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sewage and industrial waste) i& a characteristic problem

EXECUTIVE SUMMARY

The disposal of 1liguid waste products (treated municipal

confroﬁﬁing.coastal communities in S8t. Lucie, Martin;:and Palm_   '
Beach Counties. A common solution utilizes undergroundi1njection*f ﬂ  
disposal wells whereby liguid waste is pumped into highly permeab1é ”_"
rocks within the non-~potable portion of the lower Floridan aquifeer 1*
system. Ideally, lower permeability or "confining" strata above
the high permeability injection zone prevent the liguid waste from f:”
migrating upward into potable portions of the aquifer system.f   :
Problems related to leaky confinement in areas like Brevard Countyf' ' 
to the north iridicate that a better understanding of the 10Wef; :”.
Floridan aguifer system in southeastern Florida is needed tb     

formulate protective criteria for present and future injection

projects. Thus, the purpose of this study is to detail thé:3
geologic framework of the lower Floridan aquifer system betweeﬁ :
Brevard and Palm Beach Counties. Findings from this research1 
provide further knowledge from which appropriate policies regarding
injection well construction and location can be developed.

This report focuses on the following aspects of the ibﬁér
Floridan aguifer system:

1. Structural geolbéy”m  ”””

2. Lithostratigraphy- :w-H

3. Depositional enviféﬁﬁéﬁté  j " 

4., Geophysical character



5. Dolomitization

6. Hydrogeology

7. Ground-water chemistry analysis .

. Strata of the lower Floridan aquifer”syétém“iﬁ'thé-stﬁdy‘éréag_:;V

~-dipfgenerally to the east-southeast at less than one~half degree;“ '.

Steep, counter-regional dip (up to 17 degrees) at the the West Palmfll'

Beach and Palm Beach RRF sites indicates a gzone of structural .-

deformation related to normal faulting or monoclinal folding inf:i- 

eastern Palm Beach County. The abruptnesg of the dip-angle change&  f~

at the West Palm Beach site suggests that a fault interpretation  ”

single discrete fault.

Strata of the lower Floridan aquifer system in the study avea
consists of Paleocene to Middle Eocene (from 67 to 41 million-years  
0ld), interbedded limestones and dolostones that comprise part cf f
an extensive carbonate platform that existed from Late Cretacecus: 
through the Late Oligocene {(from 92 to 25 million years ago). The
limestones are generally fossiliferous, moderately to poorlyf
indurated, and have high porosity and permeability. Doiosténes are
typically well indurated and have fossil moldie, wvugular, and
intercrystalline porosity. In the lower Floridan aquifer system,
dolostones are usually less porous and permeable than linmestones.

In the study area, the Floridan aquifer system generally

vii

may be a more reasonable explanation for the apparent high dip* : *'
angles here., Two shortened stratigraphié sections in a West Palﬁ* ~'
Beach injection well (WPB-1R) could be related to normal faulting

.:f and suggest the presence of a broad zone of faulting rather than aﬂ '



consists of two major permeable zones separated by a mniddle

confining unit (Plates 4 and 5). The upper and lower Floridan

aquifer systems and the middle*-confining_ unit consist of a

vertically continuous sequence of Paleocene to Eocene carbonates..

Locally variable, complex hydrogeologic conditions exist throughouﬁfm

the Floridan aguifer system, therefore, the carbonates may be 

hydraulically connected or separated.

The middle confining unit in the study area consists of dense’

- dolostone with interbedded limestone and is geherally located in o

close stratigraphic proximity to the middle Avon Park Formation¥ ::'

geophysical marker (Plates 2-5). The middle confining unit, wheré ::'

present, acts as a single leaky confining unit within the main body   ﬂ-

of the permeable carbonates of the Floridan agquifer system.

The carbonates of the lower Floridan aquifer system.-afé”  -'

- predominantly low permeability, interbedded dolostones  and .

limestones with zones of moderate to high permeability. Ground-

water movement is estimated to be chiefly upward from the lowef :

Floridan aquifer through the middle confining unit, then 1atera11y f

through the upper Floridan aguifer system toward the ocean.

The "Boulder Zone" of the 1lower Floridan agquifer systéﬁ&

consists of highly fractured and sometimes cavernous dolostones

that exhibit high transmissivities. Where the Boulder Zone is
utilized for waste disposal, there is a traditional view that the
dense dolostones immediately above and below the Boulder Zone
contain no secondary porosity and function as a confining zone.

However, a recent study of injection wells in southeast Florida by

viii



Safko and Hickey (1992) concluded that fracture porosity is the

principle type of secondary porosity both within the Boulder Zone

and the dolomitic rocks that lie above it. Findings by Duncan et ..

al. (1994) for Brevard County and this study support Safko and -

Hickey's hypothesis.
Above the Boulder Zone, there are layers of carbonates that

demonstrate confining qualities (Plates 4 and 5). Analysis of

geophysical logs, lithologic samples and borehole videos indicatéf :'

that fractires are commen in the lower Floridan aquifer system -

(Plate 4 and 5). Fracture systems, with the proper orientation and ” :'

connectivity, may allow water movement through rocks that appeaf“:7”

impermeable. The orientatiori and degree of connectivity betweeﬁN ' 

these fractures is not known and the water transmitting character:f :'

is uncertain.

Ground-waterV“éﬁémiéfff "déﬁé  ffom)'monitor_-weiis at the
injection sites were reviewed to determine~ if any tfends -
indicative of vertically migratih§ waste waters were evident. The .
Southern Region and Belle Glade injection wells show apparenf'l'
trends in total dissolved solids (TDS) ;- chloride, and totalf
kjeldahl nitrogen (TKN) concentrations that are possibly related to
injection fluids migrating upward through leaky confining beds.
The upward movement of the less dense waste-water, barring anf
wellbore mechanical problems, may be die to vertical permeability
related to fracturing, dissolutional cavities, and lithofacies
variations.

The general lack of'groﬁhdwwatéf”éhémiStfyﬁtféﬁdsfih“thé study



area is problematic since no significant geologic differences

between the study area and Brevard County are apparent. The lack

of ground-water chemistry trends here may be related to the

location (depth) of the déep monitor zone relative to the top of

the Boulder Zone (injection zone). Deep monitor zones in Brevard _f3*
County are typically located 500 Feet or less above the BoulderH 1 "
Zone. In the study area, however, deep‘monitor“zones are typica11Y : '
1000 feet or more above the Boulder Zone. It is uncertain whethef f '
or rnot tore wells would exhibit trends reflecting upward fluid

migration if deep monitor gzones were positioned ¢loser to the

injection zone as in Brevard County.
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GEOLOGIC FRAMEWORK OF THE LOWER FLORIDAN AQUIFER SYSTEM

IN ST. LUCIE, MARTIN AND PALM BEACH COUNTIES, FLORIDA

By Joel Duncan, P.G. #396, Willian L. Evans ITI, =

Joseph G. Aylor, Jr., and Li Li

' INTRODUCTION -~ -

©st. Lucie, Martin, and Palm Beach Counties are located on the

- 'Atlantié coastline of peninsular Florida (Figure 1). According to

White (1970), the geomorphology of the study area consists of, on ” :-

the east, the Atlantic Coastal Ridge and on the west, the Eastern

Valley (Figure 2). The Osceola Plain, is a broad, flat, eleVated~i:7'

area located in western in St. Lucie and Martin Counties (Fiqure - .

2). The Everglades lie to the west and southwest of the Eastern -

- Vailey and Atlantic Coastal Ridge in Palm Beach County (White;-  ff

1970) .

Coastal communitiég'iﬁ*scﬂtﬁééétéfﬁfpéniﬁéuiaf'Fidfida.héﬁéi 
experienced a substantial population increase over the past seVQral: 
decades. Rapid growth and development accompanying the papulation f
influx resulted in increased environmental demands. A common
problem is the disposal of liguid waste, principaily treatedt
municipal sewage and, in some cases, industrial.waste by*ﬁroductss'
A common solution in south Florida utilizes injection—disposai
wells whereby liquid waste is pumped underground inte highly
permeable rocks of lower Floridan aguifer system. In most 6f south
Florida, ground-water within the lower Floridan aquifer system is

highly mineralized and non-potable. Thus, injection of waste-water
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into this portion of the aguifer system is considered a solution to

the problem of waste disposal. Ideally, a confining sequence of

impermeable strata overlying the injection zone prevents upwar&””__x

migration of ligquid waste into potable portions of the aquifer

system. Problems related to leaky confinement in areas like =

Brevard- County (Duncan et al., 1994) indicate that a better:" 1'

understanding of the lower Floridan aguifer system in_southerﬁ   :*

Florida is necessary in formulating protective criteria for future

injection projects.

Duncan et al. (1994) Coﬁdﬁdté&ma;gébldqic framerrkjéﬁudy'dff”“'

the lower Floridan aquifer system in Brevard and Indian River

Counties, Florida where ground-water chemistry trends compiled frcm-  .-”

monitor wells at several injection sites indicated that injected .

fluids were migrating upward through the "confining" sequence.

Duncan et al. (1994) concluded that injected waste. water was

migrating upward along permeable conduits related to:fractures,“i

dissolution cavities, and lithofacies variations.

The purpose of this study is to detail the geolsgic framework

of the lower Floridan agquifer system between Brevard and Broward

Counties. The geologic framework of the study area can then be

compared with Brevard and Indian River Counties {Duncan et al.,
1994). Findings from thig research provide a basic knowledge from

which appropriate policies related to injection well construction

can be formulated.
This investigation summarizes the geology and ground-water
chemistry of the lower Floridan aquifer system based on data from

two injection wells in St. Lucie County; one well in Martin County



”e”ldcatloﬁs of-the~1ﬁjectlbn~wells.and geologlc-cross'sectlon.llnesﬂefjfﬁ'

. A-A' (Plate 2 and 4) and B-B' (Plates 3 and 5). This study was o

'3fcbnductedsutlllzlﬁq.Well.cuttlﬁqe,_cares,-xnjectlon_well.testSKfffﬁﬁ3

" porehole videos, geophysical logs, and monitor-well water chemistry
ieffeinformatibn._-7i _ | . . o
This report focuses on the follow1ng geologlcal aspects of the;fe;?ff
:“”;iower Floridan. aquifer system._“
-f.15 structural Geology
'w”ffz;_thhostratlgraphyn_e:,fjffffj]fiify;_1“'--*“
3. Depositional enviromments .
 ”flélfGeothSicalfbharacter_,efffiﬁ[ﬁﬁ-.a'w
HIS;iDolomitization_:am_ﬂ:eeiﬁ”:

. 6 Hydrogeology e

7. cround-water chemistry analysis

| | 'eeeSTRUCTURAL GEOLOGY T Ll e

- Depth, to basement ranges  from approxzmately"~11 000 feetff{”ef

““'Natlonal Geodetic Vertical Datum (NGVD) in- 8t. Lu01e County to

~17,000 feet NGVD in southern;Palm.Beach.County_(Barnettf_1975);5i::“
Basement rock in the study area consists of early Mesozoic felsic =

volcanics except in.eastefn_Sﬁf_ﬁucie_ﬁndfMartiﬁ_Countiee_where;;:f*
Cambrian high grade metamﬁrphics (ﬁuarﬁﬁ.-dioriteuvgneies andie;:'
amphibolite) are present (Chowns and Wllllams, 1983). - A seduerice ff[*

of Jurassic to Cretaceoue:s;llclclastlcs, evaporltes.andfcarbonateseee:e'

of the South Florida Baéiﬁ;(Figure.4y}disconformably;onlap.thé;fff-

basement surface (Applin_ahdﬁAppliﬁ};iééﬁf.Cthﬁe_and'Williaﬁe-efef1"
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Figure 3. Location rﬁ'ﬁb.-"'s;htjw?ﬁéf cross—section lines A—~A and B-B"

(Plates 2-5) and the injection wells.
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1983) .

A significant basement fault-related crustal boundary

:_ référred +o as the Bahama Fracture Zone by Klitgord et al. (1284), -

or the Florida Lineament by Christenson (1990) trends nﬁrthwest~h7~'
southeast across the Florida peninsula through central Palm Beachﬂ  -”
County (Figure 5). Klitgord et al. (1984) interpreted the feature   : 
as a Jurassic left-lateral transform fault that connected oceanic. :”
spreading ridges in the Gulf of Mexico with spreading ridges in thef "
Atlantic Ocean. In contrast, Christenson (1990) postulated thatm 11 
the Florida Lineament was instead a Triassic-Jurassic extensiona1 f  '
rift margin and a southeastward continuation of the Gulf peripher31 :- 
fault system that trends from Texas southeast into Florida (Figure3' :'
6). Barnett (1975) also postulated a northWest-Striking'basement     

failt in southern Florida (Figure 7) similar in trend and location -

to that of Klitgord et al. (1984} and Christenson (19290}.
The most recent tectonic event potentially affecting“géufhéfﬁ ﬂ
Florida was the collision of the Cuban island arc/margin with the  
North American plate (Figure 8) during the Late Cretaceocus through :
Middle Tertiary (Sheridan et al., 1981; Hempton, 1991). Southerﬁ 
Florida and the Bahamas formed a carbonate foreland ndfth of the 
Cuban arc/convergence zone {Hempton, 1991). Sheridan et al.
(1988) explained the present configuration ¢f deep channels and
shallow platforms of the Bahamas and Eocene faulting along the
Abaco Canyon as the result of north-south compression associated
with Caribbean-~North American plate convergence (Figure 8);
Covergence~related stresses reactivated old (Juraséic) planes of

crustal weakness (Sheridan et al., 1988} such as the Bahama
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Fracture Zone (or Florida Lineament) with possible left-lateral

shear displacement (Sheridan et al., 1981, 1988). Hempton (1991,

1993)'interpreted anomalous vertical seismic features of southern

Florida, commonly attributed to paleokarst or static problems, as

true wvertical faults that propagated upward fromn reactivated

pasement faults of the foreland into the overlying carbonate =

section during the lLate Cretaceous through Middle Tertiary. In

some cases, upward propagating faults created low-amplitude

anticlinal closures in the overlying foreland carbonates (Hempton,

1991). Structural features in the study area could then béQ V' 

related_'to basement faults reactivated ag a result of Cubaﬁ“'.

arc/North American plate convergence during the Late Cretaceous t0f *'

Middle Tertiary (Figure 8).

The axis of the Peninsular Areh pluhQEs_sauthéastwardﬁtbwafd   - 

the central portions of the 8t. Lucie, Martin, and Palnm Beach

Counties (Figure 4). The Peninsular Arch is cored by a large blockr 

Precambrian igneous and metamorphic rock covered by Paleozoic

strata (Barnett, 1975), and has been a positive feature affectinqi 

sedimentation from the Jurassic inte the early Cenozoic (Millerf  

1986).

Middle Cenozoic structures in the study area include the

Okeechobee Basin and Brevard Platform (Figure 9). The Okeechobee

Basin is a Neogene depositional low that is defined by thick
accunulations (greater than 700 feet) of Hawthofn Group sediments
in the south FPlorida region (Riggs, 1979; Scott, 1988). Thé
Brevard Platform is a low-relief ridgé that plunges gently to the

south~goutheast and southeast (Scott, 1988). Both the Ocala

13
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Limestone and Hawthorn Group thin across the Brevard Platform and
have erosional upper surfaces (Brown et al., 1962; Scott, 1988)

Several authors (e.g., Armstrong, 1980; Bond et al., 1981;

Lichtler, 1960; Vernon, 1970; Miller, 1986; Tanner, 1965) have - =

postulated subsurface Cenozoic faults in the study area several of .

which are located near injection well sites (Figure 10). Most of

these faults were based on contour mapping the top of the Ocalal_:  

Limestone (Lichtler, 1960; Armstrong, 1980) which is an erdsional'j "

surface with the potential for significant paleotopographic relief. .

Without a reliable isopach of the Ocala Limestone, it is impossible

to differentiate between steepening paleotopographic relief or trué. .j 

structural dip when using this datum. Thickness data for the Ocala

Limestone (and other Eocene formations) have been historically =~

lacking in this area because most wells are too shallow and do notf -' 

penetrate the complete section.
Strata of the Floridan aqﬁifér“éysﬁéﬁ'iﬁ the”s£u§y”aréa.&ip :
regionally to the east-gsoutheast at less than oneé half degree in :
the study area {Plate 4). The structure top of the Oldsmar :
Formation (or glauconite marker bed as defined in EreVard County by :
Duncan et al., 1994) indicates an area of much steeper dip and 3 
dip reversal at both regional and local scales in northeast Palm
Beach County near the West Palm Beach and Palm Beach RRF injection
sites (Plate 1). Multiple three-point dip analyses were perforned
at the West Palm Beach site utilizing gamma~ray logs from six
closely spaced (less than 600 feet apart) injection wells (Figures
11 and 12}. Dip angles were computed for a gamma-ray marker

located at the top of the Oldsmar Formation (glauconite marker bed)

.15
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and a gamma-ray marker in the upper Avon Park Formation. Dip

angles for the Oldsmar Formation/glauconite marker bed are 11, 17

and 3 degrees to the west-southwest and 5 and .6 degrees dip to the

east-northeast (Figure 11 and 12). Calculations for the Avon Park

Formation marker indicate that dip apparently decreases up the = -

stratigraphic section varying from 4 to 6 degrees west-southwest - -

and 0.6 to 1 degree to the east-~northeast (Figure 11). Dip7”~fil

caleulations by Geraghty and Miller Inc. (1978) utilizing borehole - .

geophysical data from only three West Palm Beach injection wellsf 71 

are similar to the findings of this investigation. Apparent dip -

based on two wells at the Palm Beach RRF site is 5 degrees to the =

south.

The anomalously steep, counter-regional dip of the Oldsmar -

. Formation at the West Palm Beach site can be explaired by either -~ .

. normal faulting (Figure 12A) and/or monoclinal folding (Figure .

12B). A north-northwest striking, down to the west normal fault
with approximately 50 feet of throw at the Oldsmar Formation is 1
indicated for the faulted interpretation as shown in Figure 12a. .
Decreasing dip up section (or increasing dip with depth) could bé: 
related to drag folding along the downthrown side of a.norma1 

fault, or asymmetrical folding. The abruptness of the dip-angle
change suggests that faulting may be a mnore reasonable
interpretation for the feature.

The apparent dip reversal ah§ étéépéniﬁ§5é6ﬁtoufs*betweeﬁ Ehé 
Seacoast Utilities and the Palm Beach RRF sites indicates that thei
West Palm Beach structure is part of broader zone of structural

deformation, herein named the LoXahatchee Structural Zone, that



extends from the West Palm Beach site north—-northwestward to at

least the Martin County/Palm Beach County line and pcssibly'south—_h

southeast, to at least the Broward/Palm Beach County line (Plate 1i“

Figure 10). The North Port St. Lucie and North Martin county

injection wells are located on a southeast plunging anticlinal nose'- 3-'

that may be related to or an extension of the Loxahatchee

Structural Zone (Plate 1). If faulting is presumed to be the more =

likely explanation for +the Loxahatchee Structural Zone, as is

suggested at the West Palm Beach site, then roughly 250 to 300 feetv- :-

of throw is possible acrogs a north-northwest striking, down to the-“ﬂ-::

west, normal fault or fault zone as depicted on Plates 1 and zw“1 “'

The concept of a fault zone rather than a single fault is advariced .

if two shortened stratigraphic sections in the West Palm Beach 1R

(35 feet short at -2840 NGVD and 30 feet short at -1446 feet NGVD)- '3"

are interpreted as faultse in addition to the postulated fault shown -

in Figure 12A. The Loxahatchee Structural Zone affects at least
Upper Eocene and older stratigraphic units in eastern Palm Beach  
County. The Hawthorn Group thickens at its base by approximatelY” 
120 feet in the Palm Beach RRF and West Palm Beach over a f
structurally low area formed by tﬁe Loxahatchee Structural ZOne 
(Plate 2). Faults postulated by Vernon (1970) and Lichtler (1970) 
for northern Palm Beach County and southern Martin County have
strikes similar to the Loxahatchee Structural Zone. Thickness
variations of the Hawthorn Group imply a probable Oligocene age for
the structure.

western Martin and Palm Beach Counties (Plate 1) is possibly a

20



southern extension of the Brevard Platform (Figure 9). The Ocala

Limestone is thin or absent over much of this gentle structure.

The Royal Palm Beach, ACME, Palm Beach Southern Regional and Palm

Beach County System 9 injection wells are located on an apparent .

intermediaté structural high where the Ocala Limestone is also thin

or absent (Plates 1 and 2}). The Ocala Limestone pinch-out is ..

evident between the West Palm Beach and the Royal Palm Beach sitesg

on cross section line A-A' (Plate 2) where the Ocala Limestone -

thins from 250 feet to zero as the Oldsmar Formation structural top 

(Plate 1) climbs higher by roughly 300 feet. The Hawthorn Groupf] '

also thins over the structure (Plate 2). The Hawthorn Group and’

Ocala and/or Avon Park Formations are apparently separated by anL  - 

angular, disconformable contact in association with this feature. -

Geophysical correlations indicate that the Belle Glade weli'” f-

borehole, located on the socutheast shore of Lake 0Okeechobee

intersects two possible faults (Plate 3). TWo shortenedf;
stratigraphic sections, orne in the Oldsmar Formation (roughly 35  
feet) at approximately -2681 NGVD and one in the lower Avon Park  
Formation (roughly 50 feet) at -2201 NGVD, could be due to faulting .
(Piate 3)}. Core from the Oldsmar Formation at the deptﬁ 

corresponding to the shortened section at -2681 NGVD cbnsists of a:
one-half foot of muddy, rubbly or possibly brecciated, pcorly.
indurated limestone with several c¢lavey, slickensided surfaces
(Appendix 1). Vertical fractures were present in ﬁoderately
indurated 1limestone several feet above and below this depth.

Sparse deep-well control in the area does not allow speculation on

the orientation of the potential faults. Based on surface drainage

21



patterns, Tanner (1865} and Bond and others (1981) proposed that

Lake Okeechobee was a fault-bound depression (Figure 10). The

proposed fault forming the southwestern boundary of the Laké__________'_

Okeechobee depression trends very near the Belle Glade injéction_”-- 

well site (Figure 10}, possibly lending support to the notion of

faulting in this area.

Cores from only two wells, the Belle Glade as described above,

and the North Martin County (at 2692 and 2701 feet bls), exhibite& ﬂ 1:

any fractures. Most fractures are vertical and occur in moderately -

to highly indurated limestones and dolostones. The relative rarity_' 2 o

of fractures in the study area as compared to that reported fromj:f"

Brevard County injection wells (Duncan et al., 1994) is afff'

reflection of = the poorly to mc')'derately'._ indurated 1it'h'olocjies'_.' : -

selected for coring, which are less brittle than highly indurated o

dolostones and sparry caleite cemented limestones. Moreover, an -

overall lack of dolostone at some sites, specifﬁically the. Ft.._.'-:
Pierce and North Martin County wells, may explain the relative . '_
absense of fractures there. Structural interpretaticns. in so‘uth-.'_'
Florida will remain problematic until seismic data are published or

additional seismic and deep well control are acquired.

LITHOSTRATIGRAPHY
General Stratigraphy | _
Strata in the study area, ranging ffdﬁmdfétééééﬁénfa'ﬁéiﬁééﬁé;
consist of a thick sequéence of interbedded limestone and dolostone
overlain by a veneer of siliciclastic sediment. The Floridan

agquifer system 1is characterized by Paleocene to Uppeér Eocene



limestones and dolostones (Figure 13) that fornm part of an
extensive carbonate platform that existed from Late Cretaceous

through Late Oligocene.

Dunham's (1962) carbonate classification system is wutilized in-

the following discussion of the Floridan aquifer systemi 

lithostratigraphy. Carbonate rocks, based on Dunhan's method, are

classified accordihg to depositional texture with the primary —

emphasis on the presence or absence of carbonate mud and the

abundance of carbonate graing (allochems). The élassificationfl:  

system also distinguishes . between carbonate mudnsupporte&_” ~'

(mudstone/wackestone) and grain~supported (packstone/grainstone);-1:] 

The term mud, used in the following discussion, will refer to mud-

size carbonate particles.

Formation boundaries within the Floridan aqaifer'éYStémif°f ;"

"this'study are based out 6f necessity on traditional c¢riteria used -

or established by earlier Florida stratigraphers that rely heavilyj7

on micro-faunal differences rather than recognizable lithologic -

differences. Often, in southeastern Florida, age-specific micr0- f

faunal assemblages change abruptly with no or very little

lithologic variation. This is commonly the case between the Avon

Park/Oldsmar, and Ocala/Avon Park Formations. Also upper and lowéf 

dolomitization fronts related to mixing zone dolomitization vary in

the vertical sense and cross cut apparent formation/lithologic

contacts that might have existed prior to diagenesis. Even where

lithologic changes are noted across formation boundariés, they are

often very subtle and lithologies similar or identical to those

above the contact commonly reappear with depth. The lack of
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. in northern peninsular Florida are most 1likely the result of

. geophysical and lithologic criteria and may differ slightly from7  :”

distinctive lithologic breaks and the repetition of similar or

identical lithofacies across apparent formation boundaries is to be_”
expected of Paleogene formations as these rocks were deposited on .
the same carbonate platform in related depositional environments 3~-"
and were exposed to similar diagenetic processes that variedf m“'
: repetitively through time and space according to Walther's Law; i: 

The apparently distinctive lithologic/formation breaks recognize&-&ff'

uticonformable contacts related to discontinuous sedimentation .

and/or erosion over the Ocala Platform whereas in southern Florida'  -:

deposition was evidently more continuous.

Formation tops indicated in the text are baged oh cofibined

those based solely on cuttings descriptions (Appendix).

Paleocene -~ Cedar Keys-?dfﬁ&fion;uu_,~mu"

The Cedar Keys Formation.ié-tﬁé ééﬁﬁéﬁdé-5f”iﬁﬁéfﬁéﬁééd : 
dolostones and evaporites inconforimably ovérlying the uﬁ4  
differentiated Cretaceous Lawson Formation and unconformably j
underlying the Lower Focené Oldsmar Formation {Braunstein et al.r 
1288). The top of the Cedar Keys Formation was described by Chent
(1965) as a "distinct l1lithology consisting of a gray;
microcrystalline, slightly.qypsiferdﬁé and rarely fdésiliferoué
dolomite (dolostone)." Anhydrite with "chicken wire" texture is
commonly interbedded with gray to tan dolostone in the lower two-=

thirds of the Cedar Keys Formation (Miller, 1986). The formation

commonly contains the foraminifera species Borelis gunteri except




in the highly recrystallized dolostones of the upper Cedar Xeys

section (Miller, 1986).

The top of the Cedar Keys Formation according to Chen (1965) -

ranges from approximately -3000 feet NGVD in northern st. Lucie

County to -3700 feet NGVD in southern Palm Beach County. The 83119  H“

Glade injection well (Appendix 9; Plate 3} is the only well studied  ~ .

that encountered definitive Cedar Keys Formation. The interval' "

petween 3322 feet through 2422 bls consists of gray, .

microcrystalline dolostones interbedded with minor mudd? limestones ..

(Appendix 9}. From 3422 to 3548 bls (total depth} the lithology 1 ”'

changes to anhydritic shale and bedded anhydrite. Borelis gunteri

was not identified in any of the cuttings examinéd.probably due to *f-'

extensive recrystallization associated with dolomitization.

- Lower Eocene=Oldsmar Formation .

Miller (1986) defined theVOiaéﬁaf ?diﬁéﬁiﬁﬁ”assﬁ5thé”  3 f_f. 
sequence of white to gray limestone and interbedded.tan.t6 1i§H£;  
brown dolomite (dolostone) that 1lies between the pélletal; :
predominantly brown limestone and brown dolomite (&6lostone) of the
Middle Eocene and the gray, coarsely crystalline dolomité 
(dolostone) of the Cedar Keys Formation." = The contacts with both
underlying Cedar Keys Formation and overlying Avon Park Formation
are unconformable {Braunstein et al., 1988). In the study area,
the Oldsmar Formation top is based on the corfelaticn and extension
of lithologic and geophysical criteria established by Duncan et al.
(1924) in Brevard and Indian River Counties. In this area the top

of the Oldsmar Formation was established by the presence of a



regionally correlative (lithologically and geophysically)

glauconitic limestone or dolostone bed that coincides with a

lithologic change from white to light gray, glauconitic, moderately _ 

indurated, and bioturbated wackestone or packstone of the Oldsmar .=

Formation to cherty, brown dolostones ¢f the overlying Avon Park .

Formation (Duncan et al., 1994). Duncan et al. (1994) called this

stratigraphic uhnit at the tép of the 0Oldsmar Formation the S

"glauconite marker bed® (GMB). - The first occurrence of the.Early-]"

Eocene index fossil Helicostegina gyralis also corresponded with

"-  the GMB in Brevard County. The top of the Oldsmar Formation in the  -'

study area ranges from - 2200 feet NGVD in northern St. Lucié  '

County to - 3050 feet NGVD Palm Beach County (Plate 1). The .

Oldsmar Formation is 740 feet thick in the Belle Glade injection =

well which is the only well in the study area to penétrate thél   '

entire Lower Focene section..

In southeastern Flori&é;_ 1i£hn1ﬁ§ié_-assééiaticng--iﬁ:”ﬁﬁé 1
Oldsmar Formation both similaf to and different from'fhosé in :
Brevard and Indian River Counties are evident. Overall the 01d5mar :
Formation consists of a lower section of predominantly wellw-.
indurated, crystalline yellowish~brown ddiostone and an upperf
section of interbedded white to 1light-gray, chalky".packstone, 
wackestone, mudstone, and grayish-brown dolostone .

The lower Oldsmar Formation is characterized'by'yellbWi5ﬁ¥
brown to grayish-~brown, microcrystalline, dense, and generally non-
fossiliferous dolostone. The contact between the more purely
crystalline dolostones of the lower Oldsmar Formation with the

limestones and calcareous dolostones of the upper Oldsmar Formation



. Pormation. Limestones are moderately to well cemented with sparry 'f"

is gradational as the degree of dolomitization increases with depth

from highly or partially dolomitic limestones to pure crystalline m
dolostone. The top of this sequence is readily identified on _ 
gamma-ray and sonic logs (Plates 2 and 3). Gamma-ray logs commonly -~
show increased radiocactivity below this h0rizon relative to'théf    
overlying limestones of the upper Oldsmar Formation. Sonic logs
show a marked decrease in. interval transit time at this Ievelf   ”'

which is indicative of the low porosities (less than 5%) and .

permeabilities prevalent throughout much of this interval.

Benthic foraminifera and echinoderm fragments afé_ tﬁé: jf*
 -princip1e allochems compriging packstones and wackestones of thé  :'
upper Oldsmar Formation interbedded sequence. Minor amounts of
slightly phosphatic clay are a common, but minor accessory'mineralj- -'

in the glauconitic wackestones and mudstones of the upper Oldsmar  :-

calcite, calcilutite, and/or dolomite. Limestone porosity is
variable but in general ranges from 15 to 25% and permeablity, .
based on visual estimates, is generally low except in the Nortﬁf-
Port St. Lucie well where permeability is high throughout most of -
the upper Oldsmar Formation. Higher permeability is more prevalent 
in mud-poor packstone and grainstone lithofacies than in nmud-rich
wackestones and mudstones.

Dolostones of the‘upper'didsmaf'Formation.éfé’miéfBnystéiliﬁé
to finely crystalline and fossils are typically not preserved.
Laminations, burrows, mottles, and spar-filled root tubes are
common in dolostones and dolomitic limestones of the upper

interbedded sequence. Porosity is generally five percent or less



and permeability is low. Matrix-selective dolomitization is

apparent in some Oldsmar Formation dolostones where unaltered

caleitic allochens appear to "float" in a finer grained dolostone -

matrix. Partial dolomitization of limestones or incompletEf  7V

dolomitization is common in the upper Oldsmar Formation and imparts -

a speckled nature to sone calcareous dolostones in this interval.

Cores and geophysical logs indicate the dolostone beds range from -

approximately five to ten feet thick.

The upper Oldsmar is increasingly dolomitic to the south from.

St. Lucie County to southern Palm Beach County where pervasive =

dolomitization ultimately obscures the contact between the Oldsmar .

Formation and the overlying Avon Park Formation. Such is the case,  : 

in southern Palm Beach County at the Palm Beach County Systens 9” ' 

injection well - (Plate 2) where a relatively thick dolostone :-I-”

sequence beging 370 feet: above the glauconite marker bed andj.
continues to 60 feet below and indluding the glauconite marker bed; 1
The glauconitic marker bed of the upper Oldsmar Formation has :
a characteristic gamma-ray and sonic log signature that i57 
correlative from northern Brevard County into the_extreme.SOcherﬁ 
part of the present study area in southern Palm Beach County
(Plates 2 and 3) and serves as an excellent datum for stratigraphic

and structural analyses. Helicostegina gyralig, a common faunal

constituent of the upper Oldsmar Formation in some areas of

Florida, was not identified in the study area. -

Middle Eocene~Avon Park Formaﬁion  a

Miller (1986) defined the Avon Park Formation as "the sequence
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of predominately brown limestones and dolonmites {dolostones) of

various textures that lies between the gray, largely nicritic

limestones and gray dolomites (dolostones) of the Oldsmar Formation -

and the white foraminiferal coquina or fossiliferous micrite of thef1 '

Ocala Limestone." 1In the study area, the Avon Park Formation is -

characterized by white to yellowish-gray limestones ranging from-; -'

packstone to mnudstone interbedded with very 1light orange tci ~"

grayish-brown dolostones that commonly containing organics. Cherty

dolostones are typical of the lowermost Avon Park Formation.

The top of the Avon Park Formation is frequently marked:bf 3  7"

R slight radicactive peak on the gamma-ray log that often coincides =

with the first occurrence of Dictyegeonus sp. foraminifers (PlatesV~::*

2 And 3). The top of the Avon Park Formation varies from -980 feetﬁ': '

NGVD in the Ft. Pierce well to -1311 feet NGVD in the West Palm: J"

Beach # 4 well. Formation thickness averages approximately 1600f:”'

feet across the study area.

The typical Avon Park Formation sedfidﬁ””c&nsists1ubf'7a :
lowermost sequence characterized by intervals Of nodular'cheft5 f
cherty limestones and cherty dolostones. The chert is tYpicallYf 
yellowish-gray to brownish~gray and highly brittle. The middle
portion of the Avon Park Formation is characterized by crystalline;
very-light orange to yellowish-brown dolostones with low porosity
and low permeability that overlie another interval of foramiferal
packstones and wackestones. The upper Avon Park Formation consists
of wvery 1light orange to white t¢o yellowish-gray, moderately
indurated, Dictyoconus-rich wackestones and packstones interbedded

with highly indurated dolostones and partially dolomitic
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limestones. The principal allochems are whole foraminiferal tests

and echinoderm skeletal fragments.

Grain-supported limestones are only poorly to moderately

“indurated with genierally high  interparticle pofosiﬁy and high“”” '

- permeability. ~ Minimal amounts of pore-cccluding cements are __ .

present and nost of the porosity is primary in origin. Thinw  _' 

section analysis of middle Avon Park grainstones and packstones .

shows an isopachous fringing rim of cement surrounding individual =

grains, indicating possible marine phreatic cementation at the site

of deposition (Harris et al., 1985). Posgibly early mariﬁe -   -

cementation provided a rigid framework, thereby limiting the

effects of compaction-related porosity reduction in ‘these

sediments.

Avon  Park Formation &oicétanes:'exhibit~_a Widé:'raﬁgex'df' -'

 'tektural.diVersity due to“varying types and degrees of 61agene$is;]:7.

The range of allochemical and textural alteration in dolostones
varies from complete preservation to total destruction dependent onf 
the particular diagenetic mechanism. Dolostones have generally  
subhedral to anhedral crystalline textire and have equigranular té  
inequigranular crystal fabric (Friedman and Sanders, 1967];:
Crystal size ranges from microérystalline-to coarse, Burrows-iﬁ 
the 1lower Avon Park TFormation are commonly dolonitized
preferentially over the surrounding matrix. Burrbws and wvugs
commonly contain coarser~grained dolomite crystals than surrounding
matrix. Sucrosic texture is common in very fine to fine-grained
dolostones.

Induration is generally high-in‘éil-tﬁe Aven Park dolostones:
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Pore type, porosity, and permeability are extremely variable

throughout the formation but are generally lower than that observed ”””

in non-dolonitic carbonates. Porosity types include.

intercrystalline, moldic, intergranular, vugular, and-fracturef:7” r

Moldic porosity is probably the product of watrix selective .

dolomitization whereby unaltetred calcitic allochems remain in the

rock and are later dissolved, possibly dutring periods of subaerial

exposure (Murray, 1960). Dolostones speckled with white calcitic~' : 

allochems (chiefly foraminifera), alternating with wmoldic¢

dolostones, throughdut much of the Avon Park Formation indicaté  <"

that partial- or matrix-selective dolomitization was an important

diagenetic process affecting these rocks.

A calcrete zone noted in the West Palm Beach #6 well at 2257

| feet bls indicates a subaerial exposure surface at this level. -

Analysis of a petrographic thin section from core at this depth:1 
revealed an undulating, nicro-karstic surface encrusted with :
Migrocodium colonies, a calcified structure formed by a symbiotic :
association between soil fungi and higher-plant root cells (Scholle
et al., 1983). Corroded clasts of a remnant faraminiferaI :
limestone appear to "float" in a matrix of highly dolomitici 

carbonate,

Upper Eocene-Ocala Limééﬁdnéj 5 ' ) o |
The Ocala Limestone, as described by Applin and Applin (1944),

consists of a lower member of creanm to white, fined-grained, poorly

to moderately indurated, micritic, milliolid-rich limestone and an

upper member of white, poorly-indurated, porous coguina composed
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. Appendix 1; North Port St. Lucie, Appendix 2; West Palm Beach, .~

chiefly of foraminifera, bryzoan and echinoid fragments. The Ocala

Limestone is unconformably overlain by the 01igocene-P1iccene_“”

Hawthorn Group in the study area (Scott et al., 19%4; Missimer et ~
al., 1994). The contact with the underlying Avon Park Formation is

also unconformable (Braunstein et al., 1988). In much of the study

area, however, the basal contact (if any) is conformable as theré _ "
is no apparent lithologic break to separate Upper Eocene (Ocala”  :“
Limestone) grainstones/packstones from those in the 'underlying”~z

Middle Eocene (Avon Park Formatibn}. The typical microfauna1  ~: 

change from Lepidocyclina ocalanus to Dictyvoconus sp., Lituonella

sp. and other diagnostic Middle Eocene benthic forams is:1”

recognizable in the study area, put in several wells (Ft. Pierce, .

AppendiX 5; Pahokee, Appendix 8) Ocala microfauna continues well.

into the cone-bearing Avon Park Formation oxr visa versa. -

Depositiorial environments wers evidently continuous across thé ﬂ
Middle Eocene-Late Eocena boundary in sSome areas of southern; 
Florida. | _

In the study area, the Ocala consists of yellowish-gray to
very light orange, coarse grained, poorly to rarely moderate1y 
indurated, interbedded packstone and wackestore with_occassional;
grainstone and mudstone. The principal allochemg are foraminfera

and echinoderm fragments. The Ocala Limestone micto-fauna comnonly

includes Lepidocyclina ocalana, Amphistegina pinarensis, and
various milliolids. The top of thé Ocala Limestone is identifiable
on gamma-ray logs as a sharp decrease in radiocactivity relative to

the overlying phosphatic Hawthorn Group sediments {(Plates 1 and 2).



Porosity and permeability are generally high throughout the

Ocala Limestone, as most primary pore space remains open and well

connected. Porosity 1s both intergranular and moldie, with. .

intergranular as the dominant form. The top of thie Ocala Litiestone =

ranges from =~700 feet NGVD at the Ft. Pierce site to =-1050 feeﬁ._” *

NGVD at the West Palm Beach # 4 site..

Ocala Limestone thickness is highly variable throughout the

‘study area ranging from zero to 270 feet thick. Thickness . .

variations are structurally controlled in part as the Ocala

Limestone apparently thins . o6r pinches out over SOmé.anticlina17f ' 

highs (Plate 2 and 3). In Palm Beach County, the Ocala Limestone* .f~

thins and eventually pinches out to the west between the West Palm

Beach and Royal Palm Beach injection sites (Plate 3) over '&   -'

structural high in the Middle and Lower Eocene (Plate 1). The3 -'

Ocala Limestone is thin in the Belle Glade and Pahokee wells.(Plat9f “.

3), possibly in relation to the south-plunging anticlinal nosé :
(Brevard Platform ?) located in ceéntral St. Lucie, Martin and Palmf 
Beach Counties (Plate 1).

Winston (1993) explained the absence of typical Upper Eocens .
Ocala Limestone coquina and fauna in southeastern penisular Florida
as the result of a facies change within the upper Avon Park
Formation due to continuous deposition across ﬁhe Middle
Eocene/Upper Eocene boundary. Winston (1993) discoﬁhtad:any need
or evidence for tectonic or gtructural uplifts as the cause for
thickness variations, or pinchouts of the Ocala Limestone in
southeastern Florida. The apparent "mixing” of Ocala Limestone

microfauna with Avon Park microfauna observed in several wells
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. gubcrop of Suwanneée Limestone in extreme eastern &t. Lucie and

reviewed for this study support the notion of at least some degree
of lateral facies equivalency between the upper Avon Park Formation

and the Ocala Limestone and that this facies relationship can in _

sofie cases explain the absence of typical Ocala Limestone. 1In Palm

Beach County, however, there is evidence of some structural control“~ :l
over the Ocala thickness as indicated by the Ocala Limestone pinch~_   f
out between the West Palm Beach and Royal Palm Beach injectioh 1l '

wells over a structural high in the Lower and Middle Eocene section'  "

(Plates 1 and 2).

- Oligocene-Suwannee Limestone -

Miller (1986) mapped & relatively thin (<100. feet thick) =

Martin Counties and in western Palm Beach County. Lithofacies

characteristic of Suwannee Limestone were not, however, recognized

in this study

Oligocene~Pliocene Hawﬁﬁbfﬁchaup;;=- ”
The Hawthorn Group in the study-afééiﬁhEShfdfﬁéﬁiyi6§éfliéél£hé '
Ocala Limestone and consists of interbedded light olive to
yellowish gray, poorly indurated calcareous silt, clay, quartz
sand, and silty, sandy wackestone and mudstone. Phosphatic sand
and gravel-sized grains are characteristic accessory minerals of
the Hawthorn sediments in the study area. Clay beds of the
Hawthorn Group function as the upper confining unit for the
Floridan aquifer system in southeastern peninsular Florida.

Hawthorn Group thickness is highly variable ranging froi 530
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feet at the West Palnm Beach #4 site to 940 feet at the Palm Beach

County Southern regional site. The top of Hawthorn Group ranges

from =115 feet NGVD at the North Port St. Iucie site to -431 feet

NGVD at the West Paln Beach #4 site.

. pliocene = Holocene Undifferentiated

 -_uﬁconsolidated sandy shell beds, c1ayg,_énd shelly gquartz sandg.* :"

Overlying the Hawthorn Group is & sequénce of generally

that range from Pliocene to Holocene in age (Brown et al, 1962). V'f:7

Cementation of the shell beds and shelly sands by calcite spar caﬁg  17

result in highly indurated lithologies (coguina and sandstone).

Total thickness of the Pliocene-Holocene section varies from 136- f"

feet at the North Port St. Lucie site to 450 feet at the WestfPa1m ~ 1'

Beach #4 site.

DEPOSITIONAL ENVIRO&MEﬁTS“OF.THE.6ibéﬁ£R ANb'hvéN:éAhK“fdﬁﬁAdeﬁé”f
The thick sequence 6f limestones and dolostones comprising “
the Floridan aquifer system were deposited on an extensi#é ;
carbonate platform that existed from Late Cretaceous through the
Oligocene. Carbonate sediments are intrabasinal deposits and are
primarily the product of carbonate-precipitating organisms that
thrive in warm, shallow tropical seas. Depositional enviromments
on carbonate platforms are highly variable and as a result
vertical and lateral facies c¢an change over very short distances.
Cores offer the optimum means for depositional environmental
interpretations in terms of subsurface studies. Drill cuttings are

less useful because of their small size and because of the



uncertainty associated with cavings. Severe limitations on the

degree to which reasonakle interpretations of lower Floridan

depositional environments are posed by the lack of core in general,

and the lack of stratigraphically-equivalent cored intérvals in the ..

available cores. Observations regarding depositional environments .

for purposes of this study were based entirely on information

derived from core and thin section examination. Utilized cores =~

include the Ft. Pierce, North Martin County, West Palm Beach #6,

Belle Glade; and Pahokee injection wells and the Encon monitor: : V

- well. Depositional-environmental interpretations herein focus on

the Oldsmar and Avon Park Formations due to the availability of“ 1' 

core and emphasis of this study on the geclogic framework of the ==

lower Floridan aguifer system.

.”-ZOI&Smar Formation .~

The lower Oldsmar Formation - i& characterized by highly

recrystallized, unfossiliferous dolostdnes. Original déﬁositioﬁ;:

textures that may have been present have been totally obliterated =

by dolomitization, making environmental interpretations.

impractical.

Much of the interbed&e&fﬁﬂdéﬁdnes;*wackestdﬁes;fpacksfdneé and.

dolostones o©f the upper Oldsmar Formation have sedimentary

structures and vertical facies variations that are indicative of
tidal flat deposition (Shinn, 1983). The most representative
sequence of probable tidal flat origin occurs in the Belle Glade
well from 2708 feet bls to 2713 feet bls (Appendix 9) and in the

Pahokee well (at approximately the same stratigraphic level as the
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Belle Glade) 2597 feet bls to 2599 bls (Appendix 8)}. This section

consists of light-gray mudstone interbedded with a pinkish-gray

peloidal packstone. The nudstone is penetrated by numerous

vertical tubes that represent roots that have long since decayed

leaving molds. Algal-laminated and organic-rich, dolomitic

limestones are noted in the Pahokee well at thef equiva1ent   f"

stratigraphic interval.

Andros Island tidal flats serve as an excellent modern analog

- for the depositional enviromment of upper Oldsmar Formation -

carbonates. Many of the sedimentary structures and seguences found -

in tidal flat sediments on Andros Island (Shinn et al, 1969} are

present in upper 0Oldsmar Formation core. Laminated dolomitic

limestones and dolostones of the Oldsmar Formation are comparable  '“.

to recent supratidal dolomitic crusts that occur on Andros Island

tidal flats (Shinn et al, 1969). Peloidal mudstones with root
molds are similar to intertidal zone sediments of western Andfﬁé“:
Island (Shinn et al, 1969). Duncan et al. (1994) found_similar;:
sedimentary structures indicative of tidal-flat deposition in the
upper Oldsmar Formation in Brevard County injection wells.

The observed mineralogical suite of the uppermost Oldsmaff
Formation that includes glauconite, and phosphatic,.clay is
associated with unigque chemical and ‘depositional enviromnmental
conditions. Glauconite occurs in the form of well rounded, dark
green, sand-sized peloids with concentrations ranging from one-half
to as much as two percent of the total rock in the upper 0Oldsnar
Formation. Glauconitization occurs at the sediment-seawater

interface in marine waters where sedimentation rates are slow and
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bottom turbulence is minimal {(Odin and Fullagar, 1988}.

Phosphatic clay in micritic limestone is present in the upper

Oldsmar glauconitic interval in the West Palm Beach site (3090 =

3130 feet bls). Phosphatization typically ocours where phosphateQ“m'” 

rich water upwells adjacent to shallow shelves or platforms that -

border deep marine basins (Friedman and Sanders, 1978). Phosphaté“ ::-

forms at the sediment-water interface under similar conditions to

that of glauconite and conasequently is commonly in glauconitid~]1 

sediments,

TheHSbquQ'bf”tﬁQTﬁlay_is_sdméwﬁat-probiématic-gi&énfﬁhe'fl:”

apparent isolation of the carbonate platform from any potential = -

. siliciclastic source during this time period. The clay is possiblY””- g'

windblown, altered volcanic ash carried northward from erupting.

island arc volcahoes associated with subduction along thé“  "

Caribbean/North American-plate boundary.- Subduction and relatedgl“'

island arc vulcanism occured from the Late Cretaceous through the  
Middle Tertiary (Sheridan et al., 1981; Hempton, 1991) which is

consistent with the age of the upper Oldsmar Formation.

Avon Park Formation

A diversity of ICérbcﬁate  dééoéi£i6héi  énvif0ﬁﬁeﬁ£é:.aféf
represented over the approximatéiy 1600 feet of vertical seqﬁencei
that conmprises the Avon Park Formation in the study area.
Sedimentary structures rahge from those indicative of low-energy
tidal flat to high-energy shoaling conditions. Most environmental
information for the Avon Park Formation is derived from limestones

that have undergone low degrees of dolomitization. Much of the



dolostone is highly recrystallized with poor preservation of

primary textural features.

A mud-poor grainstone and packstone sequence in the middle to

gecphysical marker, Plates 2 and 3) is suggestive of hiqher»energy- :

depositional conditions, however sedimentary structures indicative

 lower Avon Park Formation (below the Middle Avon Park Formation =

of a specific depositional environment are not observed due to very.

limited core representation across this section. Equivalent

stratigraphic intervals that were cored more thoroughly in Brevard

County injection wells contain sedimentary structures associated

with beach and shoal type depositional environments (Duncan et al.,

1994). High concentrations (50 to 80%) of coralline red algaé'f"

{(both encrusting and crustose varieties}) or rhodoliths in a

grainstone/packstone matrix at 2169 to 2179 feet bls and 2292 to -

2303 feet bls in the North Martin County well (Appendix 3) suggest -

the possibility of a shallow water biostrome or coral-algal reef

development at this location during the Middle Eocene., Red algal :

concentrations in the 10 to 20% range in the Ft. Plerce (Appendixff

1} at 2300 to 2310 feet bls and a mixture of corals and coralliné '

red algae at 2520 to 2525 feet bls may indicate a proximity to and 

possible size of the postulated reefal deposit.

Burrows are the most common sedimentary stfuctﬁféxdbserved'iﬁ
cores from the lower Avon Park Formation of the southeastern
Florida study area. Bioturbation typically signifies lower-enerqy
conditions and slower sedimentation rates (Friedman and Sanders,
1978). The absence of bedding in core from this interval suggests

that energy conditions were typically 1low allowing burrowing
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organisms to rework and completely homogenize the substrate. It is
possible that some of the extensively burrowed grainstones and
packstones were deposited as tempestites under episodic.highneﬁergyf-
conditions and later reworked by burrowing organisms during norma1j ”
periods of lower current energy and slower deposition.

Randazzo and Cook (1987) studied approximately 450_féét'6f”~'.
“‘upper Avon Park Formation core from west central Florida and -

conlcuded that except for a 10 foot section, all of the cored . =

interval was ‘"characterized by tidal-mudflat sedimentation.® —

Sedimentary structures indicdative of tidal-flat sedimentation_j:]:

included micritic «crusts, rip-up clasts, contorted algal  : '

laminations, burrows, mottlés and thih'peat lenses. Many of these. -

sedimentary structures are found in the lower Avon Park Formatiom - =

of the study area indicating a similar depositional origin.

GEOPHYSTCAL CHARACTER OF THE LOWER FLORIDAN AQU‘I?E#{: SYSTEM
The typical suite of borehole geophysical logs run as part of :
injection-well evaluation procedures includes ganma-ray, sonic; :
caliper, and induction resistivity. Lower Floridan aquifer system
carbonates have characteristic responses to each geophysical tool,
which depend primarily on lithofacies type, mineralogy, porosity; 
water chemistry, and borehole conditions. The following discussion
focuses on the general geophysical characteristics  of
representative lithofacies and certain key intervals within the
lower Floridan aquifer system in the study area.
Poorly to moderately indurated limestones canﬁiﬁ'manY ¢asés

distinguished from interbedded, highly indurated dolostones by
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using borehole geophysical criteria. Boreholes commeonly enlarge or

*wash out! across poorly to moderately indurated lithologies and

remain in gauge across highly indurated zones during drilling B

operations. The effect is most apparent on cadliper logs where

relative borehole size variations can be readily noted. Sonic logs

- can record errorieously high travel times (i.e. high porcsity)~ _ f

acfross wagh outs due to increased sound-wave travel distances

making porosity determinations invalid (Gulf Research and

Development Company, 1978). A slight effect on the gamma-ray log ; .'

in terms of reduced radicactivity across these zones can also be . -

recognized. Induction resistivities are typically IOW‘in'moderate1Y ]-"

to poorly indurated limestones due to abundant salt—water  '”'

saturated~pore space in the rock.

A unique nineralogical assemblaqe”Within £he'ﬁpbéfmosthldsmaf*“-

- Formation imparts a distinctive geophysical property to the - :“'

interval resulting in a highly correlative marker horizon (Plates Z
2 and 3). Glauconite and phosphatic clay are common accessory  
minerals the uppermost Oldsmar. The gamma-ray log, in response tdf 
this mineralogy, shows an abrupt increase of gamma-ray activityﬂi
across the zone that can be identified and traced from.northern 
Brevard County {(Merrit Island injection site) to southern Pa1m 
Beach County (Palm Beach County Systems 9 =site). This
geophysically and lithologically diStinctive zcﬁe is infarmally
referred to as the glauconite marker bed. The sonic-log response
across this interval, although not directly related to this
mineralogy, is correlative to a lesser degree . (at least locally)

among many of the injection wells. Sonic-loy interval transit
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times are highly variable throughout the uppermost Oldsmar,

apparently reflecting porosity differences between the more porous

limestones (approximately 30% porosity) and less porous dolosteones

(approximately 15% porosity) of this interbedded interval.

Sonic-log response corresponds well to actual lithology-iﬁ;   '

- sequences consisting of lower porosity dolostones interbedded With' t-"

higher porosity limestones. In such cases, dolostones have sonic- .

log curves that peak in the low-porosity direction (generally 20%”    

or less porosity). Sonic-leg curves in limestones, on the other =

hand, peak in the high-porosity direction (30% or greater). Thi5_3ﬂ  

relationship is especially true of upper Avon Park Formation.

Induction-resisivity logs can be useful in distinguishihg  :  

relatively low-porosity zones from relatively high-porosity zoneS ' "

within the lower Floridan aquifer gystem. Low=-porosity, salt-watef :3”'

saturated carbonates are highly resistive and are typically -

indicative of dense dolostones or possibly calcite spar cemented  
limestones. Highly porous, salt-water-saturated carbonates haVé :
low resistivities and are generally indicative of porous dolostone .
or moderately to poorly indurated limestone. Induction-lo§ '
resistivities across cavernous zones are  extremely low;i
approaching, if not corresponding to, that of the formatioﬁfwatef
alone. |

Several sections of the Floridan aguifer system have gamia-ray
signatures that are correlative throughout the study area {(Plates
2 and 3), especially the Eccene section. An example of this
remarkable degree of correlation is illustrated in FPigure 14, which

compares the gamma-ray and sonic-log character of the Encon and Sea
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Coast Utilities injection sites in Palm Beach County with the Port

Malabar injection site in Brevard County. The Brevard County well,

located roughly 80 miles to the north, has gamma-ray and, to some

 degree, sonic-log signatures that are cloge duplicates of the Palm =~

Beach County well logs.

. DOLOMITIZATION IN THE LOWER FLORIDAN AQUIFER SYSTEM

. Several investigations into the nature of dolomitization

" within the Floridan aquifer system have been conducted. Studies. =

done by Hanshaw et al. (1971), Randazzo et al. (1977, 1978, 1987);<_”

and Cander (1991) relate to the lower Floridan aguifer system an&   '

are summarized in the following discussion.

Hanshaw et al. (1971) hypothesized a  mixing-zone .
. dolomitization model for the regionally extensive Floridan aquifer _'”'

system dolostones. In this model, dolomitization occurs inf~- 

brackish waters formed where freshwatér mixes with seawater along' 
coastal areas or subsurface brines further inland (Hanshaw et al{ v
1971). Circulating ground water having a Mg/Ca ratioc > 1 is thé: 
driving force for dolomitization in the mixing zone (Hafrishaw et
al., 1971). Thermal convection of salt water within the Florida 
Platform, as proposed by Kohout (1965),_ could provide the
circulation and mixing fiechanism far'dolomitiﬁationzéf much of the.
Floridan aquifer system carbonates (Hanshaw et al., 1971).. The
lateral and vertical movement 6f the salt-water/fresh-water
interface due to sea~level variations, <¢limatic changes, and/or
platform uplift or subsidence has also facilitated dolomitization

within much of the Floridan aquifer system (Hanshaw et al., 1971).
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Randazzo et al. (1977), in their study of upper Avon Park

Formation dolostones of west-central Florida, recognized three

principal textures indicative of different dolomitization -

processes: 1) dolomitizat' 46

T {otal replacement, 2) dvlomitizétﬁdﬁ'by-aqgré&ihg_pcrph?fbid and

coelescive neomorphism, and 3) dolomitization by selective}“f' 

replacement. Original depositional texture is preserved in tota1_ "j 

replacement  dolostones (Randazzo et al.; 1977). Porphyroid

dolomitization is characterized by scattered, euhedral dolomite

rhombs distributed throughout the rock (Randazzo et al., 1977);-f:' 

The amount of dolomite present is dependent on how long  x'

dolémitization has been taking place (Randazzo et él., 1977); -'

Selective dolomite replacement texture occurs as a result 0f ;3."

partial dolomitization of allochems or matrix {(Randazzo et aly;:;:jV

1977) . “ Randazzo et al. (1978) -

acknowledged the'mixinq*ibﬁé;mbééi'é”féléfin dolomitization of Av0n 1
Park Formation carbonates in west-central Florida. They concluded  
that some Avon Park Formation supratidal carbonates were_partially- 
dolomitized penecontemporaneously with sedimentation. After :
burial, the supratidal sediments, along with those from other 
depositional environments, were sexposed to miltiple periods of 
dolomitization resulting from a laterally and vertically migrating
saltwater-fresh water interface and a ground-water mixing zone
(Randazzo et al., 1978).

A recent isotopic.éﬁﬁdy"byiCéh&ér”(iQQijﬂarg&éé7égéinst é.
mixing-zone origin for pervésiVe doloétones of the Avon Park

Formation. Cander (1991} found that Avon Park Formatioh dologtones
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" have heavy oxygen and carbon isotopic compositions and coeval

Middle Eocene 87Sr/86Sr isotopic compositions, indicating that the

Avon Park Formation underwent massive dolomitization by normal to

hypersaline seawater during the Middle Eocene, essentiallyfﬂ ”

contemporaneous with deposition." Cander (1991) concluded that the .

Avon Park Formation in central penisular Florida was deposited in~

a tidal-flat environment (sabkha) under arid climatic conditions

analogous to the modern Persian Gulf.

Cander (1991) recognized a late stage-ofimixingﬁzbhé'ddiﬁmite:”“

“that is prresent locally in more coastal Avon Park Formation areas.

The mixing-zone delomite nucleated on and overgrew earlier marine-

“:_stage dolomite and does not replace limestone (Cander, 1991).' ” -"

Mixing-zone dolostones of the Avon Park Formation are dark browh,

dense, hard, non-porous, and highly crystalline in contrast to thé ]:“'

generally highly porotlis, relatively soft, chalky, and p00r1y  . 

crystalline marine dolostones elsewhere in the Avon Park Formationf 

{(Cander, 1991).

current dolomitization models, such as the nixing-zone and

sabkha, remain highly controversial. Hardie (1987) questioned the

validity of mixing-zone and sabkha models baged on several lines of
evidence. Hardie's objection to the mixing-zone model included the

following: 1) thermodynamic problems associated with using

calculations based on ordered dolomite formation rather than the
more appropriate and realistic disordered dolomite; 2) lack of

dolomite replacement in known modern ceoastal mixing zones; 3) the

lack of dissolution in calcitic limestones underlying dolostones of

alleged mixing 2zone origin. Hardie (1987} favored a direct



precipitation origin for contemporaneous sabkha dolomite instead of

a replacement origin. Hardie based his hypothesis on the

generalization that contemporansous dolomite only forms at loWﬂw“_ 

temperatures by direct precipitation since replacement_dolomitélu'V'

apparently requires much longer reaction times on the order of -

10,000 years or greater {Hardie, 1987).

Dolomitization within the Floridan aguifer system is 'v'ai—”i-abié"_”“'

' “£Hfbughout the study area. The Ft. Pierce and North Martin CountY“  :'

sites have atypical Lower and Middle Eocene 1ithostratigraphic'  '

sections in that little or no dolostones are present in the Avon

Park and upper Oldsmar Formations (Plate 2). The amount of

dolostone appears to increase in an inland direction in St. Lucie

County.

Bdﬁh-“peneCGntemporaneous  and _diagenetic.fdoiomitizatibnv“"

carbonates in southeast Florida. Dolostones having similar texturé  
and color to mixing-zone delestones described by Cander (1991} are :
present in the Avon Park Formation of the southeastern Florida :
study area. Dolostones associated with algal laminations and 
subaerial exposure surfaces are likely supratidal and at least 
partly pénecontemporaneous in origin. Partial, matrix-selective
dolomitization is common in many of'fhe lower Floridan aquifef.
system dolostones and may be an important factor in the development
of moldic porosity (Murray,; 1960). Murray (1960) suggested that
where only partial dolomitization occurs, porosity can be created
by the dissolution of non-replaced calcium carbonate remaining in

the rock possibly during periods of subaerial exposure. The origin
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of massive, regionally pervasive dolostone sequences within the
Floridan aquifer system is best explained by marine dolomitization,

- probably penecontemporaneous with deposition in a tidal flatw~,_ 

environnent.

General Hydrogeologic Summary

.. Four major hydrogeologic units oecur in penihsuiéf"Fidfiaé'  f”

'.  “(86ﬁtheastern Geological Society (SEGS), 1986). These are the - -

surficjal aquifer system, the  intermediate confining unit or

intermediate aquifer system, the Floridan aquifer systen and.thé” }:-
'  sub-Floridan confining unit (Figure 13). The Floridan aquifer  '
system consists of the upper Floridan aqﬁifer system, the middle”  '

confining unit and the lower Floridan aquifer system. Thé_ -”

. hydrogeology for only the middle confining unit and lower Floridan

aquifer system will be discussed in detail.

The upper most hydrologic unit in thé study ares is the
surficial aguifer system, which is conmprised of a thin bl&nket of -
terrace and fluvial sands, shell beds and sandy limestones of 
Pliocene, Pleistocene and Holocene age. In St. Lucie, Martinjand 
Palm Beach Counties, the surficial aqﬂifer system is a permeable
unconfined aguifer. This unit is contiguous with land surface and
varies in thickness.

The intermediate -édﬁfihihq-“ﬁhitT iﬁ  the study ared - is
associated with the Hawthorn Group. The Hawthorn Grouﬁ'sediménts
separate the overlying surficial agquifer system and the underlying

Floridan aquifer systenm. These sediments consist of a low-
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permeability sequence of siliclastic sediments and carbonates which

the study area. The intermediate aquifer system 1s not well;m._ 

developed in eastern; central and southeastern peninsular Florida

and is not an importént source of drinking water (Scott et al.,

1991). TLocally, the intermediate confining unit may be breached - -

due to karst (sinkhole) formation, fracturing, or erosion; thus, .

the upper Floridan aqiuifer system may be under confinedff --"

semiconfined, or unconfined conditions.

The Floridan agquifer system, as definé&'by'ﬁiiiérl(1986)4 1§”_-  

a vertically continuous sequence of carbonate rocks of generally

high permeability. These niddle to upper Tertiary carbonates are -

hydraulically connected to varying degrees. Permeability is

typically several orders of maghitude greater than that of thdsé  7.

rocks that bound the system above and below.

In St. Lucie, Martin, and Palm Beach CdUntiés, ﬁﬁe'Flori&aﬁ  
agquifer system generally consists of two major pérmeable zone§ f
(Plates 4 and & ) separated by a middle confining unit of 1ower” 
permeability (Miller, 1986). The upper and lower Floridan aquifer% 
systens and the middle confining unit are comprised of a sequence
of Paleocene +to Eocene carbonates. These carbonates mnay bef
hydraulically connected or separated based upon highly variable
local geoclogic conditions. |

In the lower Floridan aquifef7systéﬁ_bf'gbﬁthéfﬁ_Fioriaa;
there is a subzone of highly fracfured and cavernous dolostone
which exhibits high transmissivities (Miller, 1986). The cavernous

and fractured nature of the dolostone commonly causes boulder-sized
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pieces of dolostone to be dislodged during the drilling process

giving rise to the term "Boulder Zone" by drillers and subsequently

adopted by Kohout (1965) and later authors. In areas where the

salinity of the waters in the Boulder Zone exceeds 10,000 mg/L, the__-' 

Boulder Zone is used as a receiving zone for underground injection =

of industrial wastes and treated effluent. A more detailedf; -'

discussion of the hydrogeology of the middle confining unit, lower””-: 

Floridan aquifer system and Boulder Zone is presented in subsequent1=“'

sections of this report.

Numerous Tertiary regressive/transqgressive seguences haVéV':u'

produced a diverse carbonate 1lithology in the Floridan aquifer  -'

system (Plate 2). A typical sequence of deposition would vary from .- -

low energy, opén platform, micritic sediments grading into -

progressively higher energy packstones or grainstones .

characteristic of a shoaling environment to low enerygy, tidal flat,
fine-grained sediments. As a result of these nunmerocus sea—levé1f 
fluctuations and subsequent diagenetic changes, locally variablef  
complex hydrogeologic conditions exist throughout the Floridaﬁ  
aguifer systemn.

The Floridan aquifer systeﬁfdoegxﬁot necesséfi1y é6ﬁfdrm;Eo 
either 1lithostratigraphi¢ or chronostratigraphic boundaries and
therefore, the top of the Floridan agquifer system (Figure 15}
coincides with the uppermost vertically-continucus, permeable,
Eocene to Lower Miocene carbonate beds (SEGS, 1986). In the study
area, the top of the Floridan aguifer systenm is}l in general,
contiguous with the top of the Eocene Ocala Limestone (Plates 4

and 5 ) and coccurs at elevations ranging from ~400 to greater than
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Figure 15. Top of the Floridan oquifer system in St Lucie,

Martin ond Palm Beach Counties.



-1,100 feet NGVD (Figure 15 ). In some areas the top of the

Floridan begins in continuous c¢arbonate sequences in the lower

Hawthorn Group. (Plates 4 and 5). The thickness of the Floridan.

":3 aquifer system in the study area ranges between 2,700 to more thanm =

3,400 feet and generally increases to the south (Scott et al.,ff~'”

1991).

Recharge to the Filoridan aquifer system is directly associated

- with the degree of hydraulic confinement of the system. The =~

highest rates of recharge occur where the Floridan aquifer'SYStem:::“'

is unconfined or poorly confined. Xarst features {sinkholes) that ..

breach the intermediate confiring unit and provide hydraulic _ .f

communication between the surficial agquifer system and the Floridan .

aquifer system can result in either recharge to or discharge from ;f'

the Floridan aquifer system depending upon the pctentiometricf- :“'

gradient between the systems.
Artesian conditions are presen£ 6vef“mbstf0f'the~study aréé  

(Scott et. al., 1991). In areas where there is relatively poor or  
non-existent confinement, and where the water table is higher thanL 
the potentiometric surface, artesian conditions are absent and 
recharge to the Floridan aquiifer system may occur. Transmissivity 
of the upper Floridan aquifer system (Figure 16} is generally
higher in the southern portion of thé study area but. is locally
variable because of complex hydrogeologic heterogeneity. |
Massively bedded anhydrite usually occurs in the lower two=
thirds of Paleocene rocks (Miller, 1986). fThe top of the sub-
Floridan confining unit is defined in terms of a permeability

contrast that limits the depth of active ground-water circulation.
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Figure 16. Estimated tranamissivity of u'prjéf Floridan aquifer system, .

St. tucie, Martin and Polm Beach Counties (after Miller,1988).



and generally is associated with the Upper Paleocene Cedar Keys

Formation (Figure 13). The injection and monitor wells in the

study area are not deep ehough to encounter the sub-Floridan

confining unit except in the Belle Glade injection well. fThe top.

of the sub-Floridan is approximately 3400 feet NGVD in this well .

(Plate 2).

Hydrogeology of the Middle Confining Unit .

~ -”'Thé:u§per and lower Floridan aquifer systems are“separaté&-by=:f"

. a middle confining unit (Miller, 1986) (Plates 4 and 5). Locally   '

this zone of confinement may contain thin zones of moderate to high'f -'

permeability; however, as a whole, the unit acts as a single-’_'._'-"

confining unit within the main body of the permeable carbonates of' *'

the Floridan agquifer system. The Middle Eocene sediments_that_maké*  ~"

up the middle confining init (Miller, 1986) are similar in  J"

composition to both the.upper and lower Floridan aquifer systems;' 

The middle confining unit is considered a leaky confining unit

because of the lack of gtrong contrast in permeability between

these three zones (Miller, 1986).

The middle confining unit in the study area consists 6f dense

dolostone with interbedded limestones and may be associated with

the Avon Park marker bed (Plates 4 ard 5). The middle confining

unit in the study area is defined as a zone of slightly lower
permeability separating two zones of hi@her permeability. This
determination is based upon estimated porosities of less than 20
percent, and lithologic character determined from geophysical logs

and sanple descriptions (Plates 4 and 5).
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The middle cenfining unit is recognized on geophysical logs by

a slight increase in gamma-ray activity {(when the carbonates are

not fractured). The sonic log exhibits a decrease in interval.

transit time as the limestones of the upper Floridan aquifer system
abruptly grade into low porosity (less than 20 percent), dense,_l'”

microcrystalline dolostones that make up the middle confining unit

{Plates 4 and 5).

The top of the middle confining unit in thé.study-area.i§  ﬂ"
between =-1,600 to =2,000 feet NGVD (Plates 4 and 5 3.  The |
thickness of the middle confining unit ranges from 0 to'sodifeet, ? -'
attaining its greatest thickess in eastern Palm Beach County:  -'
(Figure 17). Based on lithologic criteria, it appears that thég  l 
niddle confiﬁing unit is absent at the North.Port Saint Lucie anﬁi:] *
North Martin County Utilities injection wells in the northernV  7

portion of the study area. This is due to lack of dolomitization-   :

(see Dolomitization section = for further discussion) and
demonstrates the significanCE-éf local geoloqié variation (Plates  
4 and 5}).
Quantitative fiel&.aafé"éﬁ6 aqﬁifér-tééfs“(Stra&éierackér 
tests) that describe thé water-transmittifg characteristics of the
middle confining unit were analyzed for the Pahokee and Belle Glade
injection wells (Table 1}. Hydraulic conductivity is estimated at
8.2 x 102 cm/s at the Pahokee site (an interval of 1,776 to 1,821
feet below pad surface) and transmissivity is 78,185 gpd/ft
(Geraghty and Miller, 1991). At the Belle Glade site, hydraulic
conductivity is estimated.at:3.4 X 10 cm/s at the interval of

1,960 to 1,980 feet below pad surface and 1.1 x 102 ¢m/s at 1,994
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Table 1. Transmissivity and hydraulic conductivity from straddle packer tests,

Site depth in
feet below
pad level .

interval

{feet)

calculated
thickness transmissivity - conductivity
- (cm/sec)

{gpd/f)

hydrautic

consuifant

North 1720
Martin 1885
County 2186
Utilities 2576
2723

Pahiokee 1776

2350

L Belle 1960 -
. Glade - 1994 -
) 1610

2756
2513

1740
1915

2006
2506
2743

fszi-f
2370

1680
2024
1640
2774
2531

20
20
20

20

20

30
30
18 o

CoTies
94
170

4325
5169

1615
522
261

78185
1377

~ 3.0E-02
3.4E-02
1.2E-02
3.8E-03
1.9E-03

. B.oE-02
- 3oE08

3.4E.04

C$.1E-02
15E-04
4.2E-04
45E-04

Geraghty & . -~ .
Miller, Ine,

1988, Tabled - - -

Geraghty& o

Miller, tnc.

-1991,TaMe1[”“; f-*

Geraghty & .~ .
Miiter, Inc. .~ 7

- 1991, Table 2 -



to 2,024 feet below pad surface. Transmissivity values for these
two intervals are 143 gpd/ft and 7,166 gpd/ft respectively.
Geophysical evidence coupled with borehole video observations

indicate that the middle coﬁfining unit containg fractures at’

several of the well sites (Plates 4 and 5). Locally, vertical =

fractures may hydraulically connect the upper and lower Floridan

aguifer system; however, the available data is insufficient ta f-"

accurately make this determination.

 Lower Floridan Aquifer System .

"”-fz-'ThéilbﬁéfiFioridan.aquifer system consists of all beds that

.n -iiéfbe10W the middle confining unit (Plates 4 and 5} and above thé--fl'

sub-Floridan confining unit (Miller, 1986). If the middle [ ] 

confining unit is absent, the Upper boundary of  ‘the lower Floridan*'  _-

can be geochemically defined . The geochemical boundary (Meyer, — =

1989) is where the total dissolved solids in the ground water is
equal to or greater than 10,000 mg/L (Plates 4 and 5y«

The rocks of the lower Floridan aquifer.System-afé é0mpfi§éd :
of a thick, complex seguence of limestones and dolostones withi
highly wvariable carbonate mnatrices. The higher porosity, less-
dense limestones of the lower Floridan aguifer system are
geophysically identified where &a slight decrease in gamma~ray
activity and an increasé in sonic interval transiﬁ time occurs
(Plates 4 and 5). | |

Geophysical and 1iﬁh016gic evaluations of the injection weile
indicates that the top of the lower Floridan aguifer system is

located between -1,600 to 2,00 feet NGVD. The injection wells



. middle confining unit has not been adequately determined due td”   '

are not deep enough to fully penetrate the lower Floridan aquifer

system except at Belle Glade. The lower Floridan is approximately

1,580 feet thick at the Belle Glade site.

Ground-water movement in the lower Floridan agquifer system and

lack of reliable head data and to the transitory effects of ocean, -

Earth, and atmospheric tides (Meyer, 198%). Direction of water

movemént, however, can be inferred indirectly from temperature,

chemical and isotopic data (Kohout, 1965). Kohout (1965) propose& -  '
that ground water is moving upward from the lower Floridan aquifef  f  
system by the circulation of c¢old sea water inland through thé'Z  f

lower part of the Floridan aquifer system (see Geothermal Gradient -

Section). Higher flow values result where the upper and lower

Floridan aquifer systens are continuous or whéere zones of secondary

porosity such as fractures and dissolutional karstic features

occur. Geophysical logs and borehole videos indicate that numerou9¥ 
fracture zones in the lower Floridan aguifer systen exist (Plate§ l
4 and 5).
The quantitative methodds used’fd'descfibe-aqﬁiféf'péfamétef§ 
usually assume homogeneous, . isotropic conditions in a granular 
medium that assumes laminar Elow. On a regional scale these;
methods may be satisfactory (Bush and Johnson, 1989}. Locally,
however, the lower Floridan agquifer system is heterogeneous.
Fractured carbonates are strongly aniéotropic ﬁith respect to
orientation and number of fractires (Freeze and Cherry, 19795;
Turbulent flow is common in Xkarstic environments such as the

Boulder Zone (Domenico and Schwartz, 199%0); therefore, local
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hydrologic analysis for transmissivity, hydraulic conductivity and

confinement within a fractured medium should be viewed with

skepticisn.

The carbonates of the lower Floridan aquifer system are

predominantly low-permeability, interbedded dolostones and -

limestones with zones of moderate to high permeability (Miiler,11  '

1986) (Plates 1, 2 and 3) (Tables 1 and 2 ).  Hydraulic .

conductivity analyses reported by varidus'consulting-firms (Table -

2) indicate that vertical ground water movement in the lower .

Floridan agquifer system is generally low with values less than 104-'  "

em/s in the vertical direction (Table 2). Horizontal hydraulic

conductivity (when analyzed) values are nd greater than 1.2x104  "

cm/s (Table 2). Transmissivity values for the lower Floridan

aquifer system above the Boulder Zone have been reportéd only in ' '"

the North Martin County, Pahokee and Belle Glade injection wells.

Transmissivity estimates are variable and range between 143 to -

78,185 gpd/ft (Table 1).

f: .B6ﬁi§éf'Z6ﬁéV i ;”"'""'h' | |

The Boulder Zone fﬁohout, 1965)-is“a-éﬁbééﬁé”5f'£ﬁéfidwéf 

Floridan aquifer system consistingﬂlof.-ddlostones’ that display:

vertical and horizontal fractures an& cévities. The Boulder Zone

is a zone of high transmissivity which records a period when paleo~

water tables were at a level that resulted in karstification of the
upper part of the carbonate sequence (Vernon, 1%70; Puri and

Winston, 1974). However, a study of four injection sites along the

east coast of Florida by Safco and Hickey (1992) concluded that
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depth (feet} ... vertical - horizontal " ‘total consuitant N
below pad .~ permeability . permeability. porosity . L

fevel(bpl) - (cm/sec) . (emjsec) percent o

. 2625.0 - 26260 18E-06 BTJE06 . 24 ..o

Woest

Ce. Palm
T Beach’:_'

- - 2257.0° < 22574 - 12E-07 - npodam 28 .
23356 - 23363 1.4E05  nodatac 31

#8

2085.0 - 20865 20E-07 - nodata 18 Geraghty & -
21540 - 21545 19E07 . - nodata . | 16 . Millentne. .
2207.9 - 2208.5 - - 1.45*07.. no daty B F s 1887, Table 1 _'

24465 2447.0 . ATEO7 . nodata A7 oo
S 25413 - 25419 48E07.  nodata’ B4 oo
- 2653.4 - 26540 . 23E-06 . podatal o 86 oo T

© paim

o " Beach
S County
o Southern’

Region ..

. Beach
County’

o System &

North

S066.0 - 2067.0 - A1AE40 208 10U CHaMHM,
21015 - 21025 28B40 - 4BE-10 . 12 Ine, 1991,
2196.0 - 2197.0 - 15806 . 11E08 17 . . Tablead -
2096.5 - 2297.5  3.8E-06. 90E-06 . 26 . e

24000 - 24007 - 11E-04 . 7.9E-05 32 o
2512.0 = 2513.0 - 14E05 - 14E05 29

U Paim 18910 - 18948 40E05 . nodata . nmodata - CHIMHL

1893.0 - 18950 . 2.0E06 - - 20E05 238 - Inc, 1985, -
1893.0 - 1897.6. 20805 . B.0E08 . 4 . Table8f. - ..
2015.0' - 20156~ 5.0E-06 nodata . 29
2019.1 - 20197 - 20E-05 . 50E06 80 ool
20234 - 20240 B0E10 . 2007 6 e
23747 - 2375.5 . 20E-09 . nodata . - nodata. ol
23755 - 23760 - 20BE-10 . npodata - - 1 e
2505.6 - 2505.8  40E-09 . nodata . podatat L
25106 - 2511.0 . nodata . nodata . . 27 ..

| 25160 - 25166 20B05 - nodata . fodata

2517.4 - 25181 - 1.0E-05 nodata . no data ol
2518.3 - 25187 10E05 *  nodata  nodata
26204 - 25208  7.0E-07 nodata . nodata. .0
25905 - 25009 - 50E:06 . nodata | modata . .
2591.5 - 2591.8 ° 3.0E05  nodata - nodata . ...
2592.4 - 2502.9 . 2.0E05 - nodata .. nodata - .-

2594.2 - 25947 nodata - nodata- 29



Table 2 {cont.}, Core permeability and porosity analyses from selected injection sites.

Site

depth {feel)
below pad

vertical

hatizontal

. permeability  permeability

(em/sec) -

{em/fsec)

total
porosity

percent

consultant .

Pahokee

 Balle

:  Glade: :

wi

tavel {bpl)

2366
2367

o411 ..

2412

2414
2597
2587 . .
2603 .
2637 .
2644
2648
2747

2410
2411

2418

o459
PONOCER

2462
2520
2522
2523
2524
2525
2603
2670
2671
2672
2711
2756
2757
2758
2763
2764

3.2E-05
3.8E-05
1.0E-04

13605
. 8.2E05
. 4BE-05
7.8E-07 .
1.5£-06 °
16805
22E-06
 B.2E-06 -
| 2.4E05

. 7.8E.06
1.6E-05
4.4E-06
1.2E05 . -
5.9E.05
2.4E-06.
1.3E-05
2.3E05
8.7E.06°
47E06
5.98-07
8.7E-05
47505 -
8.6E-07
71E-06
3.5E.06
8.0E-04
7.8E-04 .
4.5E.04 -
12603
8,.9E-04

2.4E-05
3.3E-05
5.1E-05
2.2E-05
7.9E-06
1.2E-05
6.8E-05 .
1.8E-04
4.86-05.
1.5E-05
8.2E-05 -
55E-04

3.1E-08
1.2E-08 =
1.2E-05
1.4E:05

B.7E-05

4.6E-05
9.4E-06
42E-06
2.56:05 .
6.9E-06 . s

9.2E-06

32805

59E-06

49E-06
28606
10805 -
1.3E.03
7.6E-04 "
6.1E-05 . -

2.7E-08 -

1.66:04

no data
no data

no data. -
no data
no data
no data

Geraghty & _
Miller, Ine. -~

1991, Table 2 o

nodata: .
nodata.

ho data.
nodata
nadata - o
_nodata"___'_ S

24 .
26
26
24
24

'Géragﬁfy”& e

Miller, ine.,. - -

" 1091, Tabled .

18

25

20.

19 .
21
1"

vy

YA

35
38

33



Site

depth (feet)
below pad

jevel (bpl).

vertical

permesbility  permeability

{cm/fsec)

horizontal

(em/fsec)

total

porosity
parcent

consultant

Fort
Pierce

o Nerh
. Port.

Saint
Lucie-

North

Martin
County
Utilites

Encon

2136
2140

220t

2213

2251

2259
2301
2309

2432

ast6 - .
2502

21010 -

21082 -
22490 -
22535 «
2425.G ~
2430.0 -
24490 -
2451.0 -
2628.0 -

28325 -

21718 -
22084 -
2413.4 -
25495 -
26951 -

2058.9 -
21515 -
2247.0 -
2348.6 -
2443.0 -
25457 -
2641.2 -
2748.3

2101.8
21080 ..
22500,
22540
24262
24310
2450.0° - -
24518
2629.0° .
2633.0. -

21720
2297.0°
2413.9
25502
2695.6

2059.4
21519 -
90476 -
23472
24442
25466
26420 -
27487 -

5.2E-04
3.0E-04
1.9E-05
3.4E-05

3.3E05

1.6E-05".
7.1E-06
7.4E-06

2.8E-06

1.1E05°

1.6E-05

45805
| 44E-D6

35607

2,803
B.7E-04
16805 -

35606 -
23805

4.1E-08

50E-04 -

22604
495-04 .
63E-07
1.7E-04 -
3.38-06 -

8307
4.2E-05 . .
3.86-08 -
14604 .
1.1E-05°

6708

6.0E-07 -

1.3E-04
6.3E-04
1.1E-05
1.BE-05

BOE-06 -
25605
1.6E-05.
70805
3.58-06 .
26504
3.0E-07 .

5.4E05
338-05 .
1.48-07 .
12803
57E-04
34E04
B.9E-05
11605

1.9£-04

1.56-04

53E07

3.5E-05

2.0E-06.
31E-04 -
27E0S .

no data -
nodata " -
no data’ -
nodata
no data

ho data- - -
nodata .. '
nodata. -

35
35
a7
38
37

38
35 .
ar .

CH2M Hiil, _
Inc., 1963, -
Tabled-1 -

og
18 . ..

3t

1

as

a7
s
A

15
20

2
27 .

29
at-
i
39
37 .
36

CHoMHi,

Inc., 1987,
Table3-2 =

 Geraghty& .

Milter, Ine. .. -
1088, Table? - - .

Gemghty &

Miller, Inc., .
19886, Table 2 -~

34      .
28 -

€4



- Lower Eocene Oldsmar Formation at a depth of approximately -3,000

fracture porosity is the principle type of secondary porosity

within the Boulder Zone. Duncan et al., {1994) and the present.

study, utilizing ¢ore samples, borehole videos and geophysical ..

logs, support this hypothesis. The Boulder Zone has nd: "

stratigraphic-significance and can exist at any level or locale ..

where paleo-conditions allowed for the formation of fracture”  _”'

porogity.

The Boulder Zone in thE“sfuéy-aféa“ié'generallymidéatea;in-tﬁe“   

feet NGVD which is below the glauconite marker bed and is genera11y  3] 
associated with the "C" marker bed {Figure 18 and Plates 4 and 5);' '”'

Thickness of the Boulder Zone is locally variable and ranges= _  '

between 60 to 364 feet (Plates 4 and 5).. The Boulder Zone in

peninsular Florida diminishes northward (Miller, 1986).

The carbonates immediately overlying the Boulder zdﬁE'cdﬁgié£f ﬂ'

of interbedded wackestones, packstones and dolostoneés of the upperf 
Oldsmar Formation (Plates 1 and 3). Porosities, estimated from thef 
sonic logs, are generally greater than 20 percent. Geophysical  
logs, samples and borehole videos suggest that this zone 13  
fractured in some injection~ well boreholes (Plates 4 and 5). |

Where the Boulder Zone is utilized for waste disposal, ihefé:
is a traditional view that the dense dolostone immediately above
and below the Boulder Zone contains no secondary porosity and
operates as a confining layer. Howeveyr, Safko and Hickey (1992)
concluded that fracture porosity is the principal type of sécondary
porosity both within the Boulder Zone and the dolomitic rocks that

lie above it. The present study utilizing core samples, borehole
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videos and geophysical logs, supports this hypothesis.

 '16ﬁér Floridan aquifer system, are defined conservatively in.thig.: ~'
study and are not always in agreement with confining layers  1 ::
delineated by the_various_coﬁSUIting firms (Plates 4 and 5 )1:  -f
Criteria used for defining layers of confinement are based cﬁ  il}
geophysical logs and lithologic samplés. In qenerél, nonuvquy; ~f- 
fractureless micritic limestone and/or microcrystalline dolostoné:  

with sonic log porosities and lithologic cutting's permeability“ -”

estimates are less than 20 percent, that are +traceable and
correlative in the subsurfade between the injection wells, are; '  

defined aS'confiniﬁg layers.

The rocks underlyin§ = the.f.ﬁbuidéf'“-chév  are-”'ﬁéh§é : "
microcrystalline dolostones Wifh pdfosities iess thaﬁ 15'§ércenti  
These dolostones are locally fractured in places and extend below .
the total depth of the injection wells. Thegse carbonates, ihi-

general, appear to be a layer of confinement (Plates 4 and 5)-

Fractureg-aﬁd'Véfticai F1dw~wmgl:m
As previously noted, analysis of geophysiéél'iﬁgs;'iifhéicqié
samples and borehole videos indicate that numercus fractures exist
throughout the lower Floridan aquifer system (Plates 4 and 5).
When determining confining properties, the presence or absence of
fracture systems is extremely important. Fracture systems, with

the proper orientation and connectivity, can transport water
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through rocks that appear to be confining.

Given the appropriate geologic setting, brittle rocks of low

'””porosity are most susceptible to fracturing (Domenico and Schwartz,

1990} . Dolostone is considered one of the most fracture-prone

sedimentary rocks, second only to quartzite (Stearns, 19267) (Figuré _J"

19). Van Golf-Racht (1982) cites three cases where stress related =

fractures may occur?

1. 1In response to folding and/or faulting; ..

2. Deep erosion or removal of the overburden, which will

produce differential stresses that can cause fracturéé}

'f: 3;' Rock volume shrinkage (shrinkage cracks) where water is .

lost, for example, in shales or shaley sands.

. Cases 1 and 2 are believed to have occurred in théistudyiaféé f"'
 “{éee Lithostratigraphy and Structural sections for further

discussion) and furtheér support Safke and Hickey's (1992)1“ .

Boulder Zone. _
Increases in hydraﬁiic”éaﬁﬂﬁéfivifY'due-td:SQéondary pbfﬁéiﬁ§ f
can occur as a result of dissolution of limestone by circulatinq  
ground water moving along and bedding planes. Analyses of.
geophysical logs and borehole videos indicate fractufed dolostones:
in and above the injection zone (Boulder Zone) (Plates 4 and 5}).
Normal faulting in the area where the Sea Coast and Palm Beach
County RRF wells are located {Plate 4} could result in increased
secondary porosity along the fault plane (or within the fault zone)
and locally enhanced fracturing (see Structural Geclogy section

for further discussion).
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Hydrogeologically, the most important fracture properties are

orientation, density, aperture opening, smoothness of fracture

walls, and the degree of connectivity (Domenico and Schwartz,

1990). If a given set of fractures does not extend through a -

confining layer or is not interconnected, then the rock canfiot

transmit water via the fracture network. As previously stated;_ 1  

there is strong evidence for fractures throughout the rocks within

the lower Floridan aquifer system. - However, the degree 6£   '

connectivity between these fractures is not known and the water :l- 

transmitting character is uncertain.-

Dissolutional enlargement of fault planes and fractures within

. zones of relatively impermeable carbonates can dramaticallyli7

increase vertical and lateral hydraulic conductivity and result inf; "

localized transport of different‘waterS'throughjpoteﬁtial.c0nfining :ﬂV

layers., Fault planes can function as conduits causing water to .

breach confining layers and bypass monitor wells. Figure 20 is aﬂ:

schematic diagram demonstrating these phenomena.

Hydraulic Head in Wells -I - N

By definition, an impervious layer will hot transmit pressure.

due to a hydraulic head increase between confined aquifersff
Hydrogeologic units that are separated from each other by a
confining layer(s) should demonstrate contrasting hydrologic
behavior. Distinct hydrologic systems which respond similarly
suggest a hydraulic connection. Differences in head wvalues and
fluctuation between the monitor and injection wells indicate

hydraulic separation. When the hydraulic heads fluctuate in a
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similar pattern a hydraulic connection could be present and

vertical flow may be occurring.

certain stress ranges and thus respond to changes in forces acting -

upon them. These stresses include periocdic loading by ocean and”   '

earth tides, earthquakes, fluctuations of atmespheric pressure,   -”

rainfall, river and lake stages, and man-induced causes (Domenicﬁ': -'

and Schwartz, 1990). External loading stresses can cause similay

hydraulice behavior (i.e., water-level fluctuations in wells) in V -“

separate hydrogeologic systems.

Because the study area is located adjacent to the Atlantic -

"~ Ocean, oceanic tidal loading has a noticeable impact on hydraulic  Z1'

head fluctuations in wells that penetrate confined aquifer systems.

The response of water levels in wells due to oceanic tidal loadinql '  

occurs as a result of three processes (Enright, 1990}):
1. Mechanical loading of the aguifer at its oceaﬁid ___. ””
extension; |
2. Propagation and attenuation of‘tﬁé ﬁféssﬁre wave inland. -
through the agquifer; and - .

3. Flow of ground water betweéh théﬂéqdifer'aﬁa:thé porehole:

Agquifer Loading |
Mechanical loading of the_aquifer'a£ i£§l6cé§ﬁid-éktéﬁéiﬁﬁ
causes the water level in a well to increase at high tide and
decrease at low tide._“__As- distances between well and ocean
increase, the inland transfer of the pressure wave through the

aquifer propagates with diminishing amplitude and increasing time

s



lag (Enright, 1990) (Figure 21).

Responses to earth tides in wells occuxr, by definition, at the

. gaile frequencieg as ocean tides, but are orders of magnitude

smaller (the largest are 0.5-1 inches). Because of a difference in-.

phase and amplitude, any earth tidal fluctuations near the.coasﬁ“j “'

are typically masked by the oceanic tidal fluctuations. The net ”  .

effect of earth tides is to decrease, by a small amount, the =

amplitude of oceanic-tidal fluctuations (Parker and Springfield;-f'

1950; Gregg,; 1966; Bredehoeft, 1967; Enright, 1990).

An inverse relationship exists between barometric preéssure and =

" water levels in wells. An increase in barometric pressure 194 7-

transmitted to the confined aquifer system through the overlying

confining layer and the aguifer responds with an increase in

pressure head. Thig causes water to flow into the well resultinq M ' 

in an increase in water level. The well, however, has a direct ..

connection with the atmosphere, and because the atmospheric load is

partially supported by the aguifer "skeleton," the net effect of

atmospheric loading is a decrease in water level during increased

pbarometric pressures and an increase in water level during.

decreased barometric pressure (Domenico and Schwartz, 199207

Enright, 1990).

If a well system is monitored contintously, the response to

these external loading stresses can be observed as corresponding
fluctuations of water levels. These stresses may conceal the true
behavior of the aquifer system(s) in response to injection tests.
For example, the simultaneous increase in well pressure within the

monitor wells during the injection test could be a result of a
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hydraulic connection between the injection well and the monitor

wells, oceanic tidal loading, a decrease in barometric pressure, or

a combination of theésge phendmena.

When analyzing the aquifer(s)"fééﬁbﬁéés tb”ihiection.Wéiiuu_U

tests, the monitor well hydraulic head responses to atmospheric and =

ocean tidal loading may mask the effect of the injection test on -

the monitor wells. Therefore, in order to isovlate the.hydraulid  ~-

head response of the monitor wells to the injection test, the ocean    1'

- tidal and atmospheric loading influences need to be removed by“ :f”

determining the tidal efficiency and barometric efficiency of the =

aquifer(s) in which the well(s) are located. Methods for -

determining tidal and barometric efficiency are described by Jacob =

{1240} and Donmenico and Schwartz (1990).

The availiable data does not adequatél&*éddﬁégg;tﬁé"éffédﬁéféf-'y-'

'  aquifer loading on the injection well sites in the study area.
Duncan and others (1994} provide a detailed example of aquifer
loading effects on injection and monitor wélls at the D. B. Lee

site located at Melbourne, Florida.

Gédthermai'éfééiéﬁts: :  |
Deep well temperature surveys in southéfﬁ:?idridé'ﬁavéféﬁdwﬁ 
that geothermal gradients underlying the Florida Platform are
affected by the presence of cold sea water. At depths of 1,500 to
3,000 feet the water in the Floridan agquifer system becones
anomalously cooler with depth (Meyer} 1989) . The average
temperature near the cold sea water bodies-averaqeéfaboutf60°E‘and

increases to 108° F alonyg the central axis of the Florida Plateau
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{(Kohout et al., 1977) (Figure 22). Horizontal and vertical

temperature distributions suggest that cold, dense sea water flows

inland through cavernous dolostones of the Boulder Zone where it .

becomes progressively warmed by geothermal heat flow. The .

reduction of density produces upward circulation. After mixing

with less saline water in the upper part of the aguifer, the

diluted saltwater flows seaward to discharge by upward leakagée

through confining beds or through submarine springs on thé “”j-

continental shelf (Kohout et al., 1977) (Figure 22).

Borehole temperature logs, provided by the-variouéfddhéﬁiﬁihg'- '.

firms were closely inspected for any anomalous temperature

decreases. = Temperatures generally vranged betweeri’ 80 and 112

degrees F at depths greater than 1,000 feet and generally“incféased‘: "

with depth; therefore, no cyclic or convective circulatien iS”] f 

suspected in the study area. There were slight variations in

temperature that were associated with fractures (Safko and Hicky,; 
1992). Temperature decreases have been documented in south Flori&é;:
where the Straits of Florida are adjacent to the Florida Platform; :
The occurrence of convective circulation should be investigated

when injection wells are proposed for these areas.

CROUND-WATER CHEMISTRY
Water-quality data, injection zoné 'éﬂd 'm6ni£§f Tiﬁﬁé
information for six injection sites in Palﬁiﬂeaéh County  (Belle
Glade, Palm Beach Southern Region, Palm Beach County Sytems 9,
Pahokee, Encon, and West Palm Beach Pollution Control Facility) and

one in St.Lucie County (North Port St. Lucie) were analyzed for
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this study (Figure 1)}. The Palm Beach Scuthern Region (IW-1} and

the Belle Glade (IW-1), both in Palm Beach County, were selected

for detailed review because of apparent water-trends noted at these

injection sites.

The primary injection interval of all the injection wells in

the study area is the Boulder Zone of the Upparloldsmar Formation -

(Figure 23; Plates 4 and 5). The Boulder Zone is generally highly ..

fractured and cavernous with transmissivity wvalues of up to 21m -:*

million gpd/ft (Haberfeld, 1991). The high transmissivities in

the injection zone, and the pumping rates which can be tens—df4:  ' 

millions of gallons per day, result in only minimal increases in. .

wellhead pressure in most wells (Haberfeld, 1991). This implies

waters are circulating freely. Fractures, discontinuities, and =

cavities in designated confining zones of the injection wells could.
provide conduits for the circulating water.
The injected fluids are generally:'10wasalinity,-”ﬁreafé&f:
municipal waste water.  Injected waters are less dense than -
formation water, and sinéé fluids in the infectibn and deep monitor  
zones are highly saline, “contamination" from injected fluids w111  
be seen as freshening trends in monitor well data. For example, 
such trends are indicated by a decrease in total dissolved solids
(TDS) and/or chloride corncentration. Occassionally, marked
increases in these parameters are observed and are attributed to
the upward displacement of deeper saline waters by the less dense
injected fluids (J. Haberfeld, DEP, personal communication, 1991}
Nitrogen content is monitored because treated waste water

generally has higher nitrogen concentrations than ambient formation
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water. It is measured as total kjeldahl nitrogen (TKN), which is

organic nitrogen plus ammonia. Another important measurement is

the depth at which the TDS value exceeds 10,000 mg/L. United
States Environmental Protection Agency guidelines require that the .
formation water TDS in injection zones must exceed 10,000 mg/L, 50-1 ”'
consultants note the depth at which the transition occurs (Figuré    :
23). |

‘The TDS, chloride, and TKN arée among the parameters tracked m o

. the various monitor zones and were chosen for close investigation o

bedausze tifie series data on them are available for the monitor

zones of the injection wells. Regression analyses were performed. -

on the time series data from deep monitor zones to determine the =

significance of of the observed trends. A high R-squared value, ot

coefficient of determination (R is the correlation coafficient),-"

indicates low scatter of data, or a definite relationship betweéﬁ ﬂ ”'
time and concentration values.

The Palm Beach County Sdﬁtﬁéfn Region well_(iWi) réached a :
total depth of 3311 feet bls. The injection zone isg at 2660'td{:
3300 feet bls in the upper Oldsmar Formation and lower Avon Park .
Formation. The injection interval consists of dolostone and
dolomitic limestone in the Oldsmar Formation and highly dolomitized
limestone and dolostone in the Avon Park Formation. A deep monitor
well (1984 feet bls) has dual monitor zones at 1900 to 1984 feet
bls and 1000~1096 feet bls (Figure 23). | “

Background water-quality data for ‘the Paiﬁ ”Béa6h; County
Southern Region well shows that the ambient.Waterzquality before

injection was 36548 mg/l TDS, 23040 mg/l chloride, and 0.92 mg/l

. BO -



TKN for the deep monitor zone and 6941 mg/l1 TDS, 3800 mg/l

chloride, and 2.28 mg/l TKN for the shallow monitor zone (CH2M

Hill, 1991, Appendix N). For comparison, water containing moré_”

than 2000-3000 mg/1 TD$ is too salty to drink, and sea water has " .

approximately 35000 mg/1l TDS.

During an injection progiam from January, 1992 to July, 1993

. chlorides decreased from 15,500 mg/l to 13,500 mg/l, TDS decfeased:7-]f

from 35,000 to 26,000 ng/l, and TKN increased from 0 to 7 mg/l

(Figures 24-26) in the deep monitor 2one (Figure 23) at the Palm'f_.

Beach County Southern Regibn Iw-1. Concentrations of chloride:V““

(3600 mg/l) and TDS (5,000 wmg/l) remained constant, and TKN -

increased from 1.3 to 3 mg/l in thé shallow monitor zone. Based

upon r? coefficients 6f the deep monitor zone data, a correlative

relationship exists for time versus chloride at 0.7, TDS at 0.86,

and TKN at 0.56.

The injection zone of the Belle Glade TWi is located batween
2890 and 3500 feet bls, which spans the 0Oldsmar Formation«Cedariz
Keys Formation contact (Figure 23, Plate 3 and 5). A deep monitor  
well (1940 feet bls), located about 100 feet south of the injection
well, has dual-monitor zones at 1871~1940 feet bls and 1001“1946 
feet bls (Figure 23). During July of 1990, the background water-
guality data showed concentrations of 4830 mg/1 chloride, 10,166
mg/l TDS, and 1.23 mg/1l TKN for the deep monitor zone and 852 ng/l
chloride, 3351 mg/1 TDS, and 1.09 mg/l TRN for the shallow monitor
zone (Geraghty & Miller, 1991, Appendix E}.

During an injection progranm from‘August;"iégi;through'JéﬁuafY}

1994 at the Belle Glade IW-1, chlorides increased from 4500 mg/l to
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9000 mg/l and TDS increased from 8000 mg/l to 15000 mg/l in the

deep monitor zone (Figures 23, 27-29). 7TKN remained constant at

0.8 mg/1l in the deep monitor zone. Based upon r’ coefficients, 3 ”_
correlative relationship exists for time versus chloride at 0.81 -

and TDS at 0.56 in the deep monitor zone.

Data from the shallow nonitor zone~in-Ehe Be11e~G1aaé'IWFI "'
- remain fairly constant for the same injection period, with  ﬂ-'

approximate concentrations of chloride at 1200 mg/1, TDS at 3000   ”

mg/l, and TKN at 0.8 ng/l.

The Belle Glade deep nonitor zone resulte have chenical trends

Cogimilar to post~injection of the D.B. Lee injection well from[ f”'
April, 1989 to December, 19921 at Eau Gallie in Brevard County3wheré  ~'.
.f both sites exhibited an overall increase of chloride and TDS &
content (Dincan et al., 1994, p. 68). The meaning of the Belle

Glade deep monitor zone trends are unclear, but possibly indicaté” -f.

enrichment in chlorides and TDS concentrations from deeper levels
other than the injection zone because injecting fluids are

generally of low salinity.

DISCUSSTON AND CONCLUSIONS - e
The geologic framework of the lower Floridan.aéuiféf”sysfeﬁ“iﬁ 
st. Lucie, Martin and Palm Beach Counties embodies a shallow water
carbonate platform sequence, the character of which has been
determined by a diversity of factors including depositional
environment, diagenesis, and geologic structure. Variations of
these components can reésult in considerable differences in local

lithofacies, porosity, permeabilty, and the hydrogeclogic character
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of the aquifer.

Ground-water chemistry trends for the Belle CGlade and Palm

“'Beach County Southern Region injeéction wells, barring any well

mechanical . problems, indicate that injected waste liquids are

possibly migrating upward through the "confining" rocks immediately;f:”'
above the injection zones at these sites. Since apparently 1ow~t:”'
permeabilty dolostones and some 1ow-perﬁeabilty limestones aré:f f'
common in the "confining" sequénce, injected waste waters are   '
probably'moving'vertically'élong fractures and possibly along'fault?i;'
planes where present. Observed fractures justify this supposition; :-“
Given the similarity of the lithostratigraphy throughout the:  : 
study area, the findings of this study do not resolve why ground* h“'
water chemistry trends indicative of leaky or poor confinement are
apparent at two injection sites and not in others. For example, no:g   

chemical trends indicative of upward fluid migration are evident at- "

the West Palm Beach site where structural deformation due -to1?
possible faulting and/or folding would possibly locally enhanceéii
fracturing locally and perhaps breachs the confining sequence.
More detailed analysis accomplished by thorough coring andf'
hydrologic testing of the confining seqﬁencé is necessary in order 
to ascertain a plausible explanation for these variations.
Significant differences between the geclogic framework“dfﬁfhé
study area and Brevard County (bDuncan et al., 1994} are not
apparent. The general lack of ground-water chemistry trends in the
study area as compared to Brevard County, where several wells
exhibit strong trends indicative of upward fluid migration {Duncan

et al., 1994}, may be related to some degree to the depth of the
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deep monitor zone relative to the top of the Boulder Zone

{(injection zone). Deep monitor zones in Brevard County are

typically located 500 feet (most less than 300 feet) or less above
the Boulder Zone (see Figure 36, p.58 in Duncan et al., 1994) and

below the middle confining unit, whereas in Palm Beach County the

deep monitor zone is typically located 1000 feet or more above the . .

Boulder Zone, above the middle confing unit (Figure 23). It is

uncertain whether or not more wells in the study area would.exhibiﬁ"”“ "

trends if the deep monitor zones were positioned nearer the top of .

the Boulder Zone and below the middle confining unit.

A more adequate comprehension of southern Florida's Cenozoic =

': ”qé610gic history is highly desirable for further understanding the

complexities of +the Floridan aquifer system in the region; -

Specifically, detailed regional investigations of‘the-depositional;°f.f

diagenetic, and tectonic evolution of the Florida Platform during :”'

the Paleogene and early Neogene are much needed. Such studies will -
require an expanded data base that should include additional and
more thorough coring of the lower Floridan agquifer system, regional  

seismic grids, and complete open-hole borehole videc surveys.
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