


Cover.   Two parts of seismic-reflection profile S7 showing artificial-neural-network-based 
meta-attribute calculations applied. Uninterpreted profile segments are shown on the left 
and interpreted profile segments on the right. Further details are provided in figure 30B–E of 
this report.





http://www.usgs.gov
http://store.usgs.gov
https://doi.org/10.3133/sir20175109


iii

Acknowledgments

The authors thank Michael Zygnerski, Barbara Powell, and Jennifer Jurado of the Broward 
County Environmental Planning and Community Resilience Division for providing logistical 
support and guidance during the course of the project. Fran Henderson (retired) and Susan 
Bodmann of the Broward County Department of Planning and Environmental Protection-Water 
and Wastewater Services extended direction and logistical support. Timothy Welch of the City of 
Sunrise Utilities Department contributed useful advice during planning of the seismic-reflection 
survey. David Smith of Arcadis provided assistance in acquisition of well data from the City of 
Hollywood. Jonathan Arthur of the Florida Geological Survey granted permission for examination 
of rock core and cuttings from wells in Broward and Miami-Dade Counties, and David Paul 
and Jesse Hurd of the Florida Geological Survey furnished logistical support and guidance for 
the task. Amanda Leavitt and Ricardo Melendez, student services contractors, provided skillful 
assistance with processing core samples. Kevin Defosset, Cooperative Ecosystem Studies Units 
collaborator, helped with construction of two figures.

Dorothy Sifuentes of the U.S. Geological Survey (USGS) Caribbean-Florida Water Science Center 
offered supervisory direction throughout the study. Robert Renken, USGS emeritus, provided 
assistance in the early years of project development and planning. G. Lynn Wingard of the USGS 
Eastern Geology and Paleoclimate Science Center is thanked for her notes used in identification 
of an oyster of the Gryphaeidae family. Jacqueline Powell, USGS volunteer, assisted generously 
with core-sample processing and providing guidance in the identification of benthic foraminifers.





v

Contents

Abstract............................................................................................................................................................1
Introduction.....................................................................................................................................................2

Purpose and Scope...............................................................................................................................5
Approach.................................................................................................................................................6
Previous Studies in Southeastern Florida.........................................................................................6

Methods of Investigation...............................................................................................................................6
Core Sample and Well Cutting Analysis.............................................................................................6
Foraminiferal Paleontologic Analysis...............................................................................................10
Seismic-Reflection Data Acquisition and Processing...................................................................10
Synthetic Seismogram Generation and Correlation......................................................................10
Horizon Mapping, 3D Velocity Function, and Depth Conversion.................................................11
Geomodeling.........................................................................................................................................14
Seismic-Attribute Analyses...............................................................................................................14

Geology and Sequence Stratigraphy........................................................................................................14
Oldsmar Formation..............................................................................................................................15
Avon Park Formation...........................................................................................................................18
Arcadia Formation...............................................................................................................................27

Hydrogeology................................................................................................................................................36
Seismic Stratigraphy....................................................................................................................................37

Seismic Sequence O3.........................................................................................................................39
Seismic Sequence AP1.......................................................................................................................41
Seismic Sequence AP2.......................................................................................................................41
Seismic Sequence AP3.......................................................................................................................52
Composite Seismic Sequence Ar1....................................................................................................52
Seismic Sequence Ar5........................................................................................................................52
Seismic Sequence Ar6........................................................................................................................55
Seismic Sequence Ar7........................................................................................................................55

Seismic Structures ......................................................................................................................................55
Seismic-Sag Structures......................................................................................................................56
Attribute Analysis of Seismic Structures.........................................................................................59

Summary and Conclusions..........................................................................................................................60
References Cited..........................................................................................................................................62
Glossary..........................................................................................................................................................69

Glossary References Cited.................................................................................................................70

Plates

[Available for download at https://doi.org/10.3133/sir20175109]

	 1.	 Synthetic seismograms from Floridan aquifer system wells, eastern Broward  
County, Florida, part 1

	 2.	 Synthetic seismograms from Floridan aquifer system wells, eastern Broward  
County, Florida, part 2

http://doi.org/10.3133/sir20175109


vi

	 3.	 Block models showing altitudes of eight depositional-sequence upper boundaries  
of the Oldsmar Formation, Avon Park Formation, and Arcadia Formation, eastern 
Broward County, Florida

	 4.	 Maps showing altitudes of eight depositional-sequence upper boundaries of  
the Oldsmar Formation, Avon Park Formation, and Arcadia Formation, eastern  
Broward County, Florida

	 5.	 Detailed graphical lithologic log of the Avon Park Formation in the G–2984 test 
corehole

	 6.	 Uninterpreted seismic-reflection profile along the Hillsboro Canal, eastern  
Broward County, Florida

	 7.	 Interpreted seismic-reflection profile along the Hillsboro Canal, eastern  
Broward County, Florida

	 8.	 Uninterpreted seismic-reflection profiles along the C-13 Canal, eastern  
Broward County, Florida

	 9.	 Interpreted seismic-reflection profiles along the C-13 Canal, eastern  
Broward County, Florida

	 10.	 Uninterpreted seismic-reflection profiles along the L-35A and L-36 Canals,  
eastern Broward County, Florida

	 11.	 Interpreted seismic-reflection profiles along the L-35A and L-36 Canals,  
eastern Broward County, Florida

	 12.	 Uninterpreted seismic-reflection profiles along the North-New River Canal,  
eastern Broward County, Florida

	 13.	 Interpreted seismic-reflection profiles along the North-New River Canal,  
eastern Broward County, Florida

	 14.	 Uninterpreted seismic-reflection profiles along the C-11 Canal, eastern  
Broward County, Florida

	 15.	 Interpreted seismic-reflection profiles along the C-11 Canal, eastern  
Broward County, Florida

	 16.	 Uninterpreted seismic-reflection profiles along the C-9 Canal, Miami-Dade and 
Broward Counties, Florida

	 17.	 Interpreted seismic-reflection profiles along the C-9 Canal, Miami-Dade and  
Broward Counties, Florida

	 18.	 Uninterpreted seismic-reflection profiles along the eastern C-9 Canal, Oleta  
River, and Intracoastal waterway, Miami-Dade County, Florida

	 19.	 Interpreted seismic-reflection profiles along the eastern C-9 Canal, Oleta River,  
and Intracoastal waterway, Miami-Dade County, Florida

	 20.	 Detailed graphical lithologic log of the Arcadia Formation in the G–2984 test  
corehole

	 21.	 Multi-attribute fault and chimney analyses of a seismic reflection profile along  
the Hillsboro Canal, eastern Broward County, Florida

Figures

	 1.  Map showing location of southeastern Florida and the eastern Broward  
County and northeastern Miami-Dade County study area.....................................................3

	 2.  Correlation chart showing relations between hydrogeologic units, geologic  
units, and seismic horizons in the eastern Broward County and northeastern  
Miami-Dade County study area...................................................................................................4



vii

	 3.  Correlation chart for the G–3805 well in the southeastern part of the study area 
showing relations within the Floridan aquifer system between geophysical well  
logs, synthetic seismogram, seismic horizons, seismic sequences, depositional 
sequences, geologic data, hydrogeologic units, biozonation, and velocity function  
for the study area.........................................................................................................................12

	 4.  Correlation chart for the G–2984 well in the northeastern part of the study area 
showing relations within a lower part of the intermediate confining unit and an 
upper part of the Floridan aquifer system between geophysical well logs, a 
synthetic seismogram, seismic horizons, seismic sequences, depositional 
sequences, geologic data, hydrogeologic units, a biozonation, and velocity  
function for the study area.........................................................................................................13

	 5.  Conceptual west-to-east cross section across the study area that shows  
the Eocene to Pleistocene geologic units, depositional sequences, and  
hydrogeologic units.....................................................................................................................16

	 6.  Block diagram showing subsurface geomodel of the study area with focus on  
the depositional sequences within the upper part of the Oldsmar Formation, 
shallow-marine platform carbonates of the Avon Park Formation, the sheet-like, 
widespread mixed carbonate and siliciclastic of the lower part of the Arcadia 
Formation, and three distally steepened carbonate ramps of the upper part of the 
Arcadia Formation.......................................................................................................................17

	 7.  Geophysical log showing lithologic and borehole geophysical data acquired  
from the G–2991 well located in the study area.....................................................................19

	 8.  Borehole video images acquired in the G–2991 City of Davie IW–1 well..........................20
	 9.  Photograph showing a 4-inch-diameter core acquired in the G–2991 City of Davie 

IW–1 well from the uppermost part of a dolomite that bounds the upper surface  
of the rocks of depositional sequence O3 and the top of the Oldsmar Formation............20

	 10.  Correlation chart showing detailed distribution of foraminifera in the G–3805 well 
and their corresponding assemblage zones for Oldsmar Formation depositional 
sequences O2 and O3, and the lower to middle part of the Avon Park Formation...........21

	 11.  Charts showing two of four ideal high-frequency cycles defined for depositional 
sequences AP1 and AP2 using core and optical borehole-wall images from the 
G–2984 test corehole (pl. 5) and slabbed core from the wells.............................................25

	 12.  Charts showing two of four ideal high-frequency cycles defined for depositional 
sequence AP2, and AP3 using core and optical borehole- wall images from the 
G–2984 test corehole (pl. 5) and slabbed core from the wells.............................................26

	 13.  Geophysical log showing the boundary separating depositional sequence AP1  
and superjacent depositional sequence AP2 in the G–4002 corehole located in  
the study area...............................................................................................................................28

	 14.  Geophysical log showing the boundary at the upper bounding surface of 
depositional sequence AP2 that separates it from depositional sequence AP3  
in the G–2984 test corehole located in northeastern Broward County..............................29

	 15.  Geophysical log showing the boundary separating depositional sequence AP3  
and superjacent composite depositional sequence Ar1 in the G–2984 test  
corehole located in northeastern Broward County...............................................................30

	 16.  Geophysical log showing the boundary separating depositional sequence Ar7 
and superjacent depositional sequences PR2 in test corehole G–2984 located in 
northeastern Broward County...................................................................................................32

	 17.  Geophysical log showing the uppermost part of composite depositional  
sequence Ar1, the lowermost part of the depositional sequence Ar5, and the  
boundary that separates them in the G–2984 test corehole located in  
northeastern Broward County...................................................................................................33



viii

	 18.  Geophysical log showing the boundary separating depositional sequences Ar5 
and Ar6 in test corehole G–2984, located in northeastern Broward County.....................34

	 19.  Geophysical log showing the boundary separating depositional sequences Ar6 
and Ar7 in test corehole G–2984, located in northeastern Broward County.....................35

	 20.  Uninterpreted seismic-reflection profile S7............................................................................38
	 21.  Interpreted seismic-reflection profile S7 showing the seismic sequence  

stratigraphy that is the major focus of this study...................................................................40
	 22.  Uninterpreted part of seismic-reflection profile S18 shown in figures 23 and 24............42
	 23.  Interpreted part of seismic-reflection profile S18 shown in figure 22................................43
	 24.  Interpreted part of seismic-reflection profile S18 shown in figure 22................................44
	 25.  Uninterpreted part of seismic-reflection profile S7 shown in figure 26.............................45
	 26.  Interpreted part of seismic-reflection profile S7 shown in figure 25..................................46
	 27.  Uninterpreted part of seismic-reflection profile S7 shown in figure 28.............................47
	 28.  Interpreted part of seismic-reflection profile S7 shown in figure 27..................................48
	 29.  Uninterpreted seismic-reflection profile S7 shown in figure 30..........................................49
	 30.  Interpreted seismic-reflection profile S7 shown in figure 29...............................................50
	 31.  Uninterpreted part of seismic-reflection profile S7 shown in figure 21.............................53
	 32.  Interpreted part of seismic-reflection profile S7 shown in figure 31 featuring  

reflection configurations that bound seismic sequence AP3 and provide  
evidence for a seismic sequence boundary at its top and bottom.....................................54

	 33.  Uninterpreted part of seismic-reflection profile S1 shown in figure 34.............................56
	 34.  Interpreted part of seismic-reflection profile S1 shown in figure 33 acquired  

along the easternmost part of the Hillsboro Canal with interpreted seismic  
stratigraphy...................................................................................................................................57

	 35.  Interpreted seismic-reflection profiles S8, S9, and S10 .......................................................58

Tables

	 1.  Seismic-reflection profile identifiers, year acquired, and county within which 
acquired for all seismic-reflection profiles used in this study...............................................7

	 2.   Well identifiers, locations, and information for all wells used in the study........................8
	 3.   Well G–3805 foraminiferal distribution chart.........................................................................22



ix

Conversion Factors

Inch/Pound to International System of Units

Multiply By To obtain

Length

inch (in.) 2.54 centimeter (cm)
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Area

square mile (mi2)  2.590 square kilometer (km2) 
Volume

cubic inch (in3) 16.39 cubic centimeter (cm3)
Velocity

foot per second (ft/s) 0.3048 meter per second (m/s)

Datum

Vertical coordinate information is referenced to the North American Vertical Datum of 1988 
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above or below the vertical datum.

Supplemental Information

Concentrations of chemical constituents in water are given in milligrams per liter (mg/L).

Abbreviations

2D two-dimensional
3D three-dimensional
ASR aquifer storage and recovery
Hz hertz
kHz kilohertz
RMS reservoir management software
USGS U.S. Geological Survey

























































































































Seismic Structures     59

In three dimensions, the sags are conceptualized as having 
a columniform shape on the basis of comparisons to 
mapped seismic reflection results in nearby Biscayne Bay 
(Cunningham and Walker, 2009; Cunningham, 2015), offshore 
of Miami-Dade County in the Atlantic Ocean (Cunningham 
and others, 2012), and ancient circular examples of seismic 
sag structures in other carbonate provinces of the world 
(for example, Hardage and others, 1996; McDonnell and 
others, 2007; Betzler and others, 2011). Cunningham and 
Walker (2009) provided a detailed characterization of the 
southeastern Florida seismic-sag structures and seismic 
evidence that the seismic-sag structures are physical structural 
systems resulting from karst collapse. The bottoms of 
these structural systems are in many cases not visible on 
seismic-reflection profiles, because the signal-to-noise ratio of 
the seismic data decreases with increasing depth, especially 
below the upper part of seismic sequence O3 and within 
seismic sequence O1. The presence of karst features causes 
“noisy” data to persist below the karst (Cai and others, 2011). 
The base of most seismic-sag structures may be within 
seismic sequence O1 where chaotic seismic reflection 
patterns are common, probably indicating widespread 
occurrence of autogenic breccia and karst collapse. The 
bottom of one particular seismic-sag structure in eastern 
Broward County extends much deeper than the others, and 
the sagging seismic-reflections extend vertically upward 
about 7,600 ft from carbonate rock within the uppermost 
Lower Cretaceous to near the top of the Peace River 
Formation (fig. 35). Other examples of seismic-sag structures 
in southeastern Florida have been imaged by Cunningham 
and Walker (2009, figs. 3–5), Cunningham and others 
(2012, fig. 4), Cunningham (2013, fig. 3), and Cunningham 
(2015, figs. 7, 9, and 12). Measured heights of other 
seismic-sag structures in the study area are as great as about 
2,500 ft. The great depths of these structures preclude epigenic 
karst collapse mechanisms (karst related to surface recharge 
[Klimchouk, 2000]) and indicate hypogenic karst. Hypogenic 
karst is formed by carbonate dissolution from water whose 
aggressiveness was produced at depth and not at or above 
the land surface (Palmer, 2007). Hypogenic karstification is 
the most probable dissolution mechanism, resulting in deeply 
buried karst collapse structures. Spechler (1994, 2001), 
Cunningham and Walker (2009), and Audra and Palmer (2015) 
have speculated on mechanisms involving the dissolution 
of rocks of the Floridan aquifer system by upward flowing, 
cross-formational groundwater, a hypogenic karst process. 

Attribute Analysis of Seismic Structures

Advanced techniques for attribute analysis were 
applied to the S1 seismic-reflection profile acquired along 
the Hillsboro Canal in northeastern Broward County 
(fig. 1, pl. 21) to better evaluate fault and fracture probabilities 
within the vertical extent of seismic-sag structures and 
the associated potential for vertical cross-formational 
fluid-migration pathways. Neural-network fault-cube 

attribute analysis of the dip-steered, median-filtered S1 
seismic-reflection profile showed vertically oriented zones 
of high fault probability (pl. 21). Centered on the large sag 
structure at shot-point 2095 (pl. 21), near the eastern end of 
the S1 seismic-reflection profile, the fault attribute calculations 
that used the profile data indicate two approximately 
500-ft-wide concentrated zones that have a high probability 
of faulting and that likely ring the sides of the seismic-sag 
structure when conceptualized in three dimensions (pl. 21). 
In addition, the fault-attribute zones extend upward from 
the lowermost limit of resolvable seismic-reflection data 
and within the Oldsmar Formation upward into seismic 
reflections representative of the Peace River Formation 
(pl. 21). A zone of coherent reflections centered at shot 
point 2095 is vertically sandwiched by zones that have a high 
probability of faults and fractures (pl. 21). If imaged in three 
dimensions, a less-faulted cylindrical core of the seismic-sag 
structure would be surrounded by extensional ring faults 
(Bertoni and Cartwright, 2005). The two high-probability fault 
zones above seismic sequence Ar7 diminish within the thin 
overlying seismic sequence representing deltaic sediments 
of the lower part of the Peace River Formation. A few very 
narrow high-probability fault zones extend farther upward into 
eastward dipping seismic reflections equivalent to fine-grained 
carbonate slope deposits of the lower part of the Stock Island 
Formation (pl. 21).

Located about 1,700 ft to the east of the shot point 2095 
seismic-sag structure is a reverse fault defined by minor offset 
in seismic reflections on either side of where a fault plane 
would intersect seismic-reflection profile S1 (pl. 21). A very 
narrow black line indicates a zone of high-probability of 
faulting and fracturing emphasizes the location of the fault at 
shot point 1,325 on plate 21. The reverse fault extends upward 
from the maximum limit of resolvable seismic-reflection 
data within the Oldsmar Formation into seismic reflections 
representative of the Peace River Formation and the lower 
part of the Stock Island Formation (pl. 21). The reverse 
fault terminates about 75 ft above the top of the Peace River 
Formation (pl. 21). The high amplitude reflections that 
represent the Peace River Formation sharply transition to low 
amplitudes on the western side of the reverse fault (pl. 21). 
This reverse fault has up to about 19 ft (5 milliseconds 
two-way traveltime) of upthrown versus downthrown offset 
between reflections within the Arcadia Formation.

Near the eastern edge of the seismic-reflection profile S1, 
a third zone of high-probability for faulting is associated with 
a seismic-sag structure centered on shot point 225 (pl. 21). 
This approximately 1,500-ft-wide zone of high-probability 
for faulting gradually widens with depth down to the top of 
seismic sequence O3, where signal attenuation limits the 
ability to interpret fault attribute results near the base of the 
seismic-reflection profile. The seismic-sag structure and 
associated zone of high-probability for faulting extend upward 
from about the maximum limit of resolvable seismic-reflection 
data representative of much of the Oldsmar Formation to 
an altitude near the top of seismic sequence AP3 (pl. 21). In 
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addition, a few discrete zones extend upward into composite 
seismic sequence Ar1 and beyond into seismic reflections 
representative of the Peace River Formation and Stock 
Island Formation (pl. 21). Thus, the highest density part of 
the zone of high-probability for faulting is from within the 
seismic reflections representative of the Oldsmar Formation 
upward to near the top of seismic sequence AP3 or top of 
the Avon Park Formation (pl. 21). Although the eastern limit 
of this seismic-sag structure is not fully imaged on plate 21 
(because of a lack of any seismic-reflection data eastward 
of this limit), the western side of the seismic-sag structure 
has a notable concentration of zones of high-probability for 
faulting (pl. 21), indicating that this seismic-sag structure 
includes extensional ring faults in its outer perimeter 
(Bertoni and Cartwright, 2005). 

Chimney attribute analysis along part of 
seismic-reflection profile S1 (fig. 1, pl. 21) yielded a color 
image of fluid-migration pathway (“chimney”) probabilities 
on the seismic-reflection profile. The fluid-migration 
pathway probabilities closely correspond to fault attribute 
results (pl. 21). Fluid-pathway probabilities are highest 
along probable faults in zones that rim the large seismic-sag 
structure centered on shot-point 2095 (pl. 21). 

Neural-network fault attribute calculations along the 
seismic-reflection profile S1 (fig. 1) suggest that extensive 
faulting, concentrated along the sides of the seismic-sag 
structure centered on shot point 2095, is responsible for 
the down-dropped, or sagging, pattern observed on the 
seismic-reflection profile (pl. 21). These dense zones of 
high-probability for faulting are interpreted to reflect 
concentrated normal faulting along the sides of a karst 
collapse structure. This interpretation is consistent with the 
down-dropped nature of the strata and with the structural 
interpretations of Cunningham (2014) and Reese and 
Cunningham (2014). The apparent gradual widening of fault 
distribution with depth, particularly within and below the 
Avon Park Formation, is consistent with karstic collapse 
growth over time reported in other basins (for example, 
McDonnell and others, 2007) and additional karst collapse 
structures on the southeastern Florida Platform (Cunningham 
and Walker, 2009; Cunningham, 2015). Furthermore, the 
collapse structure appears to be rooted well below the top 
of seismic sequence O3; however, because of diminished 
resolution with increasing depth, the exact altitude is 
uncertain, because the top of seismic sequence O1 is poorly 
resolvable and underlying seismic-reflection continuity is poor 
for seismic-reflection profile S1. Slight stratigraphic offsets 
or reflector sagging observed above the top of composite 
seismic sequence Ar1 indicates that the collapse structure 
and associated faults extend upward well into the Peace 
River Formation and possibly above it into the Stock Island 
Formation and Ochopee Member of the Tamiami Formation 
(Cunningham 2013; Reese and Cunningham, 2014). Faults 
extending into the Tamiami Formation indicate that some 
of the collapse occurred during the late Pliocene (Reese and 
Cunningham, 2014, fig. 13) or possibly later. The late timing 
of the collapse and its deep burial rules out an epigenic 

origin for the karst collapse and is indicative of hypogenic 
karst. Sagging seismic reflections within the Peace River 
Formation siliciclastics that overlie the Arcadia Formation 
also suggest that karst collapse is the result of hypogenic 
processes that occurred during late Miocene to early Pliocene 
time or even possibly later (sag numbers C1, C6, C8, C11; 
fig. 1, pls. 7, 13, and 15). The zone of dense faulting near 
shot point 225 on the eastern edge of the profile appears to be 
the result of deeply buried karstic collapse rooted below the 
top of seismic sequence O3. Although signal attenuation is 
relatively higher within the seismic data on seismic-reflection 
profile S1 compared to overlying data, an overall increase in 
attribute-derived fault probability within Oldsmar Formation 
equivalent seismic reflections (figs. 29 and 30, pl. 21) suggests 
the increased faulting and fracturing within the unit is due to 
karstification. This probably led to subsequent cave formation 
and collapse and, in some cases, is the level of origin for other 
seismic-sag structures in the study area.

The chimney attribute results provide further information 
about the relations between faulting, karst collapse structures, 
and potential near-vertical fluid pathways through the 
carbonate strata. Plate 21 shows that probable fluid pathways 
are closely correlated to karst collapse features near a tectonic 
fault that is likely deep-seated, a relationship previously 
noted elsewhere in northeastern Florida by Popenoe and 
others (1984). Prominent zones of high chimney probability 
coincide with the sides of the collapse structure centered 
on shot point 2095 (pl. 21). Similarly, chimney probability 
increases below the top of the seismic sequence O3 horizon, 
indicating there is a substantial increase in fluid pathways 
below this horizon that could contribute to the potential for 
upward flow of groundwater and carbonate rock dissolution 
along vertical pathways.

Summary and Conclusions
The purpose of this study is to characterize the sequence 

stratigraphy, seismic stratigraphy, and seismic structures of 
the lower part of the intermediate confining unit and most of 
the Floridan aquifer, so water managers can better understand 
the hydrogeologic controls on groundwater movement 
through these hydrogeologic units. The study included the 
integration of geologic and geophysical borehole data from 
45 wells and approximately 80 miles of seismic-reflection 
data acquired in canals of eastern Broward County and 
northeastern Miami-Dade County. These data provide a 
regional sequence-stratigraphic, hydrogeologic, and structural 
conceptual framework of the rocks that compose the lower 
part of the intermediate confining unit downward to the 
uppermost part of the Boulder Zone. These rocks lie between 
beds in the upper part of the Boulder Zone and the upper 
bounding surface of the Arcadia Formation. The association 
of highly permeable units and unconformities in well data 
and their correlation to seismic data was critical to producing 
a unified 3D sequence-stratigraphic and hydrogeologic 
conceptual geomodel. 
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The stratigraphic analyses applied to the borehole data 
and seismic-reflection data were used to map eight uniquely 
distributed major depositional cycles (seven depositional 
sequences and one composite sequence) and a corresponding 
seismic stratigraphy. The depositional sequence stratigraphy 
was delineated for the Oldsmar Formation (depositional 
sequences O1 and O3), the Avon Park Formation (depositional 
sequences AP1, AP2, and AP3), the lower part of the Arcadia 
Formation (composite depositional sequence Ar1), and the 
upper part of the Arcadia Formation (depositional sequences 
Ar5, Ar6, and Ar7). Four additional unmapped depositional 
sequences (depositional sequences Ar1, Ar2, Ar3, and Ar4) 
form the composite depositional sequence Ar1. 

Upper depositional sequence boundaries and seismic 
sequence boundaries correspond well or generally to upper 
surfaces of four major permeability units of the Floridan 
aquifer system: the Upper Floridan aquifer, Avon Park 
permeability zone, uppermost major permeable zone of 
the Lower Floridan aquifer, and the Boulder Zone. The 
upper boundaries of depositional sequence O1 and seismic 
sequence O1 correspond to the upper surface of the Boulder 
Zone, the upper boundaries of depositional sequence O3 
and seismic sequence O3 correspond to the upper surface of 
the uppermost major permeable zone of the Lower Floridan 
aquifer, the upper boundaries of depositional sequence AP1 
and seismic sequence AP1 roughly correspond to the 
top of the Avon Park permeability zone, and the upper 
boundaries of composite depositional sequence Ar1 and 
composite seismic sequence Ar1 are approximate indicators 
of the top of the Upper Floridan aquifer. Depositional 
sequence O1 corresponds to a thick dolomite in the lower 
part of the Oldsmar Formation, depositional sequence O3 
corresponds to the upper part of the Oldsmar Formation, 
depositional sequence AP1 corresponds to the lower part 
of the Avon Park Formation, and composite depositional 
sequence Ar1 corresponds to the lower part of the Arcadia 
Formation. In southeastern Florida, sequence stratigraphy 
and seismic stratigraphy were useful tools for the correlation 
of ancient subaerial exposure at unconformities and related 
secondary porosity at the upper surfaces of carbonate 
depositional cycles of several hierarchical scales ranging 
from high-frequency cycles to depositional sequences. 
Thus, the use of these two stratigraphic methods has 
enabled a more accurate delineation of aquifer stratigraphy 
in southeastern Florida than possible with well data alone. 
In the study area, secondary porosity associated with the 
upper part of some unconformity-bound seismic sequences 
has a direct correlation with relatively high permeability 
hydrogeologic units. 

Shallow-marine platform carbonates compose the 
upper part of the Oldsmar Formation. In the study area, 
data from core samples indicate that the upper part of the 
Oldsmar Formation in the study area is composed of thin 
high-frequency peritidal cycles at a foot- to several-foot-scale 
and less-common, thicker subtidal cycles deposited on a 
carbonate platform interior. Dolomite beds, averaging about 

100 feet in cumulative thickness and interbedded with 
limestone, compose the uppermost Oldsmar Formation, 
which was formed by foot-scale, high-frequency, peritidal 
cycles. Fractured Oldsmar Formation core samples from 
the G–2991 City of Davie IW–1 well reflect unconformable 
geologic relations observed in a nearby seismic-reflection 
profile. Data from this profile suggest karst solution processes 
(paleo-sinkholes and vuggy megaporosity), along with a 
fractured and faulted Oldsmar Formation dolomite, produced 
a highly irregular paleotopography along a subaerial exposure 
surface coincident with a major regional unconformity at 
the upper bounding surface of the formation. The fractured, 
faulted, vuggy dolomite of the uppermost Oldsmar Formation 
forms the uppermost major permeable zone of the Lower 
Floridan aquifer. The substantial acoustic contrast between the 
dolomite at the top of the Oldsmar Formation and limestone 
at the base of the overlying Avon Park Formation creates a 
mappable, high-amplitude seismic reflection that typically 
provides a good seismic horizon for mapping the top of 
the Oldsmar Formation and the top of the uppermost major 
permeable zone of the Lower Floridan aquifer. The absence 
of dolomite in all Avon Park Formation core samples, in 
contrast to the common dolomite and thicker, more pervasive 
desiccation features capping peritidal cycles within the 
Oldsmar Formation, suggests warmer climatic conditions 
existed during upper Oldsmar Formation deposition as 
compared to Avon Park Formation deposition. The presence 
of a Fallotella floridana-Coskinolina floridana benthic 
foraminifer assemblage zone in limestone of the Avon Park 
Formation above the dolomite as compared to the presence 
of a Helicostegina gyralis-Thomasella benthic foraminifer 
assemble zone below dolomite within an upper part of the 
Oldsmar Formation also support the presence of a hiatus 
(major sequence boundary) and change in environmental 
conditions at the upper bounding surface of depositional 
sequence O3 that separates the top of the Oldsmar Formation 
and base of the Avon Park Formation.

The Avon Park Formation is composed of three major 
depositional sequences, in ascending order, depositional 
sequence AP1, AP2, and AP3. The two oldest sequences are 
dominated by highstand deposits composed of three types of 
ideal high-frequency cycles: (1) microbial laminite-capped 
grain-rich peritidal cycles; (2) rhizolith- and mud-capped 
micrite-rich peritidal cycles; and (3) Glossifungites-capped 
subtidal cycles. The uppermost depositional sequence 
(AP3) is an incomplete depositional cycle and composed of 
mainly transgressive packstone and grainstone that backstep 
over underlying depositional sequence AP2. A fourth ideal 
high-frequency cycle type—an aggradational grain-rich 
subtidal cycle—dominates the cycles composing depositional 
sequence AP3. Diffuse flow zones are generally restricted to 
grainstones and grain-dominated packstone of depositional 
sequence AP3, and concentrated flow through porous 
vuggy intervals is generally restricted to the upper part of 
rhizolith- and mud-capped micrite-rich peritidal cycles in the 
upper part of depositional sequence AP1. 
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Composite depositional sequence Ar1 composes the 
lower part of the Arcadia Formation and consists of four 
topography-draping, aggradational depositional sequences. 
The composite sequence is expressed on seismic-reflection 
profiles as a sheet seismic facies unit and is composed of two 
shallow-marine carbonate sequences and two shallow-marine 
mixed carbonate-siliciclastic sequences. The base of the 
intermediate confining unit and top of the Upper Floridan 
aquifer lie within composite depositional sequence Ar1. 
The upper part of the Arcadia Formation contains three 
depositional sequences, each forming a distally steepened 
carbonate ramp, with an eastern progradational limit in 
eastern coastal Broward County and northeastern Miami-Dade 
County. The three ramps are expressed on seismic-reflection 
profiles as bank seismic facies units. The progradational ramp 
margin of depositional sequence Ar6 oversteps the ramp 
margin of Ar5. The ramp margin slope of both depositional 
sequence Ar5 and Ar6 downlap onto the upper bounding 
surface of composite depositional sequence Ar1. Depositional 
sequence Ar7 backsteps in a paleo-landward direction. The 
progradational ramp margin of depositional sequence Ar7 and 
the toe of the ramp margin downlap onto the upper bounding 
surface of depositional sequence Ar6. The particles of the 
lower and upper parts of the Arcadia Formation are dominated 
by a heterozoan particle assemblage, indicating temperate 
water conditions during deposition of the Arcadia Formation. 
The upper part of the Arcadia Formation is contained within 
the lower part of the intermediate confining unit, but the 
base of the intermediate confining unit is within composite 
depositional sequence Ar1. Low permeability packstone, 
wackestone, lime mudstone, marl, and terrigenous mudstone 
compose the rocks produced by the marginal depositional 
setting of the three ramps. Compared to 1D well data, the 2D 
seismic-reflection data provided the most useful information 
for defining the eastern limit of these three low-permeability 
confining ramps in eastern Broward County and northeastern 
Miami-Dade County.

Columniform seismic-sag structures, which have heights 
as great as 2,500 vertical feet, are the dominant element in 
the structural landscape of the study area. Seventeen vertical 
seismic-sag structures were identified on the seismic-reflection 
profiles. The seismic-sag structures are commonly visible 
on seismic-reflection profiles that image the early Eocene to 
Miocene age rocks that compose the Boulder Zone upward 
to the middle of the intermediate confining unit. One unique 
seismic-sag structure extends from the upper part of the Lower 
Cretaceous to rocks and sediment of Pliocene age over a 
vertical distance of about 7,800 feet.

Seismic-sag structures potentially form passageways 
for vertical cross-formational groundwater flow through the 
Floridan aquifer or flow of injected treated wastewater upward 
from the Boulder Zone into overlying strata. Advanced 
attribute analysis of two seismic-sag structures show a high 
probability of faults and fractures associated with karst 
collapsed seismic-sag structures and a high probability that 
the faults and fractures provide potential passageways for fluid 

flow. A seismic-reflection profile acquired along the Hillsboro 
Canal imaged a single reverse fault of inferred tectonic origin. 
Advanced attribute analysis of this fault indicates there is a 
high probability of a potential for vertical cross-formational 
flow along the fault; however, the low density of tectonic 
faults in the study area indicates they contribute minimally to 
upward groundwater flow within the Floridan aquifer system 
in eastern Broward County. The seismic-sag structures are 
the result of hypogenic karstification. Thus, the origin of the 
structures is related to the upward flow of fluids capable of 
dissolving carbonate rock that was plausibly concentrated 
along the intersections of deep-seated faults and joints.
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Glossary

aggressiveness  A measure of the 
relative capacity of water to dissolve rock 
material. In the context of karstification and 
speleogenesis, this usually concerns the 
dissolution of limestone or dolomite through 
the action of dissolved carbon dioxide 
(carbonic acid), although other acids may also 
be involved (Lowe and Waltham, 1995).
average energy  A post-stack 
seismic-reflection attribute that computes the 
sum of the squared amplitudes, divided by 
the number of samples within the specified 
window used. This provides a measure 
of reflectivity and allows the analysis and 
interpretation of geologic features within a 
zone of interest (Chopra and Marfurt, 2007).
chimney  Seismic noise caused by upward 
migration of fluids, most commonly 
gas, which degrades the quality of 
seismic reflection events and delineates a 
fluid-migration pathway (Aminzadeh and 
others, 2002).
composite sequence  Relatively 
conformable sets of strata bounded 
by subaerial unconformities and their 
correlative conformities arranged in 
distinctive retrogradational, aggradational, or 
progradational patterns. These higher order 
sequences stack into lowstand, transgressive, 
and highstand sets (Kerans and Kempter, 
2002). In this report, a composite depositional 
sequence was defined in the lower part of the 
Arcadia Formation and consists of only four 
aggradational, unconformity-bound, sheet-like 
depositional sequences, and thus is considered 
an incomplete composite sequence, because it 
lacks a complete suite of systems tracts.
depositional sequence  “A stratigraphic 
unit composed of a relatively conformable 
succession of genetically related strata and 
bounded at its top and base by unconformities 
or their correlative conformities.” (Mitchum 
and others, 1977b).
dip steering  The process of auto-tracking 
seismic data by following the precalculated, 
local dip and azimuth of seismic reflections.

epigenic karst   Formed by acid dissolution 
by water recharged from the surface 
(Klimchouk, 2000).
horizon-point data  All known x, y, z 
coordinates (including depths) from well 
or seismic-reflection data that are used for 
the interpolation process to create horizon 
surfaces.
hypogenic karst  “Hypogenic caves” and 
herein, karst “are formed by water in which 
the aggressiveness has been produced at depth 
beneath the surface, independent of surface or 
soil CO2 or other near-surface acid sources” 
(Palmer, 2000)
inner sag width  For seismic sag structures, 
inner sag width for an incremental seismic 
horizon in the overburden represents the 
distance between inflection points (that 
is, where the shape of the subsidence pro-
file changed from concave to convex) 
on both sides of the sag (McDonnell and 
others, 2007).
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Modified from McDonnell and others (2007).

karst  “A fluid flow system 
(geohydrodynamic system) with a permeability 
structure evolved as a consequence of 
dissolutional enlargement of initial preferential 
flow pathways, dominated by interconnected 
voids and conduits, and organized to facilitate 
the circulation of fluid in the downgradient 
direction due to the positive feedback between 
flow and conduit growth” (Klimchouk, 2015).
marl  A lithology consisting of 35 to 
65 percent carbonate and 65 to 35 percent 
clay (Pettijohn, 1957, p. 410; Flügel, 2004).
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meta-attribute  An attribute created from 
multiple input attributes.
reflection continuity  A seismic reflection 
parameter that “is closely associated with the 
continuity of strata; continuous reflections 
suggest widespread, uniformly stratified 
deposits.” (Mitchum and others, 1977a, p. 121).
seismic attribute  A seismic attribute 
extracts information from seismic reflection 
data that can be used for quantitative and 
qualitative interpretation (Chopra and 
Marfurt, 2008)—seismic amplitude is 
an example.
seismic facies unit  A “mappable, 
three-dimensional seismic unit composed 
of groups of reflections whose parameters 
differ from those of adjacent facies units.” 
(Mitchum and others, 1977a).
seismic sequence  “A depositional 
sequence . . . identified on a seismic section. 
It is a relatively conformable succession of 
reflections on a seismic section, interpreted 
as genetically related strata; this succession 
is bounded at its top and base by surfaces 
of discontinuity marked by reflection 
terminations and interpreted as unconformities 
or their correlative conformities. Seis-
mic sequences have all the properties of 
depositional sequences subject only to the con-
dition that these properties may be recognized 
and interpreted from the seismic reflection 
data.” (Mitchum and others, 1977a).
sequence stratigraphy  The study of rock 
relationships within a chronostratigraphic 
framework of repetitive, genetically related 
strata bounded by surfaces of erosion or 
nondeposition, or their correlative conformities 
(Van Wagoner and others, 1990).
shoulder width  For seismic-sag structures, 
shoulder width (see figure accompanying 
definition of inner sag width) is the distance 
from the inflection point to the point where the 
horizon flattens out (McDonnell and others, 
2007).
Underground Source of Drinking Water  The 
U.S. Environmental Protection Agency desig-
nation for an aquifer, or that part of an aquifer, 
that contains a sufficient quantity of groundwa-
ter to supply a public water system, contains 
fewer than 10,000 mg/L of total dissolved 
solids, and is not an exempted aquifer (U.S. 
Environmental Protection Agency, 2015).
Walther’s Law of facies  The principle that 
facies that occur in conformable vertical 

successions of strata also occur in laterally 
adjacent environments (Middleton, 1973).
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