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Seismic-Sequence Stratigraphy and Geologic Structure 
of the Floridan Aquifer System Near “Boulder Zone” Deep 
Wells in Miami-Dade County, Florida

By Kevin J. Cunningham

Abstract

The U.S. Geological Survey, in cooperation with 
the Miami-Dade Water and Sewer Department, acquired, 

North and South District ”Boulder Zone” Well Fields to deter-
mine if geologic factors may contribute to the upward migra-

aquifer system designated by the U.S. Environmental Protec-
tion Agency as an underground source of drinking water. The 
depth of the Boulder Zone at the North and South District 
”Boulder Zone” Well Fields ranges from about 2,750 to 
3,300 feet below land surface (ft bls), whereas overlying 
permeable zones used as alternative drinking water supply 
range in depth from about 825 to 1,580 ft bls at the North and 
South District “Boulder Zone” Well Fields. Seismic-sequence 
stratigraphy and geologic structures imaged on seismic-

the Floridan aquifer system overlying and within the Boulder 
Zone. Features of the Floridan aquifer system underlying the 

Zone” Well Fields lacked adequate resolution at such depths. 

from the study area was mainly applied to the Floridan 
aquifer system and used to identify four provisional seismic 
sequences, which extend vertically from near the base of 
the Floridan aquifer system upward to the lower part of the 

compose a framework in which each sequence includes a 
major permeable unit of the Floridan aquifer system; from 
shallowest to deepest, these units are the Upper Floridan 
aquifer, Avon Park permeable zone, uppermost major perme-
able zone of the Lower Floridan aquifer, and Boulder Zone. 
The relations between seismic-sequence stratigraphy and 
hydrostratigraphy allow for detailed mapping of permeable 

at a level of resolution never before accomplished using 
well data alone. 

injection wells at the North District ”Boulder Zone” Well 
Field delineated a narrow karst collapse structure beneath 
the injection facility that extends upward about 900 ft from 
the top of the Boulder Zone to about 125 ft above the top of 
the uppermost major permeable zone of the Lower Floridan 

”Boulder Zone” Well Field. However, karst collapse structures 
at the level of the lowermost major permeable zone of the 
Lower Floridan aquifer at the South District ”Boulder Zone” 
Well Field are present at three locations, as indicated by 

the south side of the injection facility. Results from the North 
District ”Boulder Zone” Well Field well data indicate that a 
plausible hydraulic connection between faults and stratiform 
permeability zones may contribute to the upward transport 

Environmental Protection Agency designated underground 
source of drinking water at the North District ”Boulder Zone” 
Well Field.

Introduction
The Miami-Dade Water and Sewer Department 

into the saline Boulder Zone, a highly transmissive hydro-
geologic unit within the Oldsmar Formation and the lower 

wells at both the North District ”Boulder Zone” Well Field 
(NDBZWF) and South District ”Boulder Zone” Well Field 
(SDBZWF) ( ). The depth of the Boulder Zone at 
the NDBZWF and SDBZWF ranges from about 2,750 to 
3,300 feet below land surface (ft bls), whereas overlying 
permeable zones used as alternative drinking water supply 
range in depth from about 825 to 1,580 ft bls at NDBZWF 

the Boulder Zone beneath the deepest underground source 
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transport from the Boulder Zone to overlying permeable 

transport from injection zones to USDWs in the Floridan 
aquifer system.

In August 2008, the Florida Department of Environ-
mental Protection required that MDWASD conduct a study 

The present study was initiated in 2009 by the U.S. Geological 
Survey (USGS), in cooperation with MDWASD, to support 

the overall investigation by providing geologic information 
about the stratigraphic and structural features that have 

SDBZWF. This study provides hydrogeologic conceptualiza-
tions (based on interpretations from recently acquired seismic-

areas of southeastern Florida. 

Figure 4. Correlation chart showing relations between hydrogeologic units, geologic units, and seismic-stratigraphic units 
(based on information from Reese and Richardson [2008], Roberts-Ashby and others [2013], and data presented herein). Seismic-
sequence boundaries shown on plates 1 and 2.
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Purpose and Scope

The main purpose of this report is to characterize the 
seismic-sequence stratigraphy and geologic structure of the 
Floridan aquifer system at the NDBZWF and SDBZWF in 
Miami-Dade County, Florida. Seismic-sequence stratigraphic 
and structural interpretations are presented for both water-

-

geophysical and geological borehole data from the NDBZWF 

current understanding of the relation between seismic-
sequence stratigraphy, imaged tectonic and karst structures, 

from the Boulder Zone upward into USDWs in southeastern 
Florida. The seismic-sequence stratigraphy and geologic 
structures presented herein represent the part of the Floridan 

parts of the Floridan aquifer system underlying the Boulder 
Zone were not studied because of an absence of resolution in 

seismic energy, high-frequency seismic signal, and signal-to-
noise ratio with increasing depth and within the Boulder Zone 
where highly irregular shapes and sizes of karst-produced 
megaporosity are present. The seismic-sequence framework 
and conceptualization of tectonic and karst seismic structures 

planned or in progress.
The foundations of seismic-sequence stratigraphy are the 

-

about the structural setting of the rocks of the Floridan aquifer 

depositional sequence boundaries, and hydrologic boundaries 

Methods of Study

To examine the seismic-sequence stratigraphy and 
geologic structures of the rocks of the Floridan aquifer system 
in the study area that includes NDBZWF and SDBZWF, 

-

positioning system acquired real-time positions. A land-based, 

true amplitude and post-stack migration. Final interpretation 

geomodeling software. 

and geophysical log data acquired from wells. Borehole 

synthetic seismogram used for correlation between well data 

was used for correlation between well data collected at the 

its synthetic seismogram was used to relate geologic and 
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of comparisons to published geologic and hydrogeologic 

altitude than the corresponding high-amplitude positive 

B–B

Geologic Setting of the Floridan 
Aquifer System

-

better delineate the lithostratigraphic units that compose much 

Hydrogeology

-

and assigned a hydrostratigraphic nomenclature to permeable 

and assigned a hydrostratigraphic nomenclature to permeable 

where correlation to well data indicated that it is possible 
to map the four permeable zones at a regional scale using 

Avon Park Formation-Arcadia Formation Contact 
in the Area of the North and South District 
“Boulder Zone” Well Fields 

Observations made as part of this study provide no 

gamma-ray log intervals in the formation reported to be 
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Tectonic and Structural Setting of the Florida 
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Figure 5. Conceptualized paleogeography about 140 Mya depicting a fully assembled Florida basement. Seafloor spreading has 
since ended in the Gulf of Mexico and movement of the Yucatan and Florida-Bahama blocks has ceased. Modified from Ross and 
Scotesse (1988); reprinted and modified with written permission from Elsevier Limited, Oxford, United Kingdom. Bahamas fracture 
zone from Klitgord and others (1984) and Horton and others (1991).
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(Poag, 1991). During much of the time from the late Oligocene 
to Pliocene, terrigenous clastic deposition extended from 
northern Florida to the southern area of the platform (Enos and 
Perkins, 1977; Warzeski and others, 1996; Cunningham and 
others, 2003). Carbonate sedimentary deposits dominated the 
Florida Keys region during the Pleistocene.

Sproul and others (1972), Miller (1986), Duncan 
and others (1994), Reese (1994), Mitchell-Tapping and 
others (1999), and Cunningham and others (2012) documented 
faulting in the Eocene carbonate rocks of the Florida Platform 
that compose a major part of the of Floridan aquifer system. 
The authors did not explain the forcing mechanisms that 
created the faults, with the exception of Cunningham and 

being related to tectonic movement. Tectonic faults observed 
in southeastern Florida (Cunningham and others, 2012) may 
be due to movement throughout the Bahamas fracture zone, 
which Klitgord and others (1984) reported as connecting 
the spreading center in the central Atlantic Ocean with a 

alternative forcing mechanism for tectonic faulting in southern 
Florida, Missimer and Maliva (2004) offered evidence for 
late Miocene to Pliocene tectonic compression in the Tertiary 
sedimentary section of the southern part of the Florida Plat-
form, which the authors suggested was related to peripheral 
responses to tectonic events in the Caribbean Basin. The origin 
of tectonic faults in southeastern Florida is discussed further in 
the Tectonic Faults section of this report.

Similar to many ancient carbonate platforms around the 

enhanced porosity and permeability. Numerous karst collapse 
structures in the carbonate rocks of the southeastern part of the 
Florida Platform have been delineated in the rocks of the Flor-

interpreted by Cunningham and Walker (2009), Cunningham 
and others (2012), Cunningham (2013), and Reese and 
Cunningham (2013, 2014). Examples of similar karst collapse 

Platform include those in the following areas: (1) northeast 
Florida (Kindinger and others, 2000; Spechler, 2001), 
(2) La Belle area of the Caloosahatchee River (Cunningham 
and others, 2001b), (3) Tampa Bay and Charlotte Harbor in 
west-central Florida (Missimer and Gardner, 1976; Evans 
and Hine, 1991; Hine and others, 2009), (4) northeast Florida 

sinkhole district (Evans and others, 1994). 

Seismic-Sequence Stratigraphy of the 
Floridan Aquifer System

A major result of the seismic-sequence stratigraphy 

sequences (seismic sequences 1–4) that extend vertically from 

the upper part of the Floridan aquifer system to near the base 

framework established by Reese and Richardson (2008) for 
central and southern Florida, and Reese and Cunningham 
(2013, 2014) for eastern Broward County was linked to the 

The tops of the seismic sequences correspond to both a 
lithostratigraphic formation and major cyclostratigraphic top or 
to the general location of a hydrogeologic unit top. The top of 
seismic sequence 1 corresponds with the top of the Avon Park 
Formation, the top of seismic sequence 2 with the approximate 
location of the top of the Avon Park permeable zone, the top 
of seismic sequence 3 with the approximate position of the top 
of the uppermost major permeable zone of the Lower Floridan 
aquifer, and the top of seismic sequence 4 with the approxi-

of the lower Arcadia Formation is also a prominent seismic-
sequence boundary and depositional sequence boundary (pl. 1) 

for the top of the Floridan aquifer system to occur within the 

and Richardson, 2008; Reese and Cunningham, 2014). This 
preliminary seismic-sequence nomenclature may be revised 
as the scope of USGS investigation in southeastern Florida 
broadens in future studies.

Seismic-Sequence Stratigraphy of the Arcadia 
Formation and Stock Island Formation

The seismic-sequence stratigraphy of the Arcadia 

delineation of the uppermost part of the Floridan aquifer 

part of the NDBZWF study area imaged low-angle, east 

into deeper water) assigned to the informal upper Arcadia 
Formation (cross-section A–

apparent dip) onto the upper surface of the lower Arcadia 
Formation (cross-section A–

A– , pl. 1). The 

the Tamiami Formation and top of the lower Arcadia Forma-

(Miami-Dade
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Figure 7. Seismic-reflection profile N5-pt3 from Biscayne Bay (fig. 1) 
showing a broad sag in seismic reflections interpreted as a collapse 
structure within the middle Eocene carbonate strata of the Floridan 
aquifer system. Onshore hydrostratigraphy is projected onto the profile. 
Modified from Cunningham and Walker (2009).
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Seismic Sequence 3

E–F

E;
cross-section B–B

C–C

Figure 9. Part of seismic reflection profile 2TIE showing inverted V-shaped 
stacked seismic-reflection configurations within seismic sequence 2, indicative of 
a narrow karst collapse structure. The feature is centered at about shot point 1315 
on line 2TIE (fig. 1).
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Figure 10. Three-dimensional diagram showing geomodel of the Miami-Dade North District “Boulder Zone” Well Field and surrounding 
area constructed from well-log data and seismic-reflection profiles (fig. 2). Two white leader lines point to the karst collapse structure 
penetrated by the MD-IW–2N well (pl. 2) and mapped as a circular-shaped depression at the top of seismic sequences 3–4. Test wells 
G-3949 and G-3948 provided information on the stratigraphic units composing the surficial aquifer (figs. 2).
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Figure 11. Seismic-reflection profile N1 from Biscayne Bay (fig. 1) showing a nearly vertical strike-slip fault. The structure 
is visible on five different seismic-reflection profiles (C2–HFE2, NECP, E2, N1, and C1; fig. 1) indicating its trace is about 10 
miles or more in length. Onshore hydrostratigraphy is projected onto profile, although the upper and lower boundaries of 
the permeable units are located approximately. Onshore, the Upper Floridan aquifer and Avon Park permeable zone are 
protected underground sources of drinking water. Modified from Cunningham and others (2012).
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Figure 12. Seismic-reflection profile C2–HFE2 (fig. 1) showing a near-vertical strike-slip fault and a narrow 
karst collapse structure west of the fault.
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Figure 13. Three-dimensional diagram of geomodel based on 20 seismic-reflection profiles, including 
the 2TIE seismic-reflection profile (fig. 1; Cunningham and others, 2012). The geomodel shows a single 
seismic-reflection profile acquired from above the Miami Terrace (fig. 1) and two reverse fault planes 
(purple and cyan colored, arrows show relative movement) breaching reflections equivalent to middle 
Eocene carbonate strata of the Floridan aquifer system. Three fault planes are not shown in order to best 
show offset of the two principal reverse faults. Yellow arrows point to two seismic-reflections indicating 
structural offset between fault blocks. Reflections below the angular unconformity represent carbonate 
strata equivalent to an onshore upper part of the Florida aquifer system. Onshore, the Upper Floridan 
aquifer and Avon Park permeable zone are protected underground sources of drinking water. Modified 
from Cunningham and others (2012).
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structures on the southeastern part of the Florida Platform. 
Reverse-fault movement sometime between the Oligocene 
to early Pleistocene is compatible with the timing of tectonic 
movement of the Santaren anticline (Southern Santaren 
Channel, Great Bahama Bank) reported by Masaferro and 
others (1999, 2002). To the east of the Florida Platform, 
Mulder and others (2013) reported observations that are 
consistent with late Cenozoic westward tectonic tilting on the 
Little Bahama Bank, which is temporally compatible with 

of the uplift and movement along these reverse faults is also 
consistent with the occurrence of a widespread compressional 
event in the late Miocene and early Pliocene that Missimer and 
Maliva (2004) proposed as the source of folding in southern 
Florida. This compressional event could have generated 
reverse faulting throughout southern Florida. Missimer and 
Maliva (2004) attribute tectonic deformation in southern 
Florida to episodic interactions between the Caribbean and 
North American plates southeast of the Florida Platform. Alter-
natively, it is possible that compressional uplift and reverse 

movement along the Sunniland strike-slip fault system (Klit-
gord and others, 1984; McClay and Bonara, 2001). Finally, it 
is possible the timing of the movement along the reverse faults 
beneath the Miami Terrace coincides with middle Miocene to 
early Pliocene movement along the strike-slip fault mapped 
beneath Biscayne Bay. 

Buried Karst Collapse

karst collapse structures in Biscayne Bay using marine 

(Cunningham, 2013; Reese and Cunningham, 2013, 2014) 
and data collected in 2011 across the southeastern Florida 

F). This body of evidence 
supports the assertion that karst collapse structures are 
common structural features beneath southeastern peninsular 

400 ft to approximately 3 mi in diameter. The structures identi-

These patterns characterize physical features, as indicated by 

Although no karst collapse structures were observed 

(Klimchouk, 2000) karst collapse and probable associated 
fault movement within a collapse structure in the carbonate 
Oldsmar Formation and lower part of the Avon Park Formation 
is evident above fractured, highly disturbed strata, and breccias 
that correspond to cave facies 3 and 4 of Loucks and others 

interpreted as vertically coalesced, collapsed paleocaves 
(pl. 2). Other evidence for karst collapse includes borehole 
geophysical log signatures (Ronald S. Reese, U.S. Geological 
Survey, written commun., 2009) that indicate highly fractured 
rock, and vertical offset of geophysical log markers at the 

(pl. 2). High travel times measured on borehole sonic log data 

probably due to cycle skipping and indicate highly fractured 

does enlarged caliper measurements well beyond the drilled 
borehole diameter (Ronald S. Reese, U.S. Geological Survey, 
written commun., 2009; pl. 2). These borehole geophysical 
log data and borehole video data show that fractured and 
disturbed strata associated with the collapsed caves span a 
vertical interval of about 900 ft from the top of the Boulder 

larger collapsed paleocave system, located in the lower part 

karst collapse structures in carbonate rocks that have similar 
physical characteristics to the structures delineated in the Flor-

and Walker (2009), Cunningham and others (2012), 
Cunningham (2013), and Reese and Cunningham (2013, 2014). 
Karst collapse structures outside of southeastern Florida 
include examples located in (1) northeastern Florida 
(Kindinger and others, 2000; Spechler, 2001), (2) the La 
Belle area of the Caloosahatchee River (Cunningham and 
others, 2001b), (3) Tampa Bay and Charlotte Harbor in 

Hine, 1991; Hine and others, 2009), (4) the northeast Florida 

serve as comparative analogs that provide clues about the 

Texas (Loucks, 1999); Middle Ordovician dolomite and 

and Miocene limestone in the South China Sea (Story and 

studies also serve as excellent analogs. For example, the study 

and Upper Ordovician Montoya Group in western Texas. 

Texas (Kerans, 1988; Loucks, 1999; Loucks and others, 2004) 
are also useful analogs to collapse structures observed in the 
subsurface of southeastern Florida.
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Summary and Conclusions
This report presents a seismic-sequence stratigraphic and 

near the North and South District “Boulder Zone” Well Fields 
and guides the interpretation using analogs from nine seismic-

understanding of the seismic structures and seismic-sequence 

-

the north and east of the North District “Boulder Zone” Well 

-
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