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ABSTRACT

Large variations ill artesian flow and
specific capaeH)' encountered during the in·
stallnlion and testing of a well field COIll

I,letcd in the upper Floridan 3cluifer in Col
lier Count)', Florida, arc related 10

differences in dolomite abundance among
wells. The wells produce primarily frol11
some thin intervals of fractured crystalline
and microsunosic dolomite that have lim
ited areal extent, as c,'idcllced b)' a strong
boundary effect detected during an ~t<luifcr

performance Icsl. Microfacies and stable
isotopic composition (SIlIO = 1.391k..-
1.57%(', SUC = O.15%..--1.70SfC', Peedee bel
emnite [PDBJ) indicate Ihat lhe dolomite
formed b)' (he replacement of marine lime
slone in marine or brackish pore waters.
Dolomite fracturing is likely relaled to fold
ing Ihat occurred 110 earlier than the late
Miocene. The upper Floridan aCluife,' be
haves as a large-sc~llc dual-porosity s)'slcm,
in thai Ihe dolomite intcnals wilh high hy
draulic conduclivities increase the specilic
capacities of somc wells. Thc dolomite ill
tcnals havc littlc effecl on the total volumc
of water Ihat ('nn be produced from Ihc
aCluifel', which is coni rolled by Ihc sur·
rounding lower h)'draulic conductil'ily
limeslone, The results of this interdisciplin
ary invesligation re\'cal Ihe high degree of
heterogeneity and unpredictability that
may occur in carbonate mluifers as the rc
suH of diagenesis. Because of uncerlainly
over fluid-flow paths, heterogeneities in
3cluifer hydraulics relaled 10 diagenesis
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may great I)' impact projects requiring I'e
co\'("'y of a specific volume of waleI', such
as pump-and-treal remediation and aquifer
storage-and-reco\'cl")' s)'slems.

KeywQI'ds: carbonate, diagencsis, dolomite,
Florida, hydrology, Miocene.

INTRODUCTION

A basic objective of hydrogeological invcs
lig.ltions is Ihe prediction of aquifer behavior
under different pumping. injection, and natu
ral flow scenarios. Virtually nil nnalyticnl and
numerical groundwnler modeling procedures
include, either implicitly or explicilly, as·
sUll1ptions on nquifer heterogeneity, the valid·
ity of which affects Ihe nccuracy of predictive
Simlll31ions. Carbonnle nqllifers in general
tcnd to have high degrees of helerogeneily be
cause of their relatively high varinbility in de
positional porosity and permeability and their
susceptibilily 10 dingenetic alteration, which
can change profoundly the hydrnulic proper·
ties of cnrbon<lte rock. The most extreme ex
ample of diagenesis controlling nquifer hy
draulics is karstification, where limcstone
dissolulion creates large-scale flow conduits.
On a finer scale, carbonate depositiollnl tex
lUre hns been shown to innuence the preser·
v'ltion of matrix porosity and permenbility in
limestones during burial (e.g.. Budd, 2001).

Studies of the rel31ionship between diagen
esis nl1d the porosity nnd permeability of car
bonale rocks hn\'c been based typically 011

core plug and probe permeameter daln (e.g.,
Halley and Schmoker. 1983: Scholle and Hai
ley. 1985; Amlhor el aI., 1994; Budd. 2(01).
The limitation of the core plug and probe per-

meameter dala is tlml they provide infortna
lion on only the properties of the tested vol·
umes of rock. ,md large·scale aquifer or
reservoir hydraulic behnvior cnn only be in
fen·cd. Actual aquifer testing is necessary to
reveal Ihe nnlllre of the aquifer heterogeneity.
Fertilc ground exists for interdisciplinary
studies in which petrographic, diagcnelic. and
aquifer testing data are integrated to improve
conceptual and qllnlltitativc models of carboll
ale aquifer systems. j><lrticularly those involv
ing the extent, origin, ,md controls of nquifer
hcterogeneily.

Large variations in wcll yields and specific
capacities thnl appear to be rel31ed to dolo
mitization were recorded between wells dur
ing the construction and testing of n well field
in the upper Floridnn nquifer nt the North
County Regionnl Wnter Trentment Plant
(North County Plant), Collier County, Florida
(Fig. I). A rclnlionship belween dolomitizn
lion and high lransmissivities in the Floridi.ln
aquifer system has been documented previ
ously. For example. fraclllred dolomites in thc
lower Floridan aquifer. particularly the so·
called "Boulder Zone" of the Oldslllnr For
mation (e....ly Eoccnc) may have cxtremely
high trunsmissivities (Kohout, 1965, 1967;
Vernon, 1970; Puri and Winston, 1974; Miller.
1986; Meyers, 1989; Haberfeld, 1991; Safko
and Hickey, 1992: Duerr, 1995; Winston,
1995. 1996; Maliva and Walker, 1998) with
reported values as high as 2.29 X 1<J6 m1/d
(Singh et al.. 1983). Dolomitization was a rc
gionnl event in thc lower Floridan aquifer,
whereas the dolomitizntion in the upper Flor
idnn aquifer was a much more localized
phenomenon.
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Figure I. Well location 11mI'.

An interdisciplinary invcstigation was per
formed to determine the relationship between
the hydrology of the North County Plant well
field and the structural geology, sedimentolo
gy, and diagenesis of the aquifer. The principal
objective of this study was to determine what
insights the upper Floridan aquifer can pro
vide on the hydraulic behavior of diagenesis
controlled aquifers in general.

GEOLOGIC SETTING AND REGIONAL
HYDROGEOLOGY

The North County Plant is locmed in the
Golden Gate area of Collier County, - I3 kill
northeast of Naples and 14 km east of the Gulf
of Mexico. A test production well (designated
MC-5005) and two observation wells (MC
5000 and MC-5007) were installed near the
western end of the North County Plant prop
erty (Fig. I) as part of a regional hydrogeo
logic investigation to locate a brackish water
supply for a reverse-osmosis desalination fa
cility. A well field was subsequently installed
near the North County Plant site that consists
of II wells (RO-l through RO-I I) that have
an cast-west alignment.

Collier County is underlain by -5700 m of
sedimentary rock (Lloyd, 1985) depositcd in
a gradually subsiding basin that has been var
iously referred to as the South Florida basin
or embayment and the Okeechobee basin.
Three aquifer systems are recognizcd in south
west Florida: the surficial aquifer system, the
intermediate aquifer system, and the Floridan
aquifer system (Fig. 2) (Miller, 1997).

The Floridan aquifer system. which is pre
sent at the North County Plant from -220 to
975 III below land surface, consists predomi-

nantly of limestones and dolomites that were
deposited in a mostly subtidal marine environ
ment. On a regional scale, the Floridan aquifer
system has been divided into the upper Flor
idan aquifer, middle confining ullit, and lower
Floridan aquifer (Miller, 1986, 1997). The up
per Floridan aquifer, in turn, may locally con
tain several carbonate aquifer zones that are
separated from one ,mother by limestone and
marl intervals with relatively low hydraulic
conduclivities. The North County Plant pro
duction wells are completed in the uppermost
aquifer zone of the upper Floridan aquifer,
which is referred to as the lower Hawthorn
aquifer. The production zone includes the low
er part of the Arcadia Formation (Hawthorn
Group) <lnd the uppermost Suwannee lime
stone. The North County Plant production
wells flow at land surface and had initial chlo
ride concentrations of 1900-3000 mg/L.

The Suwannee Limcstone and Hawthorn
Group mark a fundamental change in the de
positional pattern of the Florida platform frol11
relativcly purc marine carbonate deposition
during the Eocene to mixed c<lrbonatc and sil·
iciclastic deposition, as terrigenous sediment
was transported southward down the length of
the platform (e.g., Walker et aI., 1983; Mis
simcr, 1997; Scott, 1997; Missimer and Gins
burg, 1998). The top of the upper Floridan
aquifer is marked in southwest Florida by an
upward lithologic change from very pale or
ange, micritic limestones or pale yellowish
brown dolomite to light olivc gray and darker
marls.

The North County Plant well field is Ull

derlain by a buried syncline with a maximum
relicf (trough to flank) at the top of the upper
Floridan of 32 III (Fig. 2). The folding persists

lip section to at least the base of the sandstone
aquifer in the intermediate aquifer system
(middle Peace River Formation), which indi
cates that the folding occurred no earlier than
late Miocene. Folding of Hawthorn Group
strata of a similar magnitude as that in the
North County Plant vicinity is well exhibited
ill high-resolution seismic reflection profiles
taken -40 kill to the north-northwesl in Lee
County (Missimer and Gardner, 1976). The
maximum fold relief in the upper Hawthorn
Group in Lee County is -40 m. The folds are
buried by Pliocene, Pleistocene, and J-1olocene
aged sediment and rock. The land surface at
the North Coullty Plant is now essentially flat
lying.

METHODS

Test and production wells were dri lied lIS

ing the mud-rotary method to the casing seal
depth at the top of the upper Floridan aquifer.
The wells were completed with open holes
that were drilled using the reverse-air-rotary
method. The lengths of the open-hole inter
vals of the production wells were varied de
pending 011 well yields, with the poorer pro
ducing wells having the longest open-hole
intervals to maximize production. All of the
production wclls were constructed of 30-cm
diameter (12-in.-diameter) fiberglass casing
that was increased to 41 cm (16 in.) at -30
m below land surface to accommodate a
pump. A suite of geophysical logs, including
caliper, resistivity (shorl and long normal, or
dual induction), gamma ray, and temperature
were Ilm on all wells. Borehole video surveys
were also performed 011 the production wells.
Dynamic and static flowmeter (propeller-type)
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Figure 2. Straligraphy, h)'drogeolog)', and structural cross seclion of the North Counly Regional Water Treatment Planl vicinHy. The
well field occurs within a buried syncline.
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Figure 3. Lithologic cross section of the upper Floridan aquifer at the North Count)' Regional \Valer Treatment Plant Considerable
variation in dolomite abundance occurs between wells. \Vells RO·I, RO-2, RO-3, RO-S, and RO·6 contain relatiYel)' abundant dolomite,
whereas dolomite is ,'clalivel)' uncommon in wells RO-8 and RO-9.
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logs were run on some prodllclion wells. All
depths are reporled in meters below land sur
face. which in the North County Plant well
field area has a elevation of -4 III above the
National Gcodetic Venical DalUm (NGVD).

A 72 h aquifer performance test was con
ducted using well tv1C-5005 as a production
well and wells MC-5000 and MC·5007 as ob
servation wells. Well MC-50D5 was pumped
nt a constant rnte of 4600 m'/d (850 gal/min)
using a centrifugal pump with the discharge
water disposed of in an injection well com
pleted in the lower Floridan aquifer. The top
of the injection zone is located -760 III below
land surface. and conllnement is sufficient to
prevent impacting test resulls. Step drawdown
tests, consisting of three to five steps with a
minimum duration of 60 min. were performed
on each production well. Electronic pressure
transdllcers and a data logger were llsed to
measure heads in the observntion and produc·
tion wells during the aquifer tests.

CUllings were described in the field during
well drilling and subsequently examined in the
laboratory using a stereomicroscope. Thin
sections of cllttings from wells RO-2. RO-6.
and RO-IO were examined for microfacies
and diagenetic minerals and textures llsing
standard petrographic techniques. Polished
thin sections of dolomite samples from well
RO-2 were analyzed using cathodoluminesc
ence microscopy and backscallered electron
imaging with a scanning electron microscope.
Cnthodoluminescence microscopy was con
ducted on a cold-cathode instrument with an
accelerating potential of 26 kV. gun currcnt of
600 nA, focused beam diameter of 1-10 mm.
and air chamber pressure of 0.01-0.05 Torr.

X-ray diffraction (XRD) analysis was per
formed using n Huber Guinier X-ray powder
diffractoilleter in transmission geometry.
Samples wcrc mixed with a silicon intcl'llal
st<ll1dard <lI1d ground finely under alcohol.
Thc powder slurry was mounled on Mylar
film that rotated 20 rpm during analysis to
improve powder statistics and minimize the
effects of uneven distribulion of sample pow
der. A computer-controlled point countcr
measured radiation counts for 100 sec at
stepped diffraction angles of 0.02° 28. The in·
stflll1lellt used Cu KC'I. 1 radiation at 30 kV. 20
MA. Data were recorded directly into a COlll

puter. Peak characteristics were analyzed us
ing a commercial (Microcal Software. LId.)
curve-filling program. "ORIGIN:' and c<lli
brated <lgainst a silicon internal standnrd. The
program CELREF was lIsed to calculate unil
cell dimensions from the XRD data.

Bulk-rock dolomite powders. treated with
ethylenediamenetetraacetic acid (EDTA) to re
1110ve calcite inclusions. were analyzcd for

MALIVA cl ;11.

&180 and ()I1C values at thc Godwin Labora
tory (University of Cambridge. Deparlment of
Earth Sciences). A VG (sogas PRISM mass
spectrometer. using a Micromass Mulliprcp
preparation system. was used willl calibralion
to the Vienna PDB (VPDB) international stan
dard via N:Hional Bureau of Slilndards (NBS)
19 standard and analytical precision of beller
than 0.08%0. For each silillple. the COl gas
evolved after 6. 12, 18, and 24 h was analyzed
separately. The sequential extraction proce
dure was used because it can often detcct the
presence of contamination of the CO! gas
from calcite inclusions and isotopic variations
within the dolomite (zoning).

RESULTS

Limestone Bud Dolomite Petl'ogml)hy

The upper Floridan aquifer consists primar
ily of fossiliferous limestone and dolomitc.
with minor amounts of clay. marl. and calcar·
eous sandstone and sandy limestone (Fig. 3).
The limcstones consist mostly of white, yel
lowish-gray. or very pale orange fossiliferous
wackesloncs. in which mollusks (bivalves and
gastropods) arc thc most cOl11mon grain types.
Bivalve shells that were originally both ara·
gonitic and calcitic are present. with the for
mer commonly preserved as molds. Other
cOlllmon grain types are echinoderm ossicles.
foraminifera (benthonic and planktonic), bryo
zoans, comlline algae. and peloids. Very fine
to fine-graincd quartz and phosphate grains
arc present in varying abundances.

Dolomite in the upper Floridan aquifer is
typically darker colored than the adjoining
limestone, ranging from pale yellowish-brown
to medium yellowish-gray and medium olive
gray. Three main types of dolomite nrc evidcnt
in the cuttings. Most cOlllmon is a dense,
tightly crystalline dolomilc that generally has
a low macroporosity and which is referred 10
as crystalline nonmimctic after the dolomite
textural classification scheme of Dawans and
Swart (1988). The crystalline nonmimetic do
lomite commonly contains some llloidic pores
formed by the dissolution of aragonitic bi·
valve shells. Less common is a fossiliferous.
microsucrosic dolomite that has a very high
(2:50%) apparent moldic and intcrcrystallille
porosity. Unlithified. silt-sized dolomite (do·
losilt) is present in some marl beds at varying
abundnnces.

The upper Floridan aquifer at the North
County Plant has a complcte progression from
undolomitized limestone to limestone partially
replaced by scauercd dolomile crystals to
complete replacement with 110 calcite or ara
gonite remaining. Dolomite crystals formed

preferential1y within the micrite lllatrix of thc
limestone and have a euhedral rhombohedron
morphology (Fig. 4A). Impingemcnt replace·
Illent (Lucia. 1962) occurred wherc dolomitc
crystals that nucleated within the micrite ma
trix partially replaced adjoining fossils. Thc
dolomite crystals range up to -200 1J.,1ll in eli
,1111eter, with the bulk being :s; 100 !-tm. Inclu
sions, predominantly ~5 !-till in diameter or
length, are common in replaccment dolomite.
The inclusions cOllsistmoslly of cillcite. <lS de·
termined from Alizarin red staining and back
sc:.lIIered electron imaging. The cnlcite inclu
sions may be either cvenly distributcd
throughout the dolomite or concentrated in the
center of crystals and surrounded by clcar
rims. The latter cloudy-ccntcred. clenr-rimllled
texture is comlllon in dolomites (e.g., Murray,
1964; Sibley, 1980). Parts of dolomite crystals
that precipilated as mold-filling cement in
pores are clear (Fig. 4, A and B). Calcite ce
ment crystals are included in some mold
filling dolomite cryslals. which is evidence
thnt dolomitization postdated both aragonite
dissolution and some calcite cementation.

As dolomite abundance incrcases, euhedral
crystal boundaries give way in abundnnce to
compromisc boundaries (Fig. 48). Residual
areas of micrite arc bounded by cuhcclral crys·
tal faces. The final stage of crystallinc, non
mimetic dolomite formation is a dense lllosaic
with only minor intercrystalline porosity (Fig.
4C). Some moldic pores that are lined with
dolomite cement may be preserved in the
crystalline dolomite.

The microsucrosic dolomite fOllnd in the
upper Floridan aquifer consists of loosely
packed mosaics of euhedral crystals that typ
ically range in size lip to -100 !-till (Fig. 40).
The dolomitc I'hombs have calcitc inclusion
rich cores and clear rims. Microsllcrosic do
lomite samplcs h<lve high intercrystalline po
rosities and apparently large pore throats,
which suggests high permeability. A gradation
exists between the microsucrosic and crystal.
line nonmimetic dolomite. which are textur
ally similar to some Miocene <lnd Pliocene do
lomites from the Bahamas (Dawans and
Swart, 1988) and Netherlands Antilles (Sibley.
1982). The dolosilt consists of loosely packed
rhombohedra that are generally :;:;:50 1-1-111 ill
diameter.

Cathodoluminescence petrography rcvealed
zoning in the dolomites of the upper Floridan
aquifer. The zoning patlern is not consistellt
among snl11ples. Some dolomite crystals have
all overall dull brown luminescence with some
faint lighter- and darker-colorcd bands. Other
samples have bright orangc cores and dull
rims (Fig. 5).
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DOLOMITIZATION-INDUCED AQUIFER HETEROGENEITY

Figure 4. Thin section photomicrographs of dolomites from the upper Floridan 3cluifcr. Bar sc;:J1es :; 100 ,.ull. (A) PartialJ)' dolomitized
limestone in which replacement dolomite cr)'stals (R) contain abundant calcite inclusions. The paris of dolomite crystals thai filled a
bh"II"e mold (arrows) are clear. \Vell RO-IO, 274.3-277.4 111. (D) Nearly completel)' dolomitizcd limestone. Residual ullrcplaccd calcite
(e) between replacement dolomite cryslals (R) is bounded by cuhcdral dolomite crystal faces. Void-filling dolomite (V) is clear, whereas
rCI))accmcnt calcite contains abundant calcite inclusions. Well RO·G, 274.3-277.4 111. (e) Crystalline, Ilonmimclic dolomite containing
both replacement (R) und mold-filling (V) dolomHc. Virtually no macroporosit)' is e\'idenl. Well RO-6, 210.3-213.4 111. (0) MicrosuCI"osic
dolomitc consisting of loosely packed rhombohedral crystals. A quartz sand grain (Q) is prescnt. Well RO-6, 268.2-271.3 IH.

Dolomite Gcochcmistry

X-n.I)' diffraction analyses indicatc that the
dolomites of the upper Floridan aquifer have
well-ordered structures. The upper Floridan
nquifer dolomite unit cell dimensions (n =
4.8203-4.8235 A. c = 16.1205-16.1313 A)
arc close to those of nn ideal dolomite stnn
dnrd (a = 4.8083 A. c = 16.0116 A).

111e stable isotope data show relativel)' lillIe
\'arintion both between dolomite samples nnd
between sequentially extracted COl g:IS s<1ln
pies from the same dolomite snmple (Tnble I).
The small vnriation between the sequentinl
analyses suggests that there was minirnnl con-

tnmination from calcite inclusion and variation
between cement zones. The &180 values of the
well RO-2 dolomite snmples mngcd from
1.39%0 to 1.57%c (POB). Dolomite &lllO vnlues
are a function of the temperalllre and &180 \'<ll
ues of pore waters during precipitation. The
current aquifer temperature of -...31°C is likely
the highest tempernture the stmta cxperienced.
The present-day avcrage temperature in Janll
nry in south Florida is on the order of 20°C
(Henry et aI., 1994). As a conservative approx
imation. the minimum possible tcmperature
during dolomitization is estimated to have been
20°C, although tcmperalllres during the Mio
cene were likely higher than at present (Mis-

simer, 1997). Pore water BI80 valucs during do
lomitization were therefore likely in the range
of +0.5%c to-2.07ro (standard mean ocean wa
ter ISMOWj) (Fig. 6). The oxygen isolope danl
thus suggest dolomite fornmtion in either ma
rine or brackish water. The SUC values of
+0.15'A:c 10 +1.7Cl7co (POB) are also close to
seawater ratios. Dolomite B'.1C values increase
with depth in well RO-2. The reason for the
increase is uncertain.

A<luifer Performance Test

Hydrostatic head in the upper Floridan
aquifer at the North Coullty Plant is tidally
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TABLE 1. STABLE ISOTOPIC COMPOSITION OF DOLOMITES COLLECTED DURING DRILLING OF WELL
RO-2

Note:. Stable isotope ratios are Ihe mean of sequenlial analyses. The standard deviations of sequenlial analyses
are given in parentheses. PDB-Peedee belemnite.

"6

DOLOMITE d "0 (PDB)

~ .,

30
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::>
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<0 ,,-,--..- ..-r--.....------,

constant of proportionnlities (K) of 15-25.
The geometry and hydraulic propel1ics of the
aquifer discontinuity, however, are likely
much more complex than the single boundary
system of the Stnlll1lan (1963) solution. More
rigorous hydraulic annlysis of Illultiple bound
ary nquifer systems (e.g., Ferris et nl., 1962)
wOlrld not have greater predictive value be
cause of the uncertainty over the geometry of
the high-hydraulic conductivity zones and the
general aquifer heterogeneity.

In order to approxil1lnte future nquifcr re
sponses to pumping, appnrent transmissivities
can be calculated from the early (40000-45
000 m'/d) and late (4700-7100 m'/d) leSl dala
lIsing the Cooper and Jacob method. The np
parent transmissivity vnlues allow for the ex
trapolation of the aquifer performance test re
sults. The timc·drawdown data collected after
3 h likely reflect aquifer response under long
IeI'm pumping conditions. It must be empha
sized that the nppnrent transmissivity values
and projected aquifer responses are rough es
timates becnuse the aquifer does not meet the
assumptions of the Theis llonequilibrium
equation. Nevel1heless, hydraulic pnral1lcters
cnlculated from the aquifer performance test
data using the Theis equation (and Illodifica-

Figurc 6. Temperature \'5. dolomite BIMQ
values (Peedee belemnite [POU] scale) ror
various waleI' BIMQ v.lIues (standard mean
ocean walcr scale) c.tlculated using the
C{luations I03In.....ld1t..."ltt = 2.78 x J06 7'-1
2.89 (O'Neil et at, 1969) and B.."lomrlt-O..,,.ltr
= 3.8 (Land, 1985). The black rectangle
marks an cm'elopc boundcd by Ihc upper
Floridan a{luirer dolomite 0 1110 values, thc
currcnt a{luirer temperature (31°C), and
an infcrred minimum possible tcmperature
(20°C). The oxygen isotol)ic composition of
the dolomite Ihus indicales porc water OIMO
values in the +0.5 to-2.0 range dudng
dolomit iZl:lt ion.

0.15 (0.02)
0.62 (0.05)
0.57 (0.01)
0.79 (0.04)
0.98 (0.03)
1.70 (0.02)
1.56 (0.01)

8 l :JC (%0, POB)

1.57 (0.06)
1.52 (0.10)
1.42 (1.42)
1.45 (0.04)
1.39 (0.05)
1.49 (0.05)
1.49 (0.08)

8'!0 (%0, POB)

where T = transmissivity (m2/d), Q = pllmp
ing rate (m3/d), and .ds = change in drawdown
over one log cycle (Driscoll, 1986). Changes
in the slope of time-drawdown plots are in
dicative of departures from the assumptions of
the Theis nOne{lllilibrium equation. A sharp
increase in the slope of the semi logarithmic
plots of the time-drawdown data after -3 h
strongly suggests production from a bounded
aquifer at the North County Plant (Fig. 7). In
asmuch as the upper Floridan nquifer is lat
erally continuous, the detected boundary ill all
likelihood corresponds to a discontinuity in
aquifer hydnlldic conductivity or possibly a
change in storativity. The Stallman (1963) so
lution to flow in a bounded aquifer, which uti
lizes image well theory, allows for the deter
mination of the distance to an aquifer
boundary. The theoretical aquifer boundary
detected in aquifer performance lest data was
calculated to be -340-560 III frol11 the obser
vntion well (Me-5005) based 011 the Stallman

Type

Oolosilt
Dolosill
Nonmimelic crystalline
Nonmimelic crystalline
Nonmimetic cryslalline
Nonmimetic crystalline
Microsucrosic-nonmimetic crystalline

Depth (m)

213.4-216.4
216.4-219.5
219.5--222.5
222.5--225.6
225.6-228.6
231.6-234.7
234.7-237.7

.,. = 0.183 QItJ.s,

Figurc S. Cathodoluminesccncc I)hotomicrog.-aph of cryslnllinc.nonmimctic dolomitc froln
wcll RO·2, 231.6-234.7 111. Thc calcitc inclusion-rich corcs of thc dolomite crystals ha\'e a
bright orange luminescence, whereas Ihe relatively clear rims havc a dull brown
luminescence.

influenced, with an amplitude on the order of
O. I m (Fig. 7). The 72 h aquifer performance
test was started at the beginning of a tidal
peak, as determined from background waler
level monitoring, in order to minimize tidal
effects in the early data. Because of the large
amplitude of the tidal influence relative to lhe
rate of drawdown, allempts to correct for lidal
impacts based on calculated lag times met
with only limited success and had litlle effect
on data analysis.

Time-drawdown data for aqUifers that meet
the conditions of the Theis (1935) nonequilib
riulll equation, such as infinite areal extent and
isotropic and homogenous hydraulic conduc
tivity, fall on a straight line in semi logarithmic
plots. Aquifer transmissivity can be estimated
from the slope of the line using the methods
developed by Cooper (1963) and Cooper and
Jacob (1946) as follows:
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MC-SOOO

by Illultiplying the difference between the dy·
namic nlld sinlic flowmeter logs by the bore
hole cross-scclioml1 area and normalizing the
data for 100% flow in the well casing. The
flowmeter and caliper log data for production
wells RO-IO and RO-II (Fig. 9) and test well
MC-5000 all show thai the bulk (>60%) or
the flow cl1Icrcd the pumped well from a 1.5
111 or less section of the aquifer. The thin pri
mary production intervals identified in the
flowmeter logs consist of fractured dolomite.
The subvcrlical fractures and associated bore
hole collapse zones arc e"ident in borehole
video surveys. The fmclllrcd intervals can be
detected also in some caliper logs by a sharp
increase in borehole diameters resulting from
borehole collapse during drilling. Preferential
borehole enlargcmcnt of fractured dolomite
beds is COl11mon in the lower Floridan aquifer
of south Florida (Maliva and Walker, 1998.
and refercnces thcrein).

DISCUSSION

The considerable variation in the specific
capacity of prOduction wells at the North
County Plant correlatcs with dolomite abun
dance (Fig. 6). The three Illost productive
(highcst spccific capacity) wclls (RO-2, RO
3, and RO-6) all cOlltain abundant dolomitc.
Dolomite is rclativcly uncommon in the three
lowest specil1c capacity wells (RO-7, RO-8,
and RO-9). Contrary to the general pallern,
dolomite is 1101 particularly abundant in the
relatively high specific capacity well RO-II
(Fig. 3). However, fractured dolomite is pre
sent betwccn 260 and 264 m in RO-II, which

1,000 10.000

-'. I
""

data 011 now velocity. and the caliper log can
be uscd to approximate borehole cross
sectional area. The percentage of the total now
passing different well depths can be estimated

MC-SOO?

§: 0.20
z

i
0 0.10

§: 0.20

I
0 0.10

O+-'--r--~--~--~-~---l

0.30.,-----------------~

tions thereof) can be used as initial values in
the development of calibrated numerical
models.

0.30~----------------~

J
.....~j~
~ ·.V

o+,-':.c.;'T--~--~---"--,--~--...j
0,01 0.1 10 100

TIME (min)

Figure 7. Scmilogarilhmic plots of time-drawdown dahl frolll 72 h aCluifer-pcrformancc
tcst. Well MC~SOOS was pumpcd at 4600 mJ/d and dmwdown mls rccorded in observalion
wclls MC-SOOO and MC-S007, which arc localed 168 m and 4S Ill, respectively, from the
production well. Thc test was started at thc beginning of 11 tidnl pcak .md lidlll f1uctulltions
•we evident in thc late dala. A hydraulic barricr was reached at -3 h into thc Icst as
c,'idcl1ccd by the slcCI)Cning of Ihe timc-drawdowlI slope.

Slell-Drawdown Tesls

30.,----------------,

16,00012,0008,0004,000o

E 20

Z
:s:
0 RO·11
0

~
Cl: 10
0

Flowmeter Logs

The slep-dmwdowl1 lest revealed largc dif
fercnces in specil1c capacity (SC-well yield/
drawdown) among the North County Plant
production wells (Fig. 8). For example, well
RO-3 produced 15800 m3/d with 5.9 m of
dmwdown (SC = 2660 m3/dlm). whereas well
RO-8 produced only 545 m3/d with 5.5 m of
drawdowl1 (SC = 99 m3!dlm). There is no ap
parent relationship between well location and
specific capacity. Thc Ic.lst productive wells.
RO-8 and RO-7. for example, are located near
the highly productive well RO-6. No relation
ship is cvident either betwccn structural po
sition and specific capacity_

The combination of dynamic nowmeter and
caliper logs can provide information on the
location of production zones in open-hole
wells. The dynamic nowmeter log provides

PUMPING RATE (m3/d)

Figure 8. Dntwdown vs. pumping rale plots from slel)-drawdown tesls, which illustrate
the very large differences in well performance (specific CalJ<lcity) between wells.
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Figure 9. Plots of percentage of total flow \'5. depth obtained from f10wmeler and caliper
log for wells RO-IO and RD-ll. Both plots show that >60% of (he flow entered the well
from thin (I-2 III thick) dolomitic intervals.
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CONCLUSIONS

dUClivilies. The total volume of water lhat can
be produced from Ihe dolomite bodies is lim
ited. The response of the aquifer to pumping
is therefore largely a function of the hydmulic
properties of the limestone adjoining the do
lomite. Dolomitization in the upper Floridan
aquifer increases the specific cnpacities of
some wells. reducing the number of wells re
<Iuired for a given water produclion rate, but
il has lillie effect on the tOlal yield of w<ller
that can safely be produced from the aquifer
without adverse impacts.

Variations in dolomitc abundance do not
appear 10 be related to differences in deposi
tional environment mnong wclls. The carbon
ale mud·bearing (wackcstone and packstone)
texlures <lnd presence of fossils of stcnohalinc
organisms. such <IS echinoderms, suggest thai
mosl of Ihe upper Floridan aquifer limestones
werc deposited in a low-energy. marine envi
ronment in a deep-water ramp selling (Missi·
mer, 1997). No significant differences in de
positional microfacies <lrc evident <lmong the
nondolomitized ~ll1d partially and complelely
dolomitized limcstones.

The stable isotope data (calculated pore wa
ter &1~O values of +0.5%0 to-2JYkQ. SMOW)
indicate that dolomitization occurred in waters
that were either isotopically close to seawater
or mixed seawnter and fresh wnter. Dolomite
abundance in the uppcr Floridan aquifer wns
presumably controlled in sOl11e manner by pa
leohydrology. but the nnture of thc relation
ship is not ascertainable because of Ihc inher
ently limited amount of dma nvailable from
the studied wells. If dolomitization did occur
in or near a coaslal mixing zone, then it is
reasonable to speculate Ihat dolomite bodies
might be orientated parallel to thc shoreline nt
the time of dolomilizalion. Paleogcographic
and lithofacies maps for Ihe Miocene suggest
a north-south- or northwest-southeast-oriented
shoreline (Randazzo. 1997: SCOIl. 1997). 00
10milC bodies in the upper Floridan aquifer
Illay therefore have a general north-south or
110rthwest-southenst orientation. Thai dolomit
ic intervals ilre nol continuous across the
NOl1h County PlatH well field is cvidence Ihal
they do not have ..Ill easl-west orientntion.

The results of this interdisciplinary inves
tigation illustrnte the large variability and un
predicti.lbility that may occur in 'lquifers
strongly affected by diagenesis. During the in
stallation of the North Coullty Plant produc
tion wells it was not possible to predict well
performance in advance of the drill bit. A
combination of geologic. geophysical. and
aquifer-test data can reveal the nature and

,, , ,
o 20 40 60 80 100 120
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lomite beds in thc Floridan <lquifer system in
general have tcnded to rctain open fractures.
whereas fractures in thc sorter limestonc beds
have tended to heal Ovlaliva and Walker,
1998). Aquifer heterogeneity in thc upper
Floridan nquifer at the North County Plant is
controlled largely by dolomitization as indi
cated by the correlation between dolomite
<lbundance and the specific c<lpacity of wells.
In addition, flowmetcr logs show th<lt thc prin
cipal flow zones in most wells are dolomitic
intervals.

Dolomite intervals with high hydraulic con
ductivities in the upper Floridan aquifer have
limited are.lI extcntto the degrec that a bound
ary effect was detected in the aquifer perfor
mancc test. The upper Floridan aquifer can be
conceptualizcd as a large-scale dual-porosity
system that consists of lhree-dimensional bod
ies of highly condllctivc dolomite enclosed
within limestones having lower hydraulic con-

,, ,,

RO-lO

-"

220-

-

gives the well its relnlivcly high specific

capacity.
The flowmeter logs indicnte that major flow

zones in the North County Plant wells occur
invariably within dolomitic intervals. '01 all
dolomite beds. however. have high hydraulic
conductivities. The hydraulic conductivities of
densely crystalline dolomite beds Ihal are UI1

fractured are orten extremely low in the Flor
idan aquifer systcm and provide effective ver
lical confinemcnt bctwccn aquifer zones
(Maliva and Walkcr, 1998). The high hydrnu
lic conduclivities of the water-producing do
lomites at the Norlh County Plant are due to
fracturing and, in some beds. a microsucrosic
texture with associated high matrix porosity
and apparent permeability. A potential cause
of the fracturing of the upper Floridan aquifer
dolomitcs is lhc compressional evcnt in late
Miocene that resulted in the folding of the
middle Miocene and oldcr strala (Fig. 2). 00-

BonOMOF
CASING

426 Geological Society of America Bullelin, April 2002

ehopkins
Highlight



DOLOl'o'IITIZATION-INDUCED AQUIFER HETEROGENEITY

magnitude of diagcnesis-induced helerogene
ities in aquifer hydraulics and provide insigills
into general aquifer behavior. In the absence
of;1 grid of closely spaced wells or olher fine
scale subsurface dala, however, some aspects
of aquifers will remain indctcrminatc. Fluid
flow paths and dispcrsivily, ill particular, can
not be accurately evalualcd Wilholll knowl
edge of the fabric and three-dimensional
geometry of bodics of high-hydraulic con
ductivity rock within the aquifer. Calibrated
nUlllcrical models may still be used for
meaningful prcdiction of large-scale aquifcr
responses 10 pumping and other siresses.
The accuracy of simulalions of diagenesis
controllcd aquifers Illay be limitcd on the lo
cal scale in lhe absence of finc-scale hydro
geologic data. Heterogencities in aquifer
hydraulics caused by dolomitization rind olhcr
diagenctic processes, such :IS dissolution. ce
Illentation, and ncomorphism. Illay greatly im
pal'l projccts requiring recovery of a specific
volume of waler. such as pUlllp-and-treat re
mediation and aquifer storage-and-recovery
systems. The uncertainty associated with the
hydrology of diagencsis-controlled aquifers.
once Ihey arc identified ;1S such, does not pre
clude modeling of the bchavior of such aqui
fers. bUI mlher suggests thm there may be sig
nificantly highcr errors associated with the
rcsults of predictive simulations.
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