistivity (or salinity) of its con-
tained fluid. As permeability and porosily decrease,
resistivity usually increases if there is no change in
tormation fluid, The log response corresponding to the
difference in resistivily of different lithologics is use-
ful in determining the vertical distribution and thick-
ness of rock types. Conventionally, some type of
resistivity curve 15 recorded with a spontancous poten-
tial log. The spontaneous potential-resistivity log com-
bination is usclul in pround-water studics Lo identify
the more permeable, water-yiclding zones. Single-
point resistance logs are highly wselul lor geologic
correlation because of their unique responsc Lo
changes in lithology and the good detail obtained in
formations of low to modcrate resistivity.

The gamma-ray tool measures the natural cmis-
sion of gamma-ray radhation by the borehole environ-
ment resulting from the decay of radioactive minerals,
Measurement generally is made with a borchole scin-
lillation counter and rceorded in American Petroleum
Institute (API) units or counts per second (CPS), The
gamma-ray log is very useful im identifying clean
(nonshaley) rock and clay-rich formations; shaley or
clay-rich zones are indicated by higher CPS as will be
shown later. Resistivity logs may give similar signa-
tures for clean sandstone intervals containing saline
watet and [or shale or clay intervals. The gamma-ray
log, however, would not respond similarly unless
phosphatic grains containing uraniwn are present in
the sandstone or ¢lean formation.

DESCRIPTION AND ANALYSIS OF
GEOPHYSICAL LOGS FOR CHURCH
TEST HOLE (CTH-1)

Deflections in spontaneous potential values occur
throughout the length of the log for the Church test
hole, CTII-1 (fig. 5}, indicating that the fluid and rock
properiics vary with depth. There are four major fluc-
tuations in the spontaneous potential curve that corme-
spond with large fluctuations on other logs. The
intervals are marked A to D on the sponlancous poten-
tial log (fig. 5).

The short- and long-normal resistivity log of
CTH-1 shows six major Muctuations in the curves (g,
3). The single-point resistance log has the same major
pattcrn but more and smaller [luclualions in the curve
(fig. 3), indicatmg that the layers arc nol very homoge-
neous in the test hole. The single-point resistance log
can be used to detect very thin layers (Keys and Mac-
Cary, 1971). The intervals ar¢ marked A to F on the
shotr- and long-normal resistivity log and A to (i on
the single-point resistance log in figure 5.

Fxammation of the gamma-ray log for CTH-1
(fig. 5) leads one to conclude that at least six phos-
phatic or clay/shale and clean rock (clay free) intervals
ex1st in the rock section. These clay/shale intervals can
canse anomalously low electrical resistivity values to
be measured for a given rock section. The intervals are
marked A to F on the gamma-ray log in figure 5.

In summary, borchole geophysical logs for
CTH-1 (fig. 5) highlight diffcrences in composition of
rock layers in the subsurface that can then be come-
lated with lithology. The short- and long-normal resis-
tivity log shows two distinct resistivity trends in the
rock layers: thosce layers with resiativitics less than 50
ohm-m and those with resistivities greater than 50
ohm-m, The gamma-ray log shows that some rock
intervals exhibit the characteristics of a clean or non-
shaley rock. Further division of these layers (detined
by natural gamma) is possible if onc overlays resistiv-
ity logs, which ¢can cmphasize differences in waler
characteristics in rock intervals, Log analysis of
CTH-1 indicates that thick nonshaley rocks can have
different water and porosity characleristics, as in the
rock intervals throughout the depth of the test hole
which contain very little if any clay, except at the bot-
tom of the test hole. The gamma-ray log shows that
this entire thick scetion contains very thick beds of
phosphatic sandstone or limestone, and the amount of
¢lay 15 not the controlling factor influencing resistivi-
ties (jntervals C and D on the single-point resistance
and short- and long-normal resistivity logs in fig. 3).
The single-point resistance log exhibits a similar pat-
tern to the short- and long-normal resigtivity log in

10 Hydrogeologle Asseszmeni of Shallow Clastle and Carbonate Rock Aquliers In Hendry and Gollier Counties, Southwaslern FL
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Flgure 5. Borehole geophysical logs for Church test hole (CTH-1).

other wells studied. The logs suggest that some rocks
in this scction might be permeable sand (detrital) or
carbonate rock zones that probably conlain [reshwater
or nearly freshwater, The lithology in CTH-1 13 shown
in more detail in a peohydrologic scetjon presenicd
later in this report.

HYDROGEOLOGIC ASSESSMENT
OF SHALLOW CLASTIC AND
CARBONATE ROCK AQUIFERS

Direct-current (DC) electrical resistivity data
woere measurcd al 109 sounding sites in northwestern
[Hendry County and northem Collicr Countics (fig. 1).
Selected DC-electrical resistivity surveys, togelher
with available borehole geologic and geophysical data,
were used Lo determine the approximate areal extent of
the shallow aquifers containing thick sands and car-
bonate lithologies in the study area. Field data were
analyzed using the Automatic Processing Program

Hydrogeologle Assessmani of Shallow Clastic and Carbonate Rock Aquifers

(referred to as the ATO program) [or the inversion of
ficld resistivity data (Zohdy, 1989 Zohdy and Bisdorf,
1989). Models oblained [romn the program usually
consisted of 11 to 13 geoelecine layers, which appear
on the output as a stairstep curve {shown later). To
design a model that conforms better to the site geology
and consists of three to Ove layers, layers of sitnilar
resistivity were combined by drawing from Lhe center
of ane line segment to the center of an adjacenl scg-
ment {Zohdy, 1989). The cnsuing curve exhibited
infleclions, interpreted as layer interfaces, which
resulted from the resistivity contrasts between adja-
cent layers. These curves usually produced a three- to
five-layer model.

Recause of lateral and vertical influences, the
ATO program vields models that may or may not rep-
resent the actual conliguration of earth layers at sites
where data were obtained. This program was used in
the study to locate areas that have the greatest proba-
bility of containing higher resistivity layers at depth
and freshwater. If the carth that is being studied is

1



comprised of horizontal, homogencous, and isotropic
layers, elecirical sounding data represent only the vari-
ation of resistivily with depth (Zohdy and others,
1974). In practice, however, DC-clectrical resistivity
sounding data are influenced by bath vertical and hori-
zontal heterogeneities, Geophysical and lithologic logs
are necessary to properly analyze DC-electrical resis-
tivity sounding data and (o correctly identify resistiv-
ity anomalies.

Correlation of Resistivity, Lithologic, and
Geophysical Data

Several geohydrologic and geoelectric sections
were constructed using data from selected DC-clectri-
cal resistivity sounding sites in northwestern [Tendry
and northern Collier Counties and existing lithologic
data and geophysical logs from selected wells in the
study area. All of these data were correlated to deter-
mine the approximate areal extent of the shallow clas-
tic and carbonate rock aquifers and associated clays in
Hendry and Collicr Counties,

Geohydrologlc Section A-A'

Geohydrologic section A-A’ was constructed
tfrom available data for the survey line containing
resistivity sites A1 through A8 (figs. 1 and 6). A con-
tourcd apparent resistivity section is shown in [igure 7
{peoelectric scetion A-A"). Lithologic data that were
obtained for wells HE-557, HE-615, HE-616, HE-619,
and HT-621 (app. 1) provided ground-truth data. These
wells, located near geoclectric section A-A' (fig. 7),
are shown in figure 1. Borehole geophysical logs were
obtained lor wells HE-616 (fig. 8) and HE-619 (fig.
9). Chloride data were collected from well HE-620
{which is near the resistivity sites of peoelectric sce-
tion A-A"), and the results are presented in table 2,
Graphical results for the resistivily sites along geo-
eleciric seclion A-A' (fig. 7) are presented with layer
determinations in appendix IT. All of these data were
correlated together to determine the approximate areal
extent of the aquifers in this part of the study area.

Sounding data from the sites ([ig. 7 and app. II)
indicated thal all ol the resistivities of very shallow
earth materjals, except those at site A6, were greater
than 100 ohm-m, which is typical for unsaturated sur-
face materials. Apparent resistivity values decreased
with depth in most of the section to lesa than 40
ohm-m at all sites; the lowest measured value was
about 6.57 ohm-m for a thick clay or clayey limestone
unit that is confined by clay at sitc AR (figs. 6 and 7
and app. IT). Lithologic data for well TIE-619 and
HE-621 (app. I} indicate that a clay unil 15 present

between ahout 15 and 30 m below land surface, and
lithologic data for well I1[E-615 (app. I) indicate that a
sand and gravel unit is present between about 10 and
52 m below land surface (fig. 6). Porosity of the sand
unitg would be expeeted to be moderately high
because Lhe sand units are not highly indurated. The
chloride concentration in water at well HE-620 (near
well HE-619) was 290 mp/L at a depth of 104 m (table
2), but more data arc needed to substantiate water-
quality aspects.

The relatively low apparent resistivity (less than
30 ohm-m) throughout most of geoelectric section
A-A' (fig. 7y indicates that a thick channel sand
located under sites Al 10 A7 probably does not
contain freshwater or contains freshwater of relatively
high chloride concentration, Although the clastic units
identified in figure 6 within the target depth could
serve as aquifers, the chloride concentration of the
water in these units is probably above the acceptable
drinking waler standard of 250 mp/IL. established by
the Florida Department of Environmental Protection
{1993), as indicared by the chloridec concentration (290
mp/L} 1n the lower limestone unit just below the ¢las-
tic units in well HE-620 (tablc 2). The clay units
shown in figure 6 correlate with low apparent resistiv-
ity values in some areas. Well logs were necessary to
deseribe and analyze the subsurface layering in this
area, but general trends and patterns in the apparent
resistivity data are correlative to the lithologic changes
occurring in the rock section.

Geohydrologlc Section B-B

Geohydrologic section B-B' was constructed
from available data for the survey line containing
resistivity sites B through B6 ([figs. 1 and 10). A con-
toured apparent resistivity section is shown in [igure
'l {geoelecine scetion B-B'). Lithologic data that
were obtained for wells HE-529 and HE-1019 {app. D)
provided ground-truth data. Borehole geophysical logs
were obtained for wells HE-529 (fig. 12), HE-1019
(fig. 13), and the Church test hole, CTH-1 (fig. 5).
Thesge three (est sites, located near geoelectric section
B-B' (fig. 11}, are shawn in figurc 1. Chloride data
were collected [rom wells HE-529 and 1HE-554
(located at the same site), and the resulls are presented
n table 2. Graphical results for the resistivity sites
alony geoelectric section B-B' (fig. 11) are presented
with laycr determinations in appendix 1. All of these
data were correlated toprether to determine the approx-
imate areal extent of the aquifers in this part of the
study area.

Sounding data from sites B through B6 indicate
a three- to five-layer geoclectric section (fig. 11 and

12 Hydrogeologlc Azsessmant of Shallow Clastic and Carbonate Rock Aquiters In Hendry and Colller Gounlies, Southwestern FL
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Figure 13. Borehole geophysical logs for well HE-1019,
app. II). Surface resistivitics at all soundings were CTH-1 to correlate with these data. Geophysical logs
greater than 100 ohm-m. Resislivities from sites B3, for CTH-1 (fig. 5) indicate that the 50 ohm-m value is
B2, 33, B4, and B6 were less than 64 ohm-m in the a value that best scparates the lithologies at this test
first 10 m below land surface. Lithologic data for hole.

wells HE-529 and IE-1019 (app. ) show a thick sand o ]
unit is present in well 1IE-529 from land surface to The sand units in wells HE-529 (about 0-36.5 m

about 365 m below land surface and in well HE-1019  deep) and HE-1019 (about 12-46.5 m) may be poten-
from about 12 Lo 46.5 m below land surface (fig. 10). tial aqualers (fig. 10), but resistivity values (]csg than
The chloride concentration in water within the lime- 6‘% ohm-m) should be furthf:r analyze_:d to associa t_c
stone unit of well HE-529 was 38 mg/T. at a depth of with and dufine water quality. The higher resistiviry

126 m (tahle 2). Resistivities at site B5 (fig. 11 and zones (intervals C and 1) in the short- and long-normal
app. I1) decreased rapidly from the surface to a sec- resistivity log of CTH-1 in fig. 5) hﬂ}a'e the hi ghest
ond-layer low of about 72 ohm-m at 4 m below land potential for yielding freshwater. This interval is the
surface. Resislivitics then increased in the third layer bottom of the sand unit and the upper part of the lime-
to a high of about 300 ohm-m at 18.9 m below land stone unit down to about 60 m (fig. 10). Chioride data,
surface. Resistivities of the fourth geoelectric layer however, indicate that water of low dissolved-golids
decreased to less than 17 ohm-m at 60 m below land concentration might exist in some lithologic units
surface. The long-normal resistivity log for CTH-| (table 2, 38 mg/L in well HE-529 and 12 mg/L in well
{fig. 5} indicaics a formational resistivity of about 50 HE-554). Resistivities at site 35 are grealer than 100
ohm-m at 50 m below land surface. Although this ohm-m between about 8 and 38 m below land surface
agrees with the resistivity from sitc BS at the same (fig. 11 and app. I}, suggesting the presence of an
depth (50 m), there are no lithologic logs available at aquifer within this interval.
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Geohydrologlc Section C-C'

Geohydrologic scetion C-C' was constructed
from available data for the sutvey line conlaining
resistivity sites (C1 through (C12 (figs. | and 14). A
conlourcd apparent resistivily seetion 1s shown in fig-
ure 15 (geoeleetric section C-C). Lithologic data that
were obrained for wells C-578, C-632, and C-651
{app. I provided ground-truth data. These wells,
located along geoelectric section C-C' (fig. 15), are
shown in figure |. Borehole geological logs were not
run for wells along this geoelectric section. Chloride
data werc colleeted from well C-687 (which also 1s
located along peoelectric section C-C’), and the results
are presented in table 2, Graphical results for the resis-
tivity sites along geoelectric section C-C' (fig. 15} are
presented with layer determinations in appendix T All
of these data were correlated together to determine the
approximate areal extent of the aquifers in this part of
the study arca.

Apparent resistivities at all soundings indicate
that division of the section into three to six geoelectric
layers is [Gasible, but [our 15 the most common number
of layers (app. II). The resistivities of the surface lay-
ers are commonly greater than 100 ohm-m, bul arc
less than 100 ohm-m at some sites. Sites C5, C6, and
{27, which have higher surface layer resislivity, are
located where a thick sand unit overlics a thick clay
and thick limestone unit (fig. 14).

Sounding data from sites C11 and CI12 (fig. 15
and app. Il) indicate that anomalously higher resistivi-
lics oceur at aboul 10 and 60 m below land surface,
respectively (in geoelectric layer 2). A thick sand unit
m well C-578 (located between sites CLO and C1LY s
present from about 30 o 65 m below land surlace (fig.
14). The tesistivity data suggest that the lower, rela-
tively high porosity sand vnit eccurring in well C-578
below 30 m deep may be a potential aquiter (figs. 14
and 15). If this sand unil has good propertics, the
lower-than-expected resistivity values could result
[rom one [actor or a combination of high porosity and
high chloride concentration of water in the sand. More
chioride data are needed w make an aceurate delernmi-
nation in this area.

The litholegic data for well C-681 (located
between sites C2 and C3) show a thick sand unit is
present at about 10 to 40 m below land surface, and a
second thick sand unit is present at 65 to 100 m helow
land surface (fig. 14). The upper and lower sand units
seem to be potential aquifers, if the chloride concen-
tration is determined to be low; however, no chloride
data were available for well C-681.

Based on data presented for geoelectric seelion
C-C’ (fig. 15), it seems likely that the best aquifer is

the sand unit that occurs from land surface to about 60
m below land surface in well C-632 (fig. 14). This 15
becausc the DC-clectrical resistivity sounding methad
is most ageurale when used to distinguish relatively
thick, laterally continuous layers as is the case in (his
section. The presence of an aquifer with freshwater
cannot be ruled out solely because the resistivity curve
shows a decrease in resistivity with depth. Chloride
concentration in water in well C-687 was 68 mg/L al a
depth of 94 m (lable 2), suggesting that freshwater
probably occurs in this limeslone scelion.

Geoelectric Section D-D’

Geoelectric section D-D’ (fips. 1 and 16) was
constructed using data collected al soundmgs T |
through DB (app. I1). No lithologic or chloride data
were available near this section line. Graphical results
for the resistivity siles along geocledinic section T)-TY
(fig. 16) are presented with layer determinations in
appendix 1L

A resistivily maximum of about 140 ohm-m was
measured at site D3 at about 28 m below land surlace.
This site exhibited a Gve-layer resistivity response
model with a high resistivity surface layer. Sounding
datla from sites D1, D2, D3, and 137 exhihited a similar
type of resistivity profile with depth {app. 1I). The
resistivity maxima al sites D1, D2, D3, and D7 were
aboul 99, 115, 140, and I 14 ohm-m, respectively, and
all occurred hetween about 10 and 30 m below land
surface (these data do not include the shallowest
depths). The resistivity profile for site D8 is compara-
ble, but the resistivity maximum of 105 chm-m 1%

10 m deeper, at about 40 m below land surface (app.
1I). Potential sites for lurther ¢valuation include sites
N1, 12 13,17, and DE.

Further Research

The geohydrologic and geoclectric sections
define arcas where the potential for locating freshwa-
ter in sands is highest. The best areas are thosc wilh
thick sands and anomalously high resistivity zones.
Further study in these identified areas is likely Lo
answer many other guestions about the hydrogeologic
charactenisiics of Tocks in the study area. A number of
buricd channel sands (sands below clay or limestone)
in the area exist and are shown in figures 6, 10, and 14.
Electrical resistivily surveying, conducted in conjune-
tton with borchole geophysical logging and examina-
tion of existing lithologic data, was critical in
determining the depth of resistivily anemalics due 1o
¢lay content and other rock characteristics. Areas
requiring turther study are those with anomalously
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higher resistivity values as indicated by geoclectric
contours (figs. 7, 11, and 15). Additional well data arce
needed to wentily and correlate the lithology of sub-
surface layers lor gites along geoelectric section D-T)
(fig- 16). The best locations would be near sites D2,
D3, and D7,

More chloride data should be collected to corre-
late with resistivity data from borehole peophysical
logs and surface geophysical models and to ascertain
the water quality of potential aquiters in the study
area. Geoelectric sections also show areas of anoma-
lously high valucs, and these areas should be further
examined.

SUMMARY AND CONCLUSIONS

Direeil-current (D) electrical resistivity data
were measured at 109 sounding sites in northwestern
Hendry County and northern Collier County. Selected
vertical electrical soundings were correlated with
existing borehole lithologic, geophysical, and chloride
data to determine the approximale areal extent of
potential aquifers in the study area. Several geohydro-
logic and geocleolne seclions were constructed to
show the relation of vertical clectrical soundings 1o
lithologic data and geophysical logs. Elcetrical resis-
tivity interpretations showed complex lithologic pat-
terns. Geophysical logs, particularly gamma-ray and
resistivity, were valuable in showing ranges in resis-
tivity values and olher rock property changes ana
small scale. Thick clay vnits, cvident in gome of the
geoelectric sections, do exist and make interpretation
difficult.

Results show that thick buried channel sands with
high-resistivity zones exisl in Lthe arca, and these sands
may represent potential aquilers in all of the geohy-
drologic sections. Some of the surficial sands are iden-
tified as very thick bodies. Results indicate that
carbonate rocks are also potential aquifers in some
areas. The maximum number of lithologic layers in
the study area, indicated from the geoelectric model-
ing, is usually less than five and is more commonly
three. The top 10 m in each scction generally have
several very thin layers that can be combined into one
large, high-resistivity layer.

Using TXC-electrical resistivity data collected at
the surface as well as lithologic, geophysical, and
chloride data collected from boreholes, gencralized
areas where aquifers may exist were determined.
However, a more detailed study should be conducted
to confinm all potential aquiters.
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WELL HE-529

Thickness Depth
Description

P (meters) (meters)
Sand, light-olive-gray (5 Y 6/1); quartz, fine to medium, moderaiely sorled, 4.6 00-46
subangular to subrounded; some ¢lay and muck
Sund, very pale orange (10 YR 8/2); quartz, finc lo medium, well sorted, sub- 4.6 4.6-92
angular to subrounded; shelly; some calcarcous clay
Same as above; some limestone, yellowish-gray (5Y 8/1), sandy micrite 1.3 92-10.7
Limestone yellowish-gray (5 Y B/1); fossiliferous micrive, sandy; loosely con- 1.2 0.7-119
solidated
sand, yellowish-gray (5 Y 8/1): quartz, coarse to granules, well sorted, sub- 0.3 11e-122
rounded o rounded; some limestone, yellowish-gray (5 Y 8/1); sandy micrite
Sand, yellowish-gray (5 Y 8/1); quarte, very [ine Lo coarse, poorly soried, sub- 1.5 122 - 13.7
angular to rounded: some calcareous clay
Sand, yellowish-gray (5 Y 8/1); quarlz, very fine 1o fine, well sorted, angular 122 137-259
to subangular; clayey, calcareous; some phosphorite
Sand, olive-gray (3 Y 4/1); quarlz, {inc o coarse, moderaiely sorled, angular 4.6 259-303
to subrounded; some clay; some phosphorite; some shell fragments
Sand, light-olive-gray (3 Y 5/2); quartz, very fine to medivm, well sorted, 3.0 30.5-315
angular to rounded; clayey; some phosphonte
Sand, variable in color; quartz, coarse to granules, well sorted, subrounded to 3.0 33.5-36.5
well rounded; some phosphorite pranules
Limestone, white (N 9); micrite; loosely consolidated; some quartz and phos- 4.6 M5 -4l
phorite pranules
Limestone, yellowish-gray (53 Y &/1); fossiliferous micrite; moderately con- 92 41.1 - 50.3
solidated
Limestone, white (N 9); micriie, silty: loosely consolidated; some quartz sand 9.1 50.3-394
and granules
Limestone, white (N 9); migrite, silly; moderately consolidaled; some quarks 3. 594 -62.5
sand
Limestone, white (N 9); micrite, silty; loosely consolidated 13.7 602.5-76.2
Siltstone, yellowish-gray (5 Y 7/2); quartzosc; calcarcous clay; some coarse 19.8 76.2-96.0
grains of phosphorite in places
Limestone, yellowish-pray (5 Y B/1); mierite, silty, phosphatic; some shell 19.9 06.0-1159
frapments
Limestone, palc-olive-green (10°Y 6/2); micrite, silty: some shell fragments 3.0 1159-1189
Limestone, yellowish-gray (5 Y &/1); micrite, silty, phosphatic; some shell 6.1 1IB9- 1250

fragments
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WELL HE-557

Thickness Depth

Description (meters) (meters)
Sand, moderate-yellowish-brown (10 YR 5/4); quartz, fine to 1.5 00-15
medium, well sorted, subangular (o rounded; traces of quartzose
sandstone
Shells; some quartz sand; clayey, calcareons 10.7 1.5-12.2
Claystone, light-olive-gray (5 Y 6/1) 10.7 122-229
Sand, light-olive-gray (5 Y 5/2); quartz, silt to coarse, poorly 1.5 229-244
sorted, very angular to well rounded; clayey; some phosphorite
Sand, very pale orange (10 YR 8/2); quartz, very fine to fine, 1.5 244-259
well sorted, very angular to subrounded; clayey, calcareous
Limestone, light-olive-gray (5 Y 6/1); sparse biomicrite, sandy; 4.6 25.9-305
well consohdated; some calcareous quartzose sandstone; some
shell fragments
Claystone, light-olive-pray (5 Y 6/1); sandy, slightly phosphatic; 7.6 30.5-38.1
some limestone as above; traces of hmestone, sandy sparite
Limestone, yellowish-gray (5 Y 8§/1); micrite; well consolidated 4.6 8.1 -427
Limestone, yellowish-gray (5 Y 8/1); micrite; well consolidated; 1.5 42.7-442
some biosparile
Limestone, yellowish-gray (5 Y 8/1); biosparite 1.5 442 - 457
Limestone, yellowish-gray (5 Y 8/1); micrite; well consolidated, 6.1 45.7-51.8
becoming loosely consolidated in some places
Limeslone, yellowish-gray (5 Y 8/1); micrite, silty, slightly phos- 13.7 51.8-655
phatic; modcrately consolidated
Clay, light-olive-gray (5 Y 6/1); silty, slightly phosphatic, calcar- 19.8 65.5-85.3
eous; some shell fragments
Limestone, yellowish-gray (5 Y 8/1); micrite, silty, phosphatic; 18.3 85.3-103.6

loosely consolidated; some shell fragments
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WELL HE-615

Thickness Depth

Description (meters) (melers)
Sand, pale-vellowish-brown (10 YR 6/2); quartz, medium, well 1.8 0.0-1.8
soried, subangular 1o subrounded; traces of organic soil
Limestone, grayish-oranpe (10 YR 7/4); micrite, sandy; well 4.3 1.8-6.1
consolidated
Limestone, grayish-orange (10 YR 7/4); micrite, silty to sandy; 4.6 6.1 - 10.7
looscly consolidated
Sand, yellowish-gray (5 Y 7/2); quartz, silt to fine, well sorted, 3.0 10.7 - 13.7
very angular to subangular; clayey, calcareous
Claystone, olive-gray (5 Y 4/1); sandy, slightly phosphatic; some 1.5 13.7-15.2
shell fragments; loosely consolidated
Sand, hght-olive-gray (5 Y 6/1); quartz, very fine to finc, well 30.5 152 -45.7
sorted, very angular to subangular; claycy, slightly calcareous;
somge shell fragments
Gravel, variable i1 color; quartz and phosphorite, granules to 6.1 457 -51.8
pcbbles, poorly sorted, rounded to well rounded; same sand as
above
Limcstone, yellowish-gray (5 Y 8/1); micrite, slightly phos- 9.1 51.8-60.9
phatic; well consolidated '
Limestone, yellowish-pray (5 Y &/1); fossilifcrous micrite, 17.4 609 -78.3
sandy, slightly phosphaltic; well consolidated to moderately con-
solidated in places
Limestone, yellowish-gray (5 Y 8/1); packed biomicrite; well 4.0 783-823
consolidated
Limestone, yellowish-gray (5 Y 8/1); packed biomicrite, sandy, 9.1 823-914

slightly phosphatic; loosely consolidaled
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WELL HE-616

_— Thickness Depth

Description (meters) (metars)
Soil and muck, dusky-brown (5 YR 2/2); sandy 0.9 0.0-09
Sand, brownish-gray (5 YR 4/1); quartz, fine 10 medium, well 1.5 09-24
sorted, subangular to subrounded
Shells; some quarlz sand; traces of clay 2.5 24-49
Limestone, ycllowish-gray (5 Y &/1), unsorted biosparite, sandy; 1.2 49-6.1
well consolidated; some shell fragments
Limestone, yellowish-gray (5 Y 8/1); biomicrite, sandy; uncon- 6.1 6.1-12.2
solidated to loosely consolidated
Limestone, yellowish-gray (5 Y $/1); sparse biomicnie, sandy; 6.1 12.2 - 183
loosely consolidated
Clay, light-olive-gray (5 Y 6/1); sandy; some shell fragments; 305 18.3-48.8
traces of phosphorite
Gravel, variable in color; quartz and phosphorite, fine sand to 6.1 43.8-549
pcbbles, poorly sorted, subangular to well rounded; traces of clay
Limestone, yellowish-gray (5 Y 8/1); sparse biomicrite, sandy; 15.2 5349 -70.1
loosely consolidated; some clay, slightly phosphatic; some shell
fragments
Clay, light-olive-gray (5 Y 6/1); calcareous; sandy, phosphatic; 18.3 70.1 - 88.4
some shell fragments
Shells; some phosphorite; traces of mictite 3.0 88.4-91.4
Limestone, yellowish-gray (5 Y 8/1); micrite, sandy, phosphatic; 3.7 914-95.1
loosely consolidated; abundant shells
Shells, some phosphorite; traces of micrite 14 05.1 - 98.5
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WELL HE-619

Thickness Depth

Description {meters) {meters)
Sand, moderate-yellowish-brown (10 YR 5/4); quartz, fine to 1.2 0.0-1.2
medium, moderately sorted, subangular to subrounded; lime-
stone, very pale orange (10 YR 8/2); micrite, sandy; well consol-
idated; some limonite; some peat and muck
Limestone, very pale orange (10 YR 8/2); micrile, sandy: well 4.9 1.2-6.1
consolidated; some limonite; some shell fragments
Sand, yellowish-gray (5 Y 7/2); quartz, fine to medium, well 3.0 6.1-9.1
sorted, subangular to angular; some clay, calcarcous; traces of
shell fragments
Limestone, yellowish-gray (5 Y 7/2); micritc, clayey; moderately 1.6 9.1-10.7
consolidated; some sand, quartz and phosphorite; some shell
fragments
Limestone, very pale orange (10 YR 8/2); micrte, silty; moder- 4.5 10.7-15.2
ately consolidated
Clay, hight-olive-gray (5 Y 6/1); traces of quartz, phosphorite, 15.3 15.2-30.5
and shell fragments
Gravel, variable in color; quartz and phosphorite, ranging in size 13.7 305-442
from medium sand o pebbles, poorly soried, rounded to well
rounded
Same as above; some limestone, while (N 9); micrite 6.1 44.2 - 50.3
Limesione, white (N 9); biomicrite; loosely consolidated 3.0 50.3-53.3
Limestone, yellowish-gray (5 Y &/1); packed biomicrile; moder- 16.8 533-70.1
ately consolidated
Limestone, yellowish-gray (5 Y 8/1); micrite, sandy; loosely 15.2 70.1 - 85.3
consolidated
Limestone, yellowish-gray (5 Y &/1); micrite, silty, phosphatic; 13.8 85.3-99|
moderately consolidated; some sand, quartz, and phosphorite,
Coarse
Limestone, yellowish-gray (5 Y 8/1); micrite, silty; loosely con- 6.4 99.1 - 105.5

solidated; sand, quartz, and phosphorite, coarse to granules
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WELL HE-621

Thickness Depth

Description {meters) (meters)
Limestone, grayish-orange (10 YR 7/4); fossiliferous micrite, 4.6 00-46
sandy; well consolidated; some shell fragmenis
Limestone, yellowish-gray (5 Y 8/1); micnie, sandy; loosely 4.5 4.6-9.1
consolidaied
Sand, yellowish-gray (5 Y 7/2); quartz, finc, well sorted, angular 1.6 9.1-10.7
to subangular; clayey; calcareous; some shell fragments; traces
of phosphorite granules
Limestone, yellowish-pray (5 Y 7/2); micrite, sandy, clayey; 3.0 10.7 - 13.7
looscly consolidated
Limestone, yellowish-gray (5 Y 7/2); micnte, silty, clayey; 1.5 13.7-152
loosely consolidated; some shell fragments
Claysione, light-olive-gray (5 Y 6/1}; calcareous, sill; moder- 18.3 15.2-33.5
ately consolidated
Gravel, variable in color; quartz and phosphorite, coarse sand to 12.2 33.5-45.7
pebbles, poorly sorted, rounded o well rounded
Same as above; some limestone, white (N 9); biomicrite, silty: 3.1 45.7-48.8
loosely consolidated
Limestone, white (N 9); biomicrite, silty; loosely consolidated 9.1 48.8-57.9
Limestone, yellowish-gray (5 Y 8/1); packed biomicrite; well 30 579-60.9
consolidated; molds are evident; porous
Limcstone, yellowish-gray (5 Y 8/1); sparsc biomicrite; loosely 6.2 60.9 - 67.1
consohdated
Limestone, yellowish-gray (5 Y 8/1); sparse biomicrite, silty; 274 67.1-94.5
loosely consolidated
Limestone, yellowish-gray (5 Y &/1); packed biomicnte, clayey, 0.1 924.5-100.6
slightly phosphatic
Limestone, yellowish-gray (5 Y 8/1); packed biomicrite, phos- 6.1 100.6 - 106.7

phatic, clayey; some phosphorite granules

Appsendix |

33



WELL HE-1019

Description Thickness Dapth
{meters) {meters)

Sundstone, grayish-orange; | § poreenl purosity, interpranular, pinpoint vugs: medivin grain size, 3 0-3
very fine o coarse; xubangular; some caleilutile. sparite, snd phosphatic sand
Limestone, very pale orange; 12 percent porasily, intergranular, pinpoint wias; caleilutile. fntra- 3 3-6
lasts; very fine grain sizg, microerysialline W coarse; some quurt sand, sparire, and phosphatic
sand
Sill. very Light gray; some quartz sand, clay, and dolomite; iron stoined; calcareous 1) h-12
Sand. yellowish-gray (o light-gray; 25 perceat porosily, intergranular; very coarse grain size, fing G 12-18
to grannle; subangular to rounded; some caleilutite and dolomire
Bund, yellowish-gray w light-gray, 12 percont porosily. imlergranular, low permeahility, vory fing 3 18- 21
Eiatin size. microerystalline to gramale, subangular o rounded; sore caleilutite and phosphatic
gravel
Hand, prayish-olive; 12 peroent porosity, intergranular, low permeability; fine gruin size, micro- 3 21 -24
crystalling o pranule: anpular (o subangular; some clay
Same as above with Targe mollusk fragments and some mierite corment and guarly: pranules 3 24 -27
Sand. light-olive-gray; |5 percent porosity, intergranular: very coarse grain size, medium to gran- 7 27 .34
uic; subangular: some dolomite and phosphatic gravel
Same ag ahove wilh some micrile cement 3 14 -37
Sand, very lighi gray: |2 pereent porosity, interpranulur; very fine grain size, microcrystalline w 3 17 -40
eranule; subanpular; snme ealeilrite
Sandstone, while to light-gray 1o light-greenisli-yellow: 10 percend purosily, inlergranular, low 6 40 - 46
permeability: fing grain size, very fine o pranule: subunpular; some caleilutite, dolomite, and clay
Limestone, white; 12 perecnt porosity, pinpoinl vugs, inlergranular; microerysialling grain size, 6 46 - 52
cryplocrystalline to fing; some quanz sand and dolormile
Dolomile, moderale-orange-pink: 12 percenl porosity, pinpeint vugs, imtergranlar; microcrystal- () 52 _ 58
ling pruin sive, erypocry=ialling to microcrysalling, some caleilutite und sparile
Sill. while 1 very lighr gray; 10 pereent porogiry, imergranular, low permeahility; some caleilu- 15 58_-73
tite, didomile. limestone, und quanz sand
Same es ahove with somc shell ragments 3 73-76
Limestone, yellowish-gray; 13 pereent porasity, interpranular, low permeability: microerystalling 3 76 -749
prain size, crypiocrystaltine m granule; some quart sand, dolomite, and phosphatic sand
Sandslune. yellowish-gray; very eoarse grain size. medium (0 grunule; subanpular; some dolo- 3 79 _ 82
mitg, caleilutite. and phosphatic sand
Limestonie. yellowish-gray: 13 pereent porosity, intergranular, pinpoinl vups: microerystalling 3 B2 -85
grain size, cryptocrystalline ro granule; some quarts sand, dulomite, ond phosphatic sand
Silt, yellowish-gray, |0 percent porosity, intcrgranular: some guarty sund, caleilutite, and phos- 3 g5 - g%
phatic sand
Clay, light-alive; & pereont porosity. intergranular, low permeability, some quartz sand. phos- 13 2. 1M
phutic sand, phnaphatic gravel, limestone, and phosphalic pranules
Limestane, very light gray 1o lighl-ulive lo while; 10 to 12 pereent porosity, inlergranular, moldic; 15 101 - 116
medium to very eoarse grain size, microrystalline to granule; some clay, quartz sand, and phos-
phalic sand
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WELL C-578

Description Thickness Depth
{meters) (meters)

Shell bed, while W very pale orange: 20 percent porosity, intergranular; some 2 0-2
quartz sand and mollusks
Sand, yellowish-gray: 20 percent porosity, intergranular, low permeability; i 2-3
fine grain size, very fine to coarse; subangular; some calcilutite and mollusks
Sandstone, yellowish-gray: 15 percent porosity, intergranular; fing grain size, 3 3-6
very fing to coamse; subangular; some caleilutite and mollusks
Sandstonc, very pale orange to grayish-brown; 13 percent porosily, intergran- ) 612
ular, meldic, possibly high permeability; line grain size, very fine to coarse;
subangular; some calcilutite and mollusks
Limestone, very pale orange; 20 percent porosity, intergranular, moldic; possi- 5 12-17
bly high permeability: microcrystatline prain size, microcrystalline to coarse;
some quartz sand, mollusks, and coral
Dolosilt, very pale orange to grayish-olive to yellowish-gray; 10 percent 10 17-27
porosity, intergranular, low permeability; some clay, calcilutite, quartz sand,
phosphatic sand, and mollusks
Limestone, very pale orange; 15 percent porosity, intergranular, moldic; 3 27-30
microcrystalline grain size, microcrystalling to medium; some quartz sand and
mollusks
Sandstone, very pale orange; 15 percent porosity, intergranular; medinm grain 13 30-43
size, very fine 1o medium; subangular; some caleilutite, sparite, phosphatic
sand, and mollusks
Sand, while 1o very pale orange; 35 percent porosity, intergranular; medium g 43 .52
grain size, very fine to coarse; subangular to rounded; some phosphatic sand
and mollusks
Sand, white to light-gray; 35 pereent porosily, intergranular; coarse to medium 12 32 - 64
grain size, fine to very fine to coarse, subangular to rounded; some phosphatic
sand, clay, and mollusks
Dolosilt, grayish-olive; 10 percent porosity, intergranular, low permeability; 3 64 - 67
some calcilutite, clay, quarts sand, and mollusks
Sandstone, light-gray; 20 percent porosily, intergranular; coarse grain size, 5 67-72
very fine to granule; subangular to rounded; some sparite and mollusks
Dolosilt, grayish-olive: 10 percent porosity, intergranular, low permeability; 7 7279

some calcilutite, clay, quartz sand, phosphatic sand mollusks
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WELL C-632

- Thickness Depth
Description

escriptio (meters) {meters)
Sand, grayish-orange (10 YR 7/4); quarlz, very line Lo fine, moderately sorted. 3.0 0.0-30
anpular to subrounded
Limestone, yellowish-gray (5 Y 8/1): micrite, sandy: loosely consolidated, 3.0 30-60
traces of phosphorile
Sand, yellowish-gray (5 Y 8/1); quanz, very fine to medium, moderately 305 6.0-365
sorted, very angular to rounded: traces of limestone, micrile; some phospho-
rite; minor shell fragments
Sand, yellowish-gray (5 Y B/1); quartz, very fine to coarse, moderately sorted, 4.6 365-41.1
angular to rounded: some limestone, micrite; some clay
Sand, yellowish-pray (5 Y 8/1); quarlz, very (ine sand to granules, poorly 4.6 41.1-45.7
sorted, very angular to well rounded; some limestone, micrite, sandy; traces ol
phosphorite
Sand, yellowish-gray (5 Y 8/1); quarlz, very fine to coarse, moderately sorted, 1.5 45.7-472
angular to rounded; some limestone, micrite; some clay
Sand, yellowish-gray (5 Y /1) yuarlz, very fine to medium, moderately 10.7 47.2-579
sorted, very angular to rounded; traces of limestone, micrite; soime phospho-
rite; minor shell fragments
Sand. light-olive-gray (5 Y 5/2); quartz, very fine to medium, well sorted, 30 57.9-609
angular to rounded; clayey
Clay, light-olive-pray (3 Y 5/2); sandy, slightly phosphatic 4.6 60.9 - 65.5
Sand, hight-olive-gray (5 Y 5/2); quarlz, very fine to medium, well sorted, 4.6 65.5-70.1
angular o rounded; clayey
Limestone, yellowish-gray (5 Y 8/1); sparse biomicrite, sandy; well consoli- .1 701 -76.2
dated; some claysione
Limestone, ycllowish-gray (5 ¥ 8/1); fossiliferous, micrite, sandy; loosely 1.5 76.2-77.7
consolidated
Limestone, yellowish-gray (5 Y 8/1}; fossiliferous micrite, silty; looscly con- 1.5 77.7-792
solidated
Limestone, yellowish-gray (5 Y 8/1); lossiliferous dismicrite; well consoli- 6.1 79.2 - 853
dated; porous
Limestone, yellowish-gray (5 Y 8/1); sparse biomicrite, silty; moderately con- 10,7 853 -96.0
solidated
Limestone, yellowish-gray (5 Y 8&/1); fossiliferous micrite, sandy, clayey; 3.0 96.0 - 99.0
loosely consolidated
Clay, light-olive-gray (5 Y 5/2); sandy, calcarcous; some shell fragments; 4.6 99.0-103.6

traces of phosphorite
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WELL C-681

Vine grain size, microerystalline to medium; somne phosphatic sand and mollusks

Thicknes Depth
Description ckness ept
(meters) (meters)
Limestone, while lo very pale orange: 15 to 25 pereent porosity, intergranular, moldic, 9 g-9
possibly high permeability; microcrystalline to fine grain size, very fine wo medium to
coarsc; some quartz sand, mellusks, and coral
Sand, white to very pale arange; 30 percent porusily, intergrunular; coarsc grain size, f 9-15
very fine to very coarse; subangular to rounded: some caleilutite, mollusks, phospharic
sund. and sandstone chips
Sandstone, very pale orange: 25 pereent porosity, intergranular; medium grain size, 9 15-24
very fine to very coarse; subangular 1o rounded; some calcilulitg and mollusks
Sand, very pale orange; 20 percent porosity, intergranular; fine prain size. very fing o 3 24-27
coarse, subangular o angular; some calcilutite
Sand, prayish-olive to light-olive; 10 percent porosity, intergranular, low permeability; 10 27-37
fine grain size, very fine 1o coarse; subangular w angular; some clay, dolomite. phos-
phatic sand, and mollusks
Clay, light-olive; 10 pereent porosity, intergranular. low permeability; same quarlks 3 A7-40
sand, phosphatic sand. and mollusks
Sand, whitc; 40 pereent poresity, intergranular; medium grain size, very fine o very 9 40 - 49
coarse; subanpular to rounded; some phosphatic sand, phosphatic gravel. mollusks,
and dolosih
Limestone, white Lo very pale orange; 15 percenl porosity, intergranular, moldic: 15 41 - 64
microcrystalline grain size, microerystalline to very fine o corrse 10 medium, some
quartz sand and mollusks
Sandstome, very pale orange; 10 percent porosity, interpranular, low permeability; 3 64 - 67
medium grain size, very fine o coarse; subangular to rounded: some caleilutite, dole-
mite, and moltusks
Limestone, very pale oranpe; 15 percent porosity, intergranular, moldic; microerystal- 3 67-70
line: grain shce, microctysialling o coarse; some quartz sand and mollusks
Sandstone, very pale orange, 10 percent porosity, interpranular, low permeability: 21 70-91
medium grwin sze, very fing 1o coarse, subanguloe to rounded; some dolomite
Sandstone, very pale orange: 15 percent porosity, intergranular; medium grain size, 19 21 - 110
very fine to coarse; subaneular o rounded; sume dolomitle and phosphatic sand; some
granule size quattz from 104 1o 107 meters
Clay, grayish-olive, 10 percent porosily, intergranular, low permeability. some quartz 39 110 - 149
sand, phosphatic sand, and mollusks; phosphate rubble from 146 to 149 meters,
Limestone, white to very pale orange: 10 percent porosity, intergranular;, microcrystal- 16 149 - 165
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Resistivity-Depth Curves for Selected Sites
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RESISTIVITY, IN OHM-METERS
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RESISTIVITY, IN OHM-METERS
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RESISTIVITY, iIN CHWM-METERS
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