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In this report, sequence stratigraphic relations are described for the Pleistocene carbonate rocks that form the Biscayne aquifer. Critical to defining this The stratigraphy of the Biscayne aquifer at the Levee 31N study area is characterized by vertical lithofacies successions (VLSs) that occur individually or SOUTH G-3784 NORTH
sequence stratlgraphy was dqllnqatlpn of the hthofa.cws of the Miami Limestone and Fort Thompsgn FOUH?{UOH- Sixteen lithofacies comprise the upper Fort bundled within high-frequency cycles (HFCs). The VLSs are the smallest set of genetically related lithofacies and represent the fundamental building blocks of the 4 T G-3788 em— G-3783 G-3782 — 4
Thompson Formation and Miami Limestone (Cunningham and others, 2004b). Eleven of these facies form important stratal components in the Fort Thompson Biscayne aquifer. The HFCs are defined on the occurrence of regional-scale bounding upper and lower exposure surfaces and their likely relation to fifth-order, 10- 2| E|E|2]| G789 =T F---oT G-3778 G-367119
Formation and Miami Limestone at the Levee 31N study area. Cunningham and others (2004b) defined these facies to include: (1) peloid grainstone and to100-kiloyear cyclic sea-level events. The VLSs are related to a single rise and fall in relative sea level in the less than 10- to 100-kiloyear duration range (fifth W -
wackestone; (?) peloid wackestone and pafzkstone; (3) gastropod ﬂogtstone and rudstone; (4) mudstone and wackestone; (5) pedogenic limestone (laminated order or higher), suggesting an association with sub-Milankovitch frequencies observed in patterns of cyclic deposition within the Fort Thompson Formation. SEALEVEL | 518 | SEALEVEL
calcrete, massive calcrete, and root-mold limestone); (6) skeletal grainstone and packstone; (7) pelecypod floatstone and rudstone; (8) sandy pelecypod float- Two types of ideal cycles have been defined for the Pleistocene limestone of the Biscayne aquifer: paralic and subtidal cycles. Paralic cycles are typically (NAVD 88) BT (NAVD 88)
stone and rudstone; (9) touching-vug (Lucia, 1999) pelecypod floatstone and rudstone; (10) sandy, touching-vug pelecypod floatstone and rudstone; and (11) composed of shallow-marine shelf facies that shallow upward and are capped by freshwater deposits. Incomplete paralic cycles are capped by brackish or re- <
quartz sandstone and skeletal sandstone (fig. 3). stricted marine deposits. The thicknesses of paralic cycles largely mimic the accommodation (plus decompaction) that occurs during the deposition of each cycle. - G-3787 I G-3781

Subtidal cycles are typical of the Miami Limestone and represented by HFC4 and HFCS. 4 = 8 -4
Delineation of Vertical Lithofacies Successions and High_Frequency Cyc]es A dual-porosity conceptual model is used to characterize the eogenetic karst Biscayne aquifer. This system contains vertically stacked interlayered conduit é T

Vertical lithofacies successions (VLSs) are the smallest set of genetically related lithofacies that form the fundamental building blocks of the Biscayne and diffuse-carbonate flow zones and leaky, low-permeability zones, which are placed within the context of a nested arrangement of VLSs and HFCs. The poros- |
aquifer. Individual high-frequency cycles (HFCs) are defined by single or repetitive VLSs (fig. 3). Kerans and Tinker (1997) indicated that HFCs are com- ity and permeability of the Biscayne aquifer are highly heterogeneous and anisotropic, and mostly related to secondary porosity that overprints vertically stacked 8. 3 gtk s
parable to the parasequences of Van Wagoner and others (1988). Marine flooding surfaces occur at or near the upper and lower boundaries of each VLS and lithofacies within VLSs. . . o .

HFC. A marine flooding surface is a surface separating younger from older strata across which water depth abruptly increases (Van Wagoner and others, _ Three ground-water flow classes were defined for the Biscayne aquifer based on subdividing the range of types of ground-water flow that occurs in the

1988). All bounding surfaces of HECs contain evidence of alteration by subaerial exposure; however, surfaces bounding VLSs and associated host rock do not aquifer according to unique categories of lithologies and kinds of pore systems that are contained in each flow class: (1) horizontal conduit; (2) diffuse carbonate; 19 - 12
2 > .1 . . . . . - —/— - -

always display such evidence of subaerial exposure (fig. 3). Alveolar textures (Goldstein, 1988) in host rock below upper bounding surfaces of VLSs in the and (3) leaky, low permeability. Throughout much of the aquifer, horizontal conduit flow zones are characterized by touching-vugs that have coalesced to form O I G-3786

Fort Thompson Formation provide evidence for subaerial exposure in some instances (fig. 4). Nonetheless, surfaces bounding VLSs with or without evidence a tabular shape. These porous zones typically occur directly above flooding surfaces. Ground-water flow for the conduit flow class is envisioned as a system in Z|E

of subaerial exposure are flooding surfaces (fig. 3). Subaerial exposure surfaces bounding HFCs are regional in extent across the southern part of the Florida which ground-water movement occurs from vug to vug, rather than a system of pipes or subsurface streams; water moves along a tabular-shaped passage formed ) 3

platform (Perkins, 1977), with those unique to VLSs having an indeterminate extent. by touching vugs that function as a major route for ground-water flow. Diffuse-carbonate flow is envisioned within lithofacies devoid of touching-vug porosity; the -16 % |<T: ar -16

In this study, VLSs are related to a single rise and fall in relative sea level in the less than 10- to 100-kiloyear duration range (fifth order and higher). The movement of ground water oceurs within a small-scale netqurk of interparticle, intraparticle, and separate-vug porosity as .ﬂow through vug-to-matrix-to-vug con- E ws I G-3780 E
HFCs develop during fifth-order 10- to 100-kiloyear sea-level cycles (Kerans and Tinker, 1997). As shown in figure 3, the HFCs of the Miami Limestone and nections. Ground-water flow within the leaky, low-permeability flow zones probably occurs at a relatively small scale within semivertical vugs and irregular pores w Dl I w
Fort Thompson Formation are equivalent to the Quaternary (Q) units of Perkins (1977), which have been interpreted to be the result of eustatic sea-level oscil- that transect a very low permeability matrix, except where bedding plane vugs are present. Bedding plane vugs, which have a sheet-like geometry, could represent ~ 2013|0 20 >
lations (Perkins, 1977; Multer and others, 2002; Hickey, 2004). Bundled VLSs might be related to allocyclic forces such as high-frequency, sub-Milankovitch significant conduits for moving large volumes of ground water. , . , , ) = <|L- - -
sea-level cycles (Locker and others, 1996; Mundil and others, 1996) or tectonically driven sea-level changes (Galli, 1991). Alternatively, bundled VLSs may Multiple lines of evidence, including water-level data, flowmeter measurements, fluid conductivity, fluid temperature, and mapped zones of stratigraphically &l wz & - N a
be associated with repeated autocyclic progradation and marine ﬂooding of parahc environments that include freshwater marshes and ponds’ or migration of controlled hlgh relative pOrOSlty strong]y suggeSt that the limestone of the Blscayne aqulfer is a mosaic of semlconﬁmng units and preferentlal flow zones. The -} 24 Z o _______ e -t T \‘ ok -24 )
shallow-water mud mounds and islands similar to those in Florida Bay (Enos and Perkins, 1979). geologic attributes of each VLS and HFC and their combined vertical arrangement was critical to correlation of flow zones in the Levee 31N study area. As shown = 2 CDI.) """""" | T =

Most VLSs and HFCs can be correlated using unique attributes such as the vertical arrangement of lithofacies at the cycle scale, diagenetic overprints, herein, sequence stratigraphy is useful in predicting the spatial distribution of ground-water flow zones within an eogenetic karst carbonate aquifer. ) 5 Ols B R __/— 5
and the vertical order of the stacking of VLSs and HFCs. The one-dimensional sequence stratigraphic framework or fingerprint of each well permitted discrete . Comparison of hydrogral?hs (du“ng a dry season period in 2004) at the two monitoring well glusters along. Levee 31N and surface-water stage n ENP n- < ) @) o [ o <
correlation of VLSs and HFCs and the hydraulic interconnection between wells (well-to-well connection of corresponding ground-water flow classes). dicates there was good hydraulic connection between the wetlands and the aquifer. Precipitation-driven changes in surface-water stage produced a rapid increase -281m|T Y G-3785 S o-28

in ground-water levels. For a wet-season period in 2003, borehole flowmeter, fluid-conductivity, and fluid-temperature data suggest that: (1) the Biscayne aquifer —
. beneath Levee 31N was mostly recharged by relatively low-salinity, warm surface water from the ENP wetlands along the canal reach spanning wells G-3782 and — o °
. ' . ngh'FrequenCy Cycles of the 'Levee 31N Study .AI”G% G-3788; and (2) there was possible confinement or semiconfinement between the more permeable flow zones of the Biscayne aquifer. Mapped patterns of bore- 32 DO: o N 3o

Stratigraphic research conducted since the late 1970s has improved the resolution of the sequence stratigraphic framework of the Fort Thompson hole-fluid conductivity and temperature suggest that relatively higher salinity, cooler Biscayne aquifer ground water may have dominated the flow field west of e )

Formation and Miami Limestone in southeastern Florida as reported by previous investigators. Perkins (1977) first divided the two rock formations into five Levee 31N, and there was more limited surface-water recharge in the most southern and northern parts of the study area. L:IIE & i
unconformity-bound or Q units (fig. 3). Galli (1991) further delineated the Fort Thompson Formation as a single depositional sequence containing eight para-

sequences defined “as sequences representing higher frequency, short-term phases of sedimentation.” Harrison and others (1984) and Multer and others (2002) -36 4 ] -36
subdivided the Q4 and QS units of Perkins, and Multer and others (2002) refined ages of some of the Q units (Q3, Q5e, and post Q5¢). Droxler and others The use of firm, trade, and brand names in this report is for identification purposes only and does not constitute endorsement by the U.S. Government.

(2003) and Hickey (2004) discussed various correlation scenarios of Q-units of Perkins (1977) and Multer and others (2002) to late Pleistocene interglacial o

marine isotope stages. Cunningham and others (2004b) recognized two subaerial exposure bounded units within the Q3 unit of Perkins (1977), which may be Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88), except for figure 2 where the vertical coordinate -40 N S| 40
related to a sea-level fluctuation discussed by Multer and others (2002). information is referenced to the National Geodetic Vertical Datum of 1929 (NGVD 29). Horizontal coordinate information is referenced to the North American :

In the vicinity of the Levee 31N study area, only HFC2 to HFCS corresponded to the Q2 to Q5 units of Perkins (1977) as shown in figure 3. The four Datum of 1983 (NAD 83). Altitude, as used in this report, refers to distance above the vertical datum. EXPLANATION ) IR
HFCs are each bound at the upper surface by laminated calcretes (fig. 3) correlated throughout southeastern Florida (Perkins, 1977; Multer and others, 2002). 44 LEAKY, LOW-PERMEABILITY oo |]

L. . . .. .. . . -44 J - -44
Preliminary mapping of the sequence stratigraphy of the Fort Thompson Formation in north-central Miami-Dade County suggests that the Q1 unit of Perkins CARBONATE FLOW CLASS o —e——
(1977) is not present in the Levee 31N study area. In fact, this unit may onlap onto the top of the Tamiami Formation east of the study area. & GFng\lIJVNé’L-/\(VSASTEEg DIFFUSE-CARBONATE FLOW &
CLASS
OF THE BISCAYNE
. -484.2 35 AQUIFER HORIZONTAL CONDUIT FLOW ! - -48
Ideal Cycles in the Levee 31N Study Area REFERENCES Sk CLASS

Paralic cycles and subtidal cycles are two types of ideal cycles that occur in the Pleistocene limestone of the Biscayne aquifer. These cycles have simi- "3 =S ! ] MIXED DIFFUSE-CARBONATE AND DIFFUSE- |
larities in that both shallow upward; however, subaerial exposure features may or may not be evident at the upper surface of the paralic cycles, which typically Causaras, C.R., 1987, Geology of the surficial aquifer system, Dade County, Florida: U.S. Geological Survey Water-Resources Investigations Report 86-4126, SILICICLASTIC FLOW CLASS '
are capped by freshwater deposits (fig. 3). Incomplete paralic cycles are capped by brackish or restricted marine deposits (fig. 3). Evidence of tidal flat deposi- 240 p., 3 sheets. -52- I SCREENED INTERVAL AND WELL NUMBER ' - 52
tion, such as algal laminations and mud cracks (Shinn and others, 1969), are rare occurrences in the paralic cycles. The middle part of the paralic cycles can Cunnineham. K.J.. Carlson. J.I.. and Hurley. N.F.. 2004a. New method for quantification of vu orosity from digital optical borehole images as
be composed of skeletal packstone or grainstone lithofacies, whereas the lower part typically is either touching-vug pelecypod rudstone or floatstone or sandy, a lii dto ’the Karstic Pleistocene limestgne of ;he Biscayne aquifer sout(}lleastern Florida: Joi%zali of A Y lied Gef h siIZs v. 55. issues 1_2g 77-90 FM  FORMATION XESTJ%Q%eﬁ%?h&igﬁgﬁg;:cs)éﬁtseff Vti'ﬁ‘;rED
touching-vug pelecypod rudstone or floatstone. Common benthic foraminifers (archaiasinids, soritids, and peneroplids) in the lower and middle units are con- PI? . yneaq ’ . B p? . PRYSICS, T P o HFC HIGH-FREQUENCY CYCLE
sistent with relatively open-marine shelf deposition (Rose and Lidz, 1977). Upper brackish beds have an abundance of the benthic foraminifera Ammonia and Cunningham, K.J., Carlson, J.L., Wingard, G.L., and others, 2004b, Characterization of aquifer heterogeneity using cyclostratigraphy and geophysical methods HU  HYDROGEOLOGIC UNIT
smooth-shelled ostracodes; less commonly, the beds contain charophytes, the benthic foraminifer Elphidium, and gastropods that can include Planorbella. in the upper part of the karstic Biscayne aquifer, southeastern Florida: U.S. Geological Survey Water Resources Investigations Report 03-4208, 66 p. VLS VERTICAL LITHOFACIES SUCCESSION
Rose and Lidz (1977) suggested modern Florida Bay sediments that contain large populations of Ammonia and Elphidium and that contain relatively few total Droxler, A.W., Alley, R.B., Howard, W.R., and others, 2003, Unique and exceptionally long interglacial marine isotope stage 11: Window into earth warm future Figure 5. Hydrogeologic section showing ground-water flow classes in the Biscayne aquifer along Levee 31N (section B-B). Line of section is shown in figure 1
species are indicative of a brackish interior environment. Upper freshwater strata are composed of gastropod floatstone and rudstone containing Planorbella climate; in A.W. Droxler and others, eds., Earth’s Climate and Orbital Eccentricity--The Marine Isotope Stage 11 Question: American Geophysical Union
(commonly in abundance), smoothed-shelled ostracodes, and charophytes and were probably deposited in a freshwater marsh or pond (Galli, 1991). Geophysical Monoeraph 137. o. 1-14

Subtidal cycles represented by HFC4 and HFCS may be restricted to only the Miami Limestone (fig. 3). These subtidal cycles are described in detail by phy ,g P » P o . . . . . . .

Cunningham and others (2004b). Enos, Paul, and Perkins, R.D., 1979, Evolution of Florida Bay from island stratigraphy: Geological Society of America Bulletin, v. 90, no. 1, p. 59-83. B BOREHOLE FLUID CONDUCTIVITY. IN MICROSIEMENS PER CENTIMETER B
p Svst Fish, J.E., and Stewart, Mark, 1991, Hydrogeology of the surficial aquifer system, Dade County, Florida: U.S. Geological Survey Water-Resources Investigations SOUTH G-3789 G-3788 G-3784 G-3783 G-3782 G-3778 c-3671 NORTH
ore dSystem Report 90-4108, 50 p. 09/03/03 09/03/03 09/16/03 08/09/03 08/11/03 07/27/03 09/12/03

Vacher and Mylroie (2002) described the Biscayne aquifer as an eogenetic karst aquifer system that best fits a dual-porosity conceptual model. Pore sys- Galli, Gianni, 1991, Mangrove-generated structures and depositional model of the Pleistocene Fort Thompson Formation (Florida Plateau): Facies, dT5T=ToTe MR TR 290 800 30, B 300, peo 300, 8o Oy —
tem type in the Biscayne aquifer is related to lithofacies, and has a predictable vertical distribution within fundamental cycles. Each carbonate lithofacies, and v. 25, p. 297-314. i = i 'T"'T """"""" | 3 1 g
its typical‘ly associate{i pore system type, has been assigned to one of thl.re.e ground-water flow classes d.eﬁned by Cunn.ingham and.others (2004b): ('1) horizon- Goldstein, R.H., 1988, Paleosols of Late Pennsylvanian cyclic strata, New Mexico: Sedimentology, v. 35, no. 5, p. 777-803. SEALEVEL % wi, I i 1 \
tal conduit flow; (2) diffuse-carbonate flow; and (3) leaky, low-permeability flow (fig. 3). Holocene sediments of the Biscayne aquifer have been assigned to . . . . - . . . . . 13(90|9Q l | SEALEVEL

S : . . . e Harrison, R.S., Cooper, L.D., and Coniglio, Mario, 1984, Late Pleistocene carbonates of the Florida Keys; in Carbonates in Subsurface Outcrop: Canadian Society (NAVD 88) | < | = | & ke (NAVD 88)
the low-permeability peat, muck, and marl ground-water flow class (Cunningham and others, 2004b). Discussion of the pore system of the Biscayne aquifer is . L@ T 1 . um
restricted to the Fort Thompson Formation. Details of the Miami Limestone pore system are discussed in Cunningham and others (2004b). _Of Petroleum Geologists Core COTlference, p- 291—_306. . o . . . . . . g s U - ol |

Characteristic lithofacies associated with the horizontal conduit ground-water flow class are touching-vug pelecypod rudstone and floatstone or sandy, Hickey, T.D., 2004, Geologic evolution of south Florida Pleistocene-age deposits with an interpretation of the enigmatic rock ridge development: M.S. Thesis, 4 2| 8 -ﬁ-- \ L - ﬂ | I :/ )
touching-vug pelecypod rudstone and floatstone; both are common in the lower parts of paralic cycles of the Fort Thompson Formation. These lithofacies St. Petersburg, University of South Florida, 125 p. § 5 % et |Men n -
typically are characterized by large fossil molds, solution-enlarged fossil molds, or vugs with shapes and spatial relations, suggesting they are either molds of Kerans, Charles, and Tinker, S.W., 1997, Sequence stratigraphy and characterization of carbonate reservoirs: Society of Economic Paleontologists and 5|= -— n
burrows or voids that surround casts of burrow molds. Accordingly, the lower part of many of the paralic cycles is the most porous and permeable. Porous- . . = ™

. . . . . Mineralogists Short Course Notes no. 40, 130 p. 8 - L
zone maps in north-central Miami-Dade County suggest a tabular three-dimensional geometry (Cunningham and others, 2004b) for these zones. Therefore, ) . . L L . . L 1% 3 = e ar-8
an accurate correlation of cycles produces a realistic linkage of permeable or preferential flow zones. Ground-water flow for the horizontal conduit flow class Locker, S.L., Hine, A.C., Tedesco, L.P., and Shinn, E.A., 1996, Magnitude and timing of episodic sea-level rise during the last deglaciation: Geology, '-f'-) // im
is conceptualized as ground water flowing from vug to vug in a pore system characterized by touching vugs (Lucia, 1999, p. 26 and 31). Ground-water flow v. 24, no. 7, p. 827-830. g L i . [ I |
associated with this ground-water flow class is not through pipes or underground streams, but along a passage (typically tabular in shape) formed by touching Lucia, FJ., 1999, Carbonate reservoir characterization: Berlin, Springler-Verlag, 226 p. 12 ]y - / -L - m i IR
vugs that act as a major route for ground-water flow. o ) ) ) i ) Multer, H.G., Gischler, E., Lundberg, J., and others, 2002, Key Largo Limestone revisited -- Pleistocene shelf-edge facies, Florida Keys, USA: Facies, <= e L s

The middle part of the ideal paralic cycle of the Fort Thompson Formation is characterized by a skeletal packstone or grainstone lithofacies, which are V. 46. 0. 229-272 g o) T, 1] Tl il LA
associated with the diffuse-carbonate ground-water flow class. These lithofacies are characterized by interparticle, intraparticle, and irregular separate vug pore o P: ) . . . . . . o . . ) o o= ™ - -t
space that facilitates ground-water movement through vug-to-matrix-to-vug connections. Mundil, Roland; Brack, Peter; Meier, Martin; and others, 1996, High resolution U-Pb dating of Middle Triassic volcaniclastics -- Time-scale calibration -16 + ww |<Tf ns - ] = 8 ol -16

Gastropod floatstone and rudstone or mudstone and wackestone lithofacies typically cap the paralic cycles, which are associated with the leaky, low-per- and verification of tuning parameters for carbonate sedimentation: Earth and Planetary Science Letters, v. 141, no. 1-4, p. 137-151. a8l= T 1 == M “
meability ground-water flow class. Secondary porosity common to these lithofacies includes bedding plane vugs, thin semivertical solution pipes, and gastro- Nemeth, M.S., Wilcox, W.M., and Solo-Gabriele, H.M., 2000, Evaluation of the use of reach transmissivity to quantify leakage beneath E =¥ T HiN E
p;)d molds. "flhe ﬁnamx ;I)lorosll.tlzf of these hthl(l)fames is rel?(tilvely low, aljld t%e gastrop((i)d. m(f)lds and. SOl;lthIl plfl)es are l;mahze((ii and typically separated. Bedding Levee 31N, Miami-Dade County, Florida: U.S. Geological Survey Water-Resources Investigations Report 00-4066, 80 p. EXPLANATION E 20 +— (LE - I - -20 E
plane vugs that have a sheet-like geometry, however, could represent significant conduits for moving large volumes of ground water. Paillet, F.L., 2004, Borehole flowmeter applications in irregular and large-diameter boreholes: Journal of Applied Geophysics, ngﬁggé%\'j:—%}') z = 2 s M P = z

v. 55, issues 1-2, p. 39-59. IN MICROSIEMENS TP O e : ||| u . i | = || oL 24 w
GROUND-WATER FLOW Parker, G.G., 1951, Geologic and hydrologic factors in the perennial yield of the Biscayne aquifer: American Water Works Association PEF|{:|CEN7T0|3A§OTOER g (Q,_) o :“ v L imaa '= HE § i B g
- « T | L “ ;

The highest water levels in Miami-Dade County are maintained in Water Conservation Areas (WCA) 3A and 3B (fig. 1). In a regional sense, ground Journal, v. 43, no. 10, p. 817-835. . . = 600-700 E @ = | et e——— 7 L | . ! E
water moves from WCA 3A and 3B eastward and southward to the ocean (Fish and Stewart, 1991). Canals, control structures, or large well fields cause local Parker, G.G., Ferguson, G.E., Love, S.K., and others, 1955, Water resources of southeastern Florida: U.S. Geological Survey 3:' 28 L % & 1T A / . . |28 <—(l
variations in the flow pattern. During the wet season, ground-water seepage from WCA 3A and 3B is partly captured by peripheral canals, but large quantities Water-Supply Paper 1255, 965 p. B 500-600 8 [ T — m
pass uclllder theﬂcanals or a(c:lrohss thedcanals (fFish Eﬁld Stewarzi 199;). Grocian—wa}t]er flow d(iirczlctions interpreted by Fish and Stewart (1991) generally show that Perkins, R.D., 1977, Depositional framework of Pleistocene rocks in south Florida; in Paul Enos and R.D. Perkins, eds., Quaternary [ 400-500 i E 3 0 E 4‘!{_!—— H2 = >
ground-water flows toward the study area from the west and northwest during the wet and dry seasons. . L . . . . . . i B 300-400 i -~ - / | ] Y

Data collected for use in delineating ground-water flow beneath Levee 31N included water-level data and borehole-flowmeter, fluid-conductivity, and Sedimentation .m South Florida, Part. I Ge(?loglcal 'So'mety of America Memoir 147, p. 131-198. . . 32 1 E (@] 8 . S o = = 32
fluid-temperature data. The water-level data were obtained as continuous ground- and surface-water-level readings. Borehole flowmeters can be used to mea- Rose, PR., and L1dz,' Barbara, 1977’ Dle'lgnostlc'fore'lmlr?lfer'al asse;mblages of shallow-water modern environments -- South Florida and T¢ DIRECTION OF BOREHOLE 6 I & T V- I I
sure vertical flow within a single well and to use these data to identify water-producing zones in open-hole wells. For this study, flowmeter data were used the Bahamas: Sedimenta VI, University of Miami, Miami, Florida, 55 p. FLUID FLOW %) T : | | -
to quantify vertical ground-water flow under existing hydraulic conditions in wells along Levee 31N in order to examine differences in the vertical hydraulic Shinn, E.A., Lloyd, R.M., and Ginsburg, R.N., 1969, Anatomy of a modern carbonate tidal-flat, Andros Island, Bahamas: Journal of —  BOREHOLE FLOW -36 - $ n 1 1 Y | = -36
grac.iient between hydrostratigraphic zones of the Biscayne aquifer (fig. 5). Stationary heat-pulse flowmeter measurements within the limestone of the Biscayne Sedimentary Petrology, v. 39, no. 3, p. 1202-1228. - L 1- \\ 7 / : ‘ / U
aquifer were obtained from wells G-3671, G-3778, G-3782, G-3783, G-3784, G-3788, and G-3789. . - . Shuter, Eugene, and Teasdale, W.E., 1989, Application of drilling, coring, and sampling techniques to test holes and wells: | BOREHOLE FLUID % al - y / . [l o

Logs of fluid conductivity, the reciprocal of fluid resistivity, were used to assess changes in borehole-fluid column salinity. Fluid-temperature logs were ; ) > CONDUCTIVITY 40 419 N - 4 4 A ' . L4
used in combination with flowmeter data to define movement of water through wells, including delineation of intervals that produce or accept water; thus, Us. Ge.ologwal Survey Techniques of Water-Resources Investigations Report 02-F1, 97 p. ' . —-- VLS OR HFC BOUNDARY— ! S| L7 i - ! K
these logs can provide information about permeability. Fluid-conductivity and fluid-temperature logs were collected from wells G-3671, G-3778, G-3782, G- Solo-Gabriele, Helena, and Sternberg, Leonel, 1998, Tracers of Everglades waters: WEFTEC’98, Proceedings of the Water Environment Dashed where approximate s : ey R
3783, G-3784, G-3788, and G-3789 (fig. 1). Federation 71 Annual Conference & Exposition, Orlando, Florida, v. 4, p. 323-333. — ISOCONDUCTIVITY--Dashed a4 \ K ! ! ‘ e 8 4

In the subsequgnt sections, water-level data are reported for a period from Eebruary 12 to May 4, '2004, during the dry season; ﬂowme.ter measurements Trulock, Todd, and Shaffer, John (undated), L-31N Seepage Management Pilot: Available at where approximate b m \\\ y ,’, \\\ | ) -
are reported for a period from August 8 to SepFember 16, 20.03, and borehole-fluid conductivity and fluid temperature are reported for a period from July 7 http:fwww.evergladesplan.org/om/projects/proj_36_13In_seepage.cfm (accessed June 6, 2004). FM FORMATION ~ s 2 o ~
to September 16, 2003. Both summer time periods were during the wet season. Water-level, flowmeter, conductivity, and temperature data were not collected : . . . . . HFC HIGH-FREQUENCY CYCLE N L A b &
during synoptic conditions and were recorded in a hydrologic system subject to transient changes in hydraulic gradient. A comparative analysis between Vacher, H.L., and Mylroie, J.E., 2002, Eogenetic karst from the perspective of an equivalent porous medium: Carbonates and Evaporites, 4842 | 2 Bt EEs S ,/ N - -48
ground-water levels, surface-water levels, flowmeter, conductivity, and temperature data is considered to be inappropriate. Additionally, flowmeter, conductiv- v. 17, no. 2, p. 182-196. HU HYDROGEOLOGIC UNIT Rk i SO REI2
ity, and temperature data were collected quasi-synoptically and should be treated with caution. Van Wagoner, J.C., Posamentier, H.-W., Mitchum, R.M., and others, 1988, An overview of the fundamentals of sequence stratigraphy VLS VERTICAL LITHOFACIES g &3 ] S LOFF . 2 = 1ol I .

. . . . . SUCCESSION B 5 R R ; 05 0 05 - -2
and key definitions; in C.K. Wilgus, B.J. Hastings, H. Posamentier, and others, eds., Sea-Level Change -- An Integrated Approach: -52 5 0.5 0 .1 1 0.1 0.1 < - -52
Water-Level Data Societ;/ of Economic Paleontoloiists and Minerilogists Special Publication no. 42, p. 39-46 : : " VERTICAL SCALE GREATLY EXAGGERATED e BORET‘TSLE FLOV;)/Q /Tlo[\i G ALLON(g1Té;)3ER M|NU-|EE1IOS o e
< e P 27T Refer to figure 4 for horizontal distance between wells ,
. Groun.d-wattt,r-level data were collected from the northern and sout.hern monitoring well clusters, ez.lch composed of fpur monitoring wells completed Wilson, W.E., and Moore, J.E. (eds.), 1998, Glossary of hydrology: Alexandria, Virginia, American Geological Institute, 248 p.
in the surficial aquifer system, and wetlapd surface—wgter stage was obtained from a recorder (NESRS2) in ENP about 4 rpﬂgs southwest of the northern well Figure 7. Hydrogeologic section showing wet-season borehole-fluid conductivity and borehole flow for the Biscayne aquifer along Levee 31N
cluster (figs. 1 and 6). Rainfall was monitored at a station (K8652) located at structure S-334 (figs. 1 and 6). At both monitoring well clusters, each well was (section B-B'). Flowmeter measurements were obtained from August 8 to September 16, 2003, and fluid conductivities were obtained from
completed with a single 2-foot screened interval, but at different depths to isolate separate hydrogeologic zones. The deepest well is screened in the semicon- ) o ' July 7 to September 16, 2003. Line of section is shown in figure 1.
fining unit that includes the upper clastic unit of the Tamiami Formation (fig. 4). The other three wells are completed in separate highly permeable flow zones ! U.S. Geological Survey, Miami, Florida
contained in the lower, middle, and upper parts of the Biscayne aquifer (figs. 4 and 5). 2 University of West Indies, Kingston, Jamaica

Two well-construction strategies influenced selection of the screened interval depths in the two wells completed in the semiconfining unit that includes 3 South Florida Water Management District. West Palm Beach. Florida
the upper confining unit of the Tamiami Formation and the six wells screened in the Biscayne aquifer (figs. 4 and 5). The depths of the screened intervals in £ B BOREHOLE FLUID TEMPERATURE, IN DEGREES FAHRENHEIT B
the upper semiconfining unit of the Tamiami Formation were selected on the basis of three criteria: porosity, depth, and log signature. The depths correspond SOUTH NORTH

. . . . . . . . . o . G-3789 G-3788 G-3784 G-3783 G-3782 G-3778 G-3671
to a: (1) hydrogeologic unit characterized by relatively high porosity and assumed relatively high permeability based on low SPT blow counts and geologic
i .. . .. . . 09/03/03 09/03/03 09/16/03 08/09/03 08/11/03 07/27/03 09/12/03
evaluation of SPT samples; (2) depth of about 90 feet below NAVD 88; and (3) geologic interval with correlativity using gamma-ray log signatures (fig. 4). 4 75 90 75 90 75 90 75 90 75 90 75 90 75 0,
Depth selection of screened intervals in the six monitoring wells (figs. 4 and 5) completed within the Biscayne aquifer was based on different criteria. The 2|z ; 2 11 _— SRR PP | T T i i ”
depths correspond to a: (1) hydrologic zone interpreted as representing the horizontal conduit ground-water flow class, and (2) zone of high permeability as- z ¥ 4 "": s
sumed to have lateral continuity between the two monitoring well clusters. Both conditions were met with the screened intervals constructed within the upper A LY,
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Biscayne aquifer or HFCS (figs. 4 and 5). However, inaccurate well depth accounting procedures employed during monitoring well construction resulted in (NAVD 88) | S | F | & = » (NAVD 88)
a partially screened middle Biscayne conduit flow zone (VLS3a in well G-3785), and mismatched VLS screened intervals within the lower Biscayne aquifer 8 Ll LEVEE 31N - NORTHERN MONITORING WELL CLUSTER NESRS2 | “;J @ T :: i
(VLS2c in well G-3779 and VLS2d in well G-3785) (figs. 4 and 5). It is not known whether well-construction screen-completion errors that result in “miscor- i) ENP wetlands § % _\ - il . -
related” flow units at wells G-3779 and G-3785 significantly impact comparison of lower Biscayne aquifer vertical hydraulic gradients. ﬁ <>,: 6.8 [ 9 448 = 3 | ™ Ll / =-— il 4

Comparison of hydrographs from February 12 to May 4, 2004, at the northern and southern monitoring well clusters and surface-water stage in ENP in- -4z G-3780 middle B E ™
dicates there was good hydraulic connection between the wetlands and the aquifer, as demonstrated by changes in surface-water stage reflected in water-level PO ear B'Sciglr_'g;:)u'fer - ] 5| = E [ T
trends within the aquifer (fig. 6). Precipitation-driven changes in surface-water stage produced a rapid increase in ground-water levels. At both monitoring well Rw o egs7dglseniconfining i u = a

. . . . . .. K . . . > unit of Tamiami Formation 8] ) - - -l ™ >l -8
clusters, vertical head differences between the upper semiconfining unit of the Tamiami Formation and various flow zones of the Biscayne aquifer were gener- = = w » In |
ally less than 0.4 foot (fig. 6A-B). Additionally the vertical gradients at both monitoring well clusters generally had a similar response to rainfall events and > g 56 1 =) L | =
periods of ground-water decline (fig. 6). The vertical hydraulic gradient of the semiconfining unit (Tamiami Formation) was upward at the northern monitor- e % ol G-3781 upper | g o i - \ A - ! *
ing well cluster, whereas the overlying lower Biscayne was downward; an upward vertical gradient characterized both the middle and upper Biscayne aquifer Q- B'Sce(’arl‘:ecz‘)‘“'fer | B,G'3779 " 1248 ™ L 5 | nn : - 12
relative to the lower Biscayne aquifer (fig. 6A). Vertical gradients at the southern monitoring well cluster were temporally variable. Between middle February E HJJ 48 ower ('f,"fggg aquiter g Z = 8 - -
to late March 2004, water levels in the upper and middle Biscayne aquifer and in the semiconfining unit were approximately equivalent; the lower Biscayne UEJ"" e (LQ) ) Tl - ul A
aquifer exhibited a downward vertical gradient (fig. 6B). In late March to early May 2004, the vertical hydraulic gradient of the semiconfining unit (Tamiami Z Moo orgnNOIGRRER VO TN e Eoor NN Lo e NG RARRRSs T NPT PN 9o T N R E RSSO U SN ARG V0T 1640 = @ J E ok 16
Formation) was upward, whereas nearly equivalent water levels within the Biscayne aquifer were downward (fig. 6B). FEBRUARY MARCH APRIL AY a|<< : i =+ | ] ®
2004 = UL -
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The direction of vertical borehole flow in test coreholes and monitoring wells between August 8 and September 16, 2003, varied within the Biscayne -8 LEVEE 31N - SOUTHERN MONITORING WELL CLUSTER BOREHOLE FLUID TR L ! r w
aquifer (figs. 7 and 8). In general, the direction of vertical borehole flow in test coreholes G-3782, G-3783, and G-3788 and monitoring well G-3784 was g g 72 NESRS2 . DETGERNéFSESRFA/I#SgNLNElT Zz zZ > | \ \ __,x‘"' % 1= P
downward within the Biscayne aquifer, whereas in test coreholes G-3671 and G-3789, the direction was upward. The vertical borehole flow direction in moni- w <Z( ENP wetlands = 87-90 m o4 O e 1 =" - . W — || o w
toring well G-3678 was mixed, with upward flow in much of the middle and most of the lower Biscayne aquifer, except near the lower part of the middle. The E:' o 681 G-3787 i a g = v i : | N = LA = || S 24 a
varying flow directions in G-3778, G-3782, G-3783, and G-3788 suggest possible confinement or semiconfinement between the more permeable flow zones of W= ot UPP_G;r Bia?élge | [ 84-87 E S N T / e X AN V- |I_J
the Biscayne aquifer. Semiconfinement is defined as a leaky confining unit or units (Wilson and Moore, 1998). <§( E aquier ( ) ] 81-84 E x|O L L N AT T -kl N e =
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Borehole-fluid conductivity and temperature data were collected between July 7 and September 16, 2003, from the wells (test coreholes and monitor- o g o I uis E M f ™ % r 8
ing wells) in the Biscayne aquifer with varying results (figs. 7 and 8). Borehole-fluid conductivity ranged from about 280 to 725 uS/cm (microsiemens per zln sl G'%Z?G i DIRECTION OF BOREHOLE B2 w0 — = = — - -32
centimeter) throughout the Biscayne aquifer along the Levee 31N canal reach between wells G-3671 and G-3789. The conductivity of the surface water in the E w sk Biscar;‘;e aequifer lower Bgé‘z‘;ﬁg el 4 T¢ FLUID FLOW E L &_) o ui \ ! 1 / "=
Levee 31N canal was 855uS/cm near the southern monitoring well cluster on June 22, 2004, which is about 130 pS/cm higher than any measurements of bore- = = (VLS3a) (VLS2d) e = —_ 5 I |« | Re v .
hole fluid in any of the wells. The lowest borehole-fluid conductivity was in the shallow subsurface and was highest in the lower part of the Biscayne aquifer. NPT e EORNRSGENEg N e e BT NE SO PO RN QSN AR NP e B oo NN SSRGS NE RS e [T BOREHOLE FLOW 36 { — 1 = v A — -36

Fluid conductivity is directly related to salinity, with low and high values of conductivity corresponding to low and high values of salinity, respectively. m u d ap
The fluid conductivity measured along the canal reach indicates that the salinity of borehole fluid mostly decreased upward within the Biscayne aquifer in each FEBRUARY MARCH 2004 APRIL MAY | BOREHOLE FLUID TEMPERATURE E " 1 N S -
of the seven wells shown in figure 7. Relatively low conductivities were observed in wells G-3782, G-3783, G-3784, and G-3788 and correspond to the same 4 C = o b v L / | . &
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area where there was mostly downward movement of borehole fluid. The conductivity data suggest that the Biscayne aquifer may be recharged mostly by D T -0 P L L L Dashed where approximate (@) 7 / : i .
lower salinity surface water from the ENP wetlands in the reach of the Levee 31N canal spanning wells G-3782 and G-3788. Surface water in the Levee 31N ; uIJ ;g i RAINFALL STATION K8652 AT STRUCTURE S-344 ]  ISOTHERM..Dashed whore — J / J N
canal was probably excluded as a source of recharge of the Biscayne aquifer by the markedly higher conductivity (855 1S/cm) than measured in the boreholes. O 20f ] approximate \ 1. V ; ‘ .m,: g
Additionally, the conductivity pattern shown in figure 7 suggests that higher salinity Biscayne aquifer ground water may have dominated the ground-water xz ](5] C ] -44 4 T------1 - i ‘ - -44
flow field west of Levee 31N, and there was more limited surface-water recharge in the southern and northern parts of the study area. ;Z osf ...I. L FM  FORMATION & ) / 4 N

Between wells G-3671 and G-3789, the measured borehole-fluid temperature in the Biscayne aquifer between July 7 and September 16, 2003, ranged = NPT RO R RN IR GR G N O TP O NP O O NI RO RS RGN R RS NP TP OO T NN YN N RO RN RS EENE]G T VO HFC  HIGH-FREQUENCY CYCLE Nl Y
from about 75.2 to 87.8 degrees Fahrenheit (fig. 8). Thick sections of relatively high temperatures were observed in wells G-3782, G-3783, G-3784, and G- FEBRUARY VARCH PRI Y HU HYDROGEOLOGIC UNIT 4812 | 2 \ TTTE="" Hl 4 L 48
3788 and correspond to the same area where, on the basis of heat-pulse flowmeter measurements, there was downward movement of borehole fluid. Therefore, 2004 VLS VERTICAL LITHOFACIES Ec |32 N SRR L
the temperature data suggest that the Biscayne aquifer may have been recharged mostly by warmer surface water from the ENP wetlands in the reach of the SUCCESSION 23 iz ;

Levee 31N canal spanning wells G-3782 and G-3788. Borehole—ﬂmd temperature diminished with depth in most wells; temperatures were lowest at the south- Figure 6. Water level and rainfall for selected sites in the Levee 31N study area during a dry-season period, February VERTICAL SCALE GREATLY EXAGGERATED -52 8 5 09/5',2/035 1 09/162/03 1 09/162/03 B 03/169/031 _0,508/1(')1/030.5 1 os/ﬁ/os 1 2 09/1(',6/032 L 5o

ernmost and northernmost parts of the study area as shown in figure 8. This latter temperature pattern suggests that cooler Biscayne aquifer ground water may 12 to May 4, 2004. Al sites are shown in figure 1. VLS is vertical lithofacies succession, HFC is high-frequency cycle, Refer to figure 4 for horizontal distance between wells

have dominated the flow field west of Levee 31N, and there was more limited surface-water recharge in the southern and northern parts of the study area. and ENP is Everglades National Park. BOREHOLE FLOW, IN GALLONS PER MINUTE
Figure 8. Hydrogeologic section showing wet-season borehole-fluid temperature and borehole flow for the Biscayne aquifer along Levee 31N
(section B-B’). Flowmeter measurements were obtained from August 8 to September 16, 2003, and fluid temperatures were obtained from
July 7 to September 16, 2003. Line of section is shown in figure 1.
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