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Chapter 1

Introduction
Cardno ENTRIX has prepared this report to provide the results of tracer testing completed at the
L-31N (L-30) SMPP Baseline Hydrogeologic Testing Project located in Miami-Dade County,
Florida. The L-31N (L-30) Seepage Management Pilot Project (designated herein as the L-30
SMPP) was designed by the United States Army Corps of Engineers (USACE) to identify and
determine information necessary to resolve critical uncertainties associated with technologies
that will be considered for controlling seepage from natural areas in Everglades National Park
and Water Conservation Area 3B (WCA-3B). The area of the study is located along a levee to
the L-30 Canal and within the WCA-3B. The ultimate objective of the project is the installation
and testing of a pilot subsurface seepage management barrier augmented with an
injection/extraction well system. An initial phase of the L-30 SMPP includes the L-30 SMPP
Baseline Hydrogeologic Testing, which is designed to provide background data of onsite field
conditions prior to the construction of the pilot seepage barrier. The L-30 SMPP Baseline
Hydrogeologic Testing consists of the installation of monitoring wells and instruments to
measure groundwater and surface water levels, groundwater flow direction and flow rate,
specific conductance, and temperature. In addition, groundwater tracer tests have been conducted
to provide independent verification of groundwater flow rates measured by heat-pulse flow
meters installed in selected monitoring wells.
This report presents the results of three groundwater tracer tests conducted at the project site by
Cardno ENTRIX. An initial tracer test focused on downgradient changes in specific conductance
that were detected after the injection of a saline solution. During two subsequent tracer tests,
saline tracer was detected using surface electrical resistivity methods, and supplemented by
changes in specific conductance instrumentation to monitor tracer direction and rate. This report
includes the following sections:


Section 2:

Project Location and Description



Section 3:

General Hydrogeology



Section 4:

Monitor Well Construction



Section 5:

Initial Tracer Test



Section 6:

Conceptual Design of Electrical Resistivity Tracer Testing



Section 7:

Resistivity Tracer Tests



Section 8:

Tracer Test Evaluations Based on Specific Conductance in Monitoring
Wells



Section 9:

Density Flow Considerations



Section 10:

Conclusions and Recommendations
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Chapter 2

Project Location and Description
2.1

Project Location

The project site is located northwest of the intersection of US Highway 41 (Tamiami Trail) and
Krome Avenue, Miami-Dade County, Florida (refer to Figure 2-1 for a regional location map).
The project site is located within the WCA-3B adjacent to the L-30 North Canal Levee (refer to
Figure 2-2 for a map showing pertinent features of the L-30 SMPP).

2.2

Project Description

The L-30 SMPP is located at the southeastern border of WCA-3B. The L-30 Canal and
associated levee represent the southeastern terminus of the WCA-3B. Land surface elevation of
WCA-3B is about +5 feet NGVD29, and the land surface at the top of the levee is about +19 feet
NGVD29. This project is located in an area where the unconfined Biscayne Aquifer exhibits
extremely high permeabilities and includes large voids and “flow zones” (refer to Section 3.0 for
a discussion of the hydrogeology at the project site).
The L-30 SMPP includes monitoring wells equipped with instruments to measure water level,
specific conductance, temperature, groundwater flow direction, and groundwater flow rate.
These wells are also equipped with telemetry systems that transmit the data via cellular modem
to allow real-time monitoring of field conditions via the internet. Three of these monitoring wells
(MW-1, MW-2, and MW-3) were constructed previously along the top of the L-30 Canal levee
(Challenge Engineering and Testing, 2006). Four additional monitoring wells, designated as
MW-6, MW-7, MW-8, and MW-9, were installed within WCA-3B as part of the L-30 SMPP.
Two background monitor wells (MW-4 and MW-5) located approximately one mile north of the
site also were constructed previously (Challenge Engineering and Testing, 2006).
The tracer tests were conducted in the area of the four monitoring wells located within the WCA3B. These are located adjacent to a “window” of the proposed seepage wall. The proposed
seepage wall may be constructed by the USACE in the future under separate contract. Three of
the wells (MW-6, MW-8, and MW-9) are located near the toe of the levee and the fourth well
(MW-7) is located between about 60 and 75 feet upgradient (northwest) of the levee. Stilling
well SW-7 is located adjacent to MW-7. Refer to Figure 2-3 for a map showing the locations of
the wells located near the proposed seepage wall window.
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Chapter 3

General Hydrogeology
The monitoring wells at the L-30 SMPP are constructed in the Biscayne Aquifer. The Biscayne
Aquifer in the area of the study has been extensively characterized in the works of Nemeth et al.
(2000), Cunningham et al. (2004, 2006) among others. The Biscayne Aquifer is an unconfined
aquifer that extends from land surface to approximately -60 feet NGVD29 (Figure 3-1). The
Biscayne Aquifer includes permeable zones within the Miami Limestone and the Fort Thompson
Formation. The Miami Limestone is present at just below land surface to about -20 feet
NGVD29 and is underlain by the Fort Thompson Formation. The Fort Thompson Formation
terminates at the top of the Tamiami Formation at a depth of about -60 feet NGVD29. The
contact between the Miami Limestone and the Fort Thompson Formation is marked by the
presence of freshwater molluscan fossils. The Miami Limestone aggraded during the most recent
depositional cycle, during rising sea level (Cunningham et al., 2004).
The Miami Limestone consists of limestone and sandstone and is characterized by carbonate
oolitic and bryozoan facies (Hoffmeister et al. 1967). Unconsolidated quartz sand beds are also
common. A limestone section of the Miami Limestone was recovered during well construction
and was described as a well indurated, pinkish gray (5YR8/1) packstone. Results from the
geophysical logging indicate that touching vug porosity and discrete horizontal flow paths are
present in the Miami Limestone (Figure 3-1). The Fort Thompson Formation is characterized as
white to very pale orange carbonate sequences that were deposited during successive upward
shallowing subtidal and paralic cycles (Cunningham et al., 2006). Vug porosity is commonly
seen throughout Fort Thompson Formation in both the recovered core and in the optical borehole
viewer images.
The Biscayne Aquifer is very permeable and dominated by several distinct flow zones that occur
as nearly horizontal layers at different depths in the aquifer. A geophysical logging study
performed by the USGS at the L30 SMPP site (unpublished data) identified multiple voids and
horizontal flow zones in the monitoring wells. Borehole flowmeter data indicate that the
borehole-fluid flow will occur from upper to lower permeable zones characterized by irregular
vugs, cavernous vugs, and fossil-moldic porosity. Groundwater level data from MW-6, MW-8,
and MW-9 indicate that the hydraulic head within the Fort Thompson Formation is typically
several tenths of a foot lower than the head in the Miami Limestone (data to be published in late
2011). The head differences suggest that confinement is present between these units in the area
of the L30 SMPP wellfield. Lithologic logs and borehole geophysical logging indicate that
secondary porosity is very well developed within portions of the aquifer (unpublished data).
These well developed conduit and vuggy permeable zones are interbedded with less-permeable
carbonates that have mud-supported matrices.
In summary, the Biscayne Aquifer is very permeable and dominated by several distinct flow
zones that occur as nearly horizontal layers at different depths in the aquifer. The borehole
geophysical logging study performed by the USGS at the L30 SMPP site identified multiple
voids and horizontal flow zones in the monitoring wells. Vertical flow meter data collected in
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boreholes indicate that each flow zone has a different hydraulic head and that vertical flow
within the aquifer or open boreholes is occurring. These data are consistent with recent
cyclostratigraphic analysis by Cunningham et al. (2006).
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Chapter 4

Monitoring Well Construction
General construction details of the four monitoring wells (MW-6, MW-7, MW-8, and MW-9)
located withinWCA-3B are provided herein because well construction characteristics are critical
to tracer test evaluation. For more details regarding well construction refer to the report prepared
by ENTRIX, Inc. (2010).
Four wells and a stilling well are located within the WCA-3B. The wells are 4-inch diameter
monitoring wells (MW-6, MW-8, and MW-9; Figure 2-3) which are screened in discrete, 15-inch
vertical intervals within major flow zones. Each well is instrumented with a heat pulse flow
meters (after Kerfoot, 1988 with subsequent modifications), specific conductance, water level,
and temperature probes. Each of well has a discrete, 15-in vertical screened interval. One well
(MW-7) is an 8-inch diameter open-hole well that served as the dosing well during tracer testing.
This open-hole well is equipped with an inflated rubber packer at what depth that isolates the
upper and lower portions of the borehole.
The boreholes for each of the wells were advanced through limestone of the Biscayne Aquifer to
the top of the unconsolidated Tamiami Formation (Figure 3-1). The USGS conducted optical
borehole imaging (OBI) and other geophysical testing prior to construction of well strings. The
screened intervals were selected and well strings were installed based on the results of the OBI.
Refer to the well completion report (prepared by Cardno ENTRIX (July 2010) for further details
regarding well construction, gravel pack, etc.
The screened intervals of wells MW-6, MW-8, and MW-9 were selected based on the darker
colors indicating voids and vugs in optical borehole imagery (OBI). The purpose of these
selections was to obtain flow and physical data from the selected flow zones of the Biscayne
Aquifer. Generally, the screened interval of MW-9 is in the uppermost flow zone at depths of 5.49 to -6.74 feet NGVD29, near the base of the Miami Limestone. The screened interval of
MW-8 is located within a flow zone within the Fort Thompson Formation, at elevations of 13.90 to -15.15 feet NGVD29. The screened interval of MW-6 is located in the Fort Thompson
Formation, at elevations of -31.93 to -33.18 feet NGVD29. Refer to Figure 3-1 for the optical
borehole images and superimposed well screen depths. The lowermost flow zone (MW-6)
typically exhibits a water level about 0.2 feet lower than water levels in shallower flow zones
(MW-8 and MW-9), which suggests confinement between the MW-6 and MW-8 flow zones.
Table 4-1 below provides a summary of construction details of wells MW-6, MW-7, MW-8, and
MW-9.
Wells MW-6 through MW-9 are equipped with Campbell Scientific CR1000 dataloggers and
cellular modems for remote telemetry data transfer. Each of these wells is also equipped with a
KPSI Model 500 pressure transducer, a Global Water WQ 301D Conductivity probe, and a
temperature probe. Wells MW-6, MW-7, and MW-9 are also equipped with a Rapid Creek
Research Heat Pulse Groundwater Flowmeter with Model 205RCR probes.
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In 2009, Cardno ENTRIX conducted step drawdown testing of wells MW-6 to MW-9. Resulting
specific capacities are as follows:


MW-6 – 163 gpm/ft drawdown



MW-7 – 1,640 gpm/ft drawdown



MW-8 – 123 gpm/ft drawdown



MW-9 – 195 gpm/ft drawdown

Well MW-7 has an open-hole construction and exhibited a specific capacity about ten times
higher than the specific capacity of screened wells MW-6, MW-8, and MW-9. The lower
specific capacities in screened wells relative to the open hole construction, is attributed to the
gravel pack within the screened wells and the limited length of screen (15 inches) in each well.
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Chapter 5

Initial Tracer Test
5.1

Introduction

Cardno ENTRIX completed an initial tracer test by dosing well MW-7 with a solution of
potassium bromide (KBr) and monitoring specific conductance changes in downgradient
monitoring wellsMW-6, MW-8, and MW-9.The goal of the initial tracer test was to provide
independent verification of data collected by heat-pulse flow meters installed in selected
monitoring wells at the project site. Groundwater flow trends along the natural groundwater
gradient from the WCA-3B to the L-30 canal (northwest to southeast). No additional pumping
was applied to induce further groundwater movement.

5.2

Literature Review

Prior to conducting the test, Cardno ENTRIX conducted a literature search of previous tracer
tests conducted in the Biscayne Aquifer. The most relevant study was a tracer test done on the
Northwest Wellfield in Miami-Dade County (Renken et al., 2008). The test was conducted in
2003 by the USGS who introduced 227 liters of tracer solution containing 50 kg of Rhodamine
WT (dry mass) and 14 liters of a 70% solution of deuterium oxide followed by 6,056 liters of
tracer-free water into a non-pumping well adjacent to the well field. Water samples were taken
from the discharge of a well pumping at 7,808 gpm located approximately 300 feet from the
injection well. Based on pumping test data, the investigators expected the aquifer to behave as a
dual porosity medium with significant matrix dispersion effects slowing tracer migration.
However, the tracer test displayed rapid transport velocities consistent with conduit flow and
minimal matrix dispersion. None of the reported tracer tests in the Biscayne aquifer used
potassium bromide as the tracer, probably due to concerns over density-dependent flow of saline
tracer fluids vertically downward in the aquifer, independent of the groundwater flow field.
Successful tracer tests using KBr have been reported in sand aquifers in Maryland (Olsen and
Tenbus, 2004), Massachusetts (Davis et al., 2001) and New Mexico (Groffman, et al., 2003).
These tests have either been small scale (flow field limited to several meters) or used large
volumes of tracer fluid (10,000 liters).

5.3

Tracer Slug Calculations

Cardno ENTRIX evaluated the specific conductance data from the probes installed for the L-30
SMPP wells MW-1 through MW-5 recorded from April 21 to April 24 ,2010, to estimate the
natural variations in specific conductance in the native groundwater. These wells showed
significant variation in specific conductance in the first day of installation and then generally
stayed within a range of less than +/- 5 µS/cm for the remainder of the period of record, with the
exception of MW-5. Well MW-5 showed an anomalous spike and drop in specific conductance
at the end of the period that appears to be related to some disturbance of the probe. Based on
these data, it was assumed that the change in specific conductance caused by a saline tracer slug
must be on the order of 10 µS/cm or greater to be detected above natural background variations.
Using a conversion factor of 0.64 ppm per µS/cm (http://www.lenntech.com) it was estimated
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that a concentration of tracer will need to exceed 15 ppm to be reliably detected above
background variations.
As an initial step to design the tracer test, limited analytical modeling of the aquifer and tracer
transport was conducted. Hydraulic conductivity and gradient values from the pumping tests
performed by the USGS at the L-30 SMPP (Jacksonville District Corps of Engineers, 2009) and
published values of effective porosity for the Biscayne aquifer were used in the Efficient
Hydrologic Tracer-Test Design (EHTD) Program (EPA, 2003). The assumed aquifer parameters
were:
Hydraulic conductivity:

40,000 ft/day

Effective Porosity:

50%

Gradient:

0.0008 N126oE

Tracer tests were simulated to predict the break-through curve at MW-8, which is located 53 ft
down gradient and to the southeast of the injection well MW-7. Simulations were conducted
using tracer mass inputs ranging from 100 g to 100 kg, which assumed no retardation to
represent the conservative nature of potassium bromide. Simulations were conducted for both
conduit flow and porous media flow to bracket the expected travel times.
The simulations indicated that the leading edge of the tracer would reach MW-8 in
approximately 10 days, with the peak concentrations arriving in approximately 20 days. The tail
of the tracer would pass MW-8 in approximately 30 days for the fracture flow simulations and 40
days for the porous flow conditions.
The simulations indicated that the mass of tracer needed to produce an increase of 15 ppm at
MW-8 is on the order of 10kg for an instantaneous slug injection. Given this mass of tracer, a
slug injection design was the most reasonable approach, as a continuous injection design would
have required an unreasonable mass of tracer.
The parameters used to simulate the tracer test were all estimated values subject to an unknown
margin of error. In recognition of this uncertainty, the estimated minimum mass of tracer
required for the initial design was quadrupled to approximately 40 kg, or about 100 lbs of
potassium bromide in a concentrated aqueous solution added to the injection well as a slug.
Potassium bromide has a solubility of approximately 34.4 grams per 100 grams of water at 20oC.
Assuming a weight of water of 8.345 lbs/gallon, 100 lbs of potassium bromide can be dissolved
in 35 gallons of water. A concentrated mass of tracer was needed to create a conductivity spike
in the aquifer that was large enough to be detected by the conductivity probes. The density of the
concentrated potassium bromide solution was approximately 1.09, which creates a risk of density
flow in the aquifer and could cause the tracer to sink to the base of the aquifer rather than flow
horizontally with the groundwater.

5.4

Tracer Test (January 2010)

In January, 2010, Cardno ENTRIX began the initial tracer test at the L-30 SMPP. An inflatable
rubber packer was installed in well MW-7 to isolate upper flow zones from the lower zones, and
to prevent the denser saline solution from traveling to the base of the borehole. The top of the
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rubber packer was installed about 25 feet below the top of the casing of MW-7, or at an elevation
of -12.09 feet NGVD29.

5.4.1

Tracer Slug Injection

On January 26, 2010, Cardno ENTRIX pumped a solution consisting of 100 lbs of KBr in 35
gallons of water into MW-7. Subsequent to introducing the brine solution to well MW-7, 100
gallons of potable “chase” water was injected into the well to aid in distributing the saline slug
into the formation. The specific conductance of the saline water solution was about 276,000
µS/cm and the specific conductance of the source groundwater within well MW-7 was about 576
µS/cm. Prior to beginning the tracer test, the water level difference between groundwater in well
MW-7 (6.07 feet NGVD29) and the surface water in the L-31 Canal (5.19 feet NGVD29) was
0.88 feet over a distance of approximately 200 feet, which results in a gradient of approximately
0.04.

5.4.2

Data Analysis and Results

Cardno ENTRIX reviewed specific conductance measurements in wells MW-6, MW-8 and MW9 after the introduction of the tracer. Review of these data did not reveal an obvious saline
footprint within the three wells. Prior to beginning the tracer test, the specific conductance
concentrations recorded in wells MW-6, MW-8, and MW-9 were increasing. This increasing
trend may have masked any small increases in specific conductance attributed to the saline water
tracer.
The results of the initial tracer test did not indicate obvious tracer signatures in wells MW-6,
MW-8, and MW-9. As a result, groundwater flow rate and direction could not be estimated.
There may be multiple causes for this result. The most likely factors are:


Multiple flow paths the tracer may have taken, which did not intersect the monitoring
well screens



Density driven flow causing the tracer to sink vertically to the base of the aquifer



Diffusion and dispersion effects which may have caused too much dilution to produce a
detectable signal at the monitoring wells for the mass of tracer used

As a result of the inability to detect a rise of specific conductance in monitoring wells during the
initial tracer test, Cardno ENTRIX proposed modifications to include tracer detection with the
use of electrical resistivity techniques.

October 2011

USACOE\00061011.00\Tracer Tests\Report\Final\bkb_usacoe_jm_resistivity_tracer_rpt

Cardno ENTRIX

Initial Tracer Test 5-3

Chapter 6

Conceptual Design of Electrical Resistivity
Tracer Testing
Cardno ENTRIX proposed modifications to include tracer detection with the use of electrical
resistivity techniques. The nature of the tracer used for this study and the geologic setting
provided an opportunity to use remote sensing methods to map the migration of the tracer mass
through the aquifer without any further disruptions to the natural flow field. Potassium Bromide
(KBr) is an ionic salt that acts as a non-reactive (conservative) tracer in the groundwater. A mass
of KBr introduced into the aquifer will create a slug of electrically conductive groundwater that
will move through the aquifer in response to the local flow field. Using a concentrated slug of
tracer introduces the potential for the denser tracer mass to sink through the water column if the
vertical hydraulic conductivity of the aquifer is high enough to allow vertical flow. The presence
of distinct horizontal flow zones on the well logs from the L30 SMPP site and the indications of
strong vertical flow in the open boreholes on the flow meter logs all suggest that the aquifer is
vertically stratified and that vertical flow barriers are present that should restrict density driven
flow. These assumptions indicate that the use of a concentrated slug of KBr is a valid approach
in this aquifer, but the success of the test depends on the validity of this assumption and the
ability to place sampling points in the right lateral and vertical location.
Slugs of electrically conductive water can be mapped in aquifers using a variety of electrical
geophysical techniques. The shallow depths of this flow system (20 to 70 feet) suggest that the
electrical resistivity method is appropriate for this application. Electrical resistivity surveys use
two pairs (dipoles) of electrodes to induce an electrical field in the subsurface and measure the
potential distribution created by that field. The conductivity distribution of the subsurface, both
laterally and vertically, can be measured by varying the location and spacing between the
electrode dipoles. A mass of conductive groundwater migrating through the subsurface will
create a conductivity anomaly that can be detected by electrodes on the ground surface. The
Biscayne Aquifer has exceptionally high values of hydraulic conductivity and porosity that must
be considered when designing a tracer test. The USGS (Cunningham et al., 2006), has identified
several preferential flow zones within the aquifer that are believed to concentrate flow within the
aquifer. Recognizing these flow zones in the wells, and positioning the target injection zone and
monitoring zones within the flow zones, will significantly increase the chances for a successful
test.
Cardno ENTRIX conducted a modeling exercise to evaluate the feasibility of using resistivity to
monitor additional tracer tests at the L30 site. The geophysical log data to approximate the
electrical properties of the Biscayne aquifer in the area and the physical properties of the tracer to
simulate the migration of the tracer mass through the aquifer was used. For the purposes of the
model it is assumed that a concentrated slug of tracer consisting of 250 gallons of water
containing 50 kg of KBr is injected into MW-7 within a period of a few minutes followed by 100
gallons of fresh water to force the tracer mass out of the well and into the aquifer. We also
assumed that a series of resistivity measurements will be made along resistivity lines that trend
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perpendicular to groundwater flow (roughly parallel to the dike) at two to three locations
between MW-7 and the dike at several times after injection.
The model was set up with cells approximately 10 feet wide and 10 feet thick. The change in the
shape in the tracer mass over time is simulated by the tracer plume becoming broader and less
concentrated, diluted by a ratio of 10 to 1 for each step. Cardno ENTRIX simulated three
different conditions , T1, T2, T3, which can be assumed to represent three different times at
different locations as the tracer mass migrates through the aquifer and mixes with the native
groundwater.
Cardno ENTRIX conducted one set of simulations assuming the tracer migrates through the
upper flow zone at about 20 to 30 feet below the surface and a second set of simulations
assuming the tracer sinks to the bottom of the aquifer and flows at a depth of about 70 feet.
The background resistivity of the Biscayne aquifer was set at 70 Ohmm based on the induction
log values which varied between about 60 and 80 Ohmm. Actual values onsite varied between
about 50 and 200 Ohmm (refer to Section 7.0). The tracer mass was simulated as a more
conductive (less resistivity) mass in one or more model cells. Three sets of conditions were
simulated to reflect the expected condition of the tracer slug as it moves through the aquifer
away from the injection point.
Previous tracer tests in the Biscayne Aquifer for the Northwest Wellfield in Miami-Dade County
found that mixing and dispersion were not significant factors in the tracer flow through the
aquifer so actual mixing and dispersion were expected to be less than assumed by the models.
The resistivity distribution for each scenario was used to generate synthetic field resistivity data
for a dipole-dipole electrode array assuming 28 electrodes with a 6-meter spacing between each
electrode using the Earth Imager 2D Resistivity modeling package by Advanced Geosciences,
Inc. The synthetic resistivity field data was modeled using the Earth Imager software to produce
a processed resistivity geoelectrical section similar to the results of an actual field survey over
the modeled resistivity structure. Comparing the starting model to the processed geo-electrical
panel indicates how well the resistivity method can be expected to detect the tracer mass and
image it in the proper spatial location.
The tracer was clearly visible in all three simulations in the upper flow zone (refer to Figure 6-1).
The location and shape of the tracer mass is very similar to the starting model both laterally and
vertically with some degree of vertical smearing of the tracer mass with an apparent resistivity
“shadow” below the body. The processed resistivity panels resolve the lateral location of the
tracer very closely but the vertical smearing exaggerates the vertical extent of the tracer and
displaces the center of the masses slightly deeper into the aquifer.
A sensitivity analysis of the model results indicated that this phenomenon is caused by the large
and abrupt resistivity change occurring across a sharp boundary (one cell) creating an artifact in
the modeling process. Reducing the magnitude of the resistivity contrast reduces the vertical
smearing of the tracer mass on the geo-electrical panel and moves the image to the proper depth.
Additional simulations for the tracer slug near the base of the aquifer were conducted. These
simulations assumed that the tracer sank to a lower flow zone in response to density flow through
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an area with high vertical permeability such as an open borehole or a breach in a confining unit
between flow zones. The results are very similar to the shallow flow zone results with the
exception that there is a general decrease in the sharpness of the shape of the imaged body due to
the greater depth of burial of the tracer slug. The lateral location of the tracer mass is still well
determined in all three scenarios and the vertical resolution is similar to the shallow results.
Sensitivity testing also indicated that the vertical smearing is less significant for lower resistivity
contrasts between the tracer mass and the aquifer.
The model results indicated it may be possible to reduce the concentration of the tracer slug to
reduce the vertical displacement of the imaged mass, providing that dispersion and mixing
processes do not dilute the tracer plume to below detection limits before the tracer passes the last
resistivity line. The results of the forward modeling were used to design the initial field trial of
the resistivity tracer test.
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Chapter 7

Resistivity Tracer Tests
7.1

Introduction

Electrical resistivity surveys were conducted at the L-30 SMPP site in May 2010 and April 2011,
as a means of monitoring the migration of a KBr tracer injected into the aquifer. The purpose of
the tests was to measure the groundwater flow rate and direction in the Biscayne aquifer that
underlies the site. These tests were intended to serve as independent confirmation of continuous
flow data being collected in monitoring wells on site using heat-pulse flow meters.

7.2

Data Collection and Processing Equipment

A Sting/Swift R8 resistivity system with 28 channel resistivity cables was used to collect the
resistivity data. The electrode spacing along the cables was 10 feet. The survey area was
submerged during the first test (May 2010) so marine resistivity cables were used. The survey
area was not submerged for the second test (April 2011) so stainless steel electrodes were used to
couple with the ground. The data were collected using a pole-dipole array with the remote
electrode located approximately 850 feet southwest of electrode 1 on Line 4. A remote electrode
was planted into the muck within WCA-3B approximately 850 feet beyond the end of the
resistivity lines.
The resistivity data were interpreted using the Earth ImagerTM electrical resistivity modeling
package by Advanced Geosciences, Inc. The Earth Imager package converts apparent resistivity
values from field measurements into a geo-electrical section showing the lateral and vertical
changes in subsurface resistivity beneath the resistivity line. The data from the first test were
processed using a fresh water layer above the electrodes with the depth set based on field
measurements of the depth of water and the fluid resistivity values determined by the field data.
No water layer was needed to process the data from the second test.

7.3

Transect Line Setup

Four transect lines, designated as Lines 1, 2, 3, and 4, were located parallel to the L-31 levee
(Figure 7-1). These lines were perpendicular to the assumed groundwater flow direction. Line 1
was located to the northwest of MW-7 as an up-gradient resistivity line. Lines 2, 3, and 4 were
located southeast of MW-7 as down-gradient resistivity lines. For the first resistivity tracer test
conducted in May 2010, Line 5 was located perpendicular to Lines 1, 2, 3, and 4 along the
assumed orientation of groundwater flow. Line 5 was not used for the second test conducted in
April 2011. The first electrode (electrode 1) and the last electrode (electrode 28) of each line
were marked in the field with stakes so the lines could be periodically reoccupied with the
resistivity cables in very nearly the same location for subsequent surveys. This procedure avoids
introducing variations in the data caused by changes in the subsurface geology. Resistivity was
measured before injection of KBr to establish baseline conditions and at selected times after
injection of a KBr tracer to measure the migration of the tracer through the aquifer.
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7.4

Resistivity Tracer Test 1 (May 2010)

In May 2010, Cardno ENTRIX began the first resistivity tracer test at the L-30 SMPP. The
conservation area at the L-30 SMPP project site was submerged during this test. An inflatable
rubber packer was installed in well MW-7 in the same manner as the initial tracer test. This
packer isolated the upper flow zones from the lower zones, and prevented the denser saline
solution from traveling to the base of the borehole. The top of the rubber packer was installed
about 25 feet below the top of the casing of MW-7, or at an elevation of -12.09 feet NGVD29.

7.4.1

Hydraulic Gradient

Cardno ENTRIX reviewed the hydraulic gradient between well MW-7 and the L-30 Canal to
evaluate the head difference across the project area. Groundwater elevation data for MW-7 was
obtained from a water level probe installed in the well. Surface water elevation data for the L-30
Canal was obtained from the South Florida Water Management District online DBHydro
database. Results indicate a hydraulic gradient of 0.0028 from MW-7 to the L30 Canal. Refer to
Table 7-1 for a summary of water elevation data. The WCA-3B was fully submerged during the
first resistivity tracer test conducted in May 2010.

7.4.2

Tracer Slug Injection

The mass of KBr was increased for this tracer test. A slug of concentrated KBr solution was
prepared by mixing 50 pounds of Laboratory grade KBr salt into 100 gallons of water. The KBr
solution was injected by centrifugal pump into MW-7 from 0835 hours to 0851 hours on May
20, 2010. Approximately 100 gallons of fresh water was injected into MW-7 from 0856 hours to
0912 hours to flush the KBr solution out of the well bore and into the formation. Resistivity
readings were taken prior to injecting the tracer and at several times following the injection to
measure the migration of the tracer though the aquifer. For the purposes of migration time
analysis, it was assumed that the tracer began migration at the start (0835 hours) of the injection
process.

7.4.3

Resistivity Data Analysis and Results

Figures 7-2 through 7-7 present the interpreted resistivity cross sections of each transect line at
various times. Times range from background to approximately five days after injection. A
reduction in resistivity (or increase in conductance) is evident on the cross sections as a color
change from reds and oranges to greens and blues. Increased conductance of the saline slug is
evident as yellow and orange colors changing to green and blue colors.
A set of resistivity readings were made at each line on May 19, 2010 prior to injection of the
tracer to provide background readings and determine the geologic conditions of the site (Figure
7.2). All five lines detected a relatively low resistivity layer a few feet thick that represents the
fresh water and soft muck sediment at the surface. Below this layer, a higher resistivity layer was
detected. This layer has resistivity values in the range of about 100 to 200 Ohm-m and lies
between about 14 and 35 feet below the surface. Based on the resistivity and depth of this layer,
this was interpreted to represent the high resistivity zone within the Fort Thompson Formation of
the Biscayne Aquifer. The EM induction resistivity logs conducted by the USGS on MW-7 and
MW-8 also show a zone of high resistivity at depths of between 15 and 35 feet and was
interpreted as the upper part of the Fort Thompson Formation based on the well logs and cores
(e.g. Cunningham et al., 2006).
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The background resistivity of the Fort Thompson Formation varies laterally along each line and
also between lines (Figure 7-2). The lower resistivity zones of this unit could indicate areas with
higher void content, which could represent higher flow zones. The lower resistivity zones may
also indicate zones that contain groundwater with slightly higher total dissolved solids (TDS) or
higher silt or clay content. There are large areas of lower resistivity within the interpreted Fort
Thompson layer along Line 4. The cause of these zones is not well understood, but this line runs
immediately along the toe of the dike. These variations could represent changes in the
permeability? of the Fort Thompson Formation, or could be due to three dimensional effects
caused by the presence of the L-30 levee immediately adjacent to the line. Variations in the
lithology or structure of the L-30 levee can disrupt the current distribution in the area, which
would be manifested as changes along the two dimensional geo-electrical panel, even though the
variations are out of the plane of the resistivity line and may not correspond to subsurface
variations below the line. These effects are expected to be consistent from line to line so they
will not interfere with the ability of the data to detect changes over time related to migration of
the tracer.
A discussion of the migration of the tracer along each transect is provided below.
Line 1 – The resistivity data from this line was very consistent for all six sets of readings as
shown on Figure 7-3. This was interpreted to indicate that the tracer did not migrate to this line.
This is consistent with the position of the line being up-gradient of the injection well.
Line 2 – The resistivity data from this line was very consistent for all five sets of readings with
the exception of a reduction in resistivity within the Fort Thompson Formation around station
120 on the 54 minute data set as highlighted on Figure 7-4. The resistivity of this zone is largely
back to background conditions by the next set of readings taken at 339 minutes. This sequence
was interpreted to indicate that the tracer migrated to the line 2 within 54 minutes and the tracer
had largely moved past the line within 339 minutes. Assuming a distance from the injection well
to the line of about 10 feet, the tracer appears to be migrating at a minimum velocity of about
267 ft/day approximately to the southeast.
Line 3 – The resistivity data from this line was very consistent for all five sets of readings with
the exception of a reduction in resistivity within the Fort Thompson Formation around station
120 on the 365 minute data set as highlighted on Figure 7-5. The resistivity of this zone is largely
back to background conditions by the next set of readings taken at 1,466 minutes. This sequence
was interpreted to indicate that the tracer migrated to line 3 within 365 minutes and the tracer
had largely moved past the line within 1,466 minutes. Assuming a distance from the injection
well to the line of about 35 feet, the tracer appears to be migrating at a minimum velocity of
about 138 ft/day approximately to the southeast.
Line 4 – The resistivity data from this line was very consistent for all seven sets of readings with
the exception of a reduction in resistivity within the Fort Thompson Formation between stations
90 to 120 on the 7,332 minute data set as highlighted on Figure 7-6. The signature of this
resistivity change is different than the changes seen on Lines 2 and 3 in that the change is a
reduction in a higher resistivity zone rather than an increase in the size of a low resistivity zone.
This could indicate that the tracer migrated through a high resistivity zone of the aquifer or the
migration occurred through a thin zone near the base of the Fort Thompson Formation and was
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manifested by a thinning and reduction in resistivity of a higher resistivity zone. While the
signature of this event is less obvious, this sequence was interpreted to indicate that the tracer
may have migrated to the line 4 between 365 and 7,332 minutes. Assuming a distance from the
injection well to the line of about 72 feet, the tracer appears to be migrating at a velocity of
between 14 to 75 ft/day approximately to the southeast.
Line 5 – Line 5 is perpendicular to levee L-30, so resistivity trends observed during the tracer
test reflect progressive transport from the dosing well MW-7 to downgradient sensors. The
resistivity data from the south half of this line was very consistent for all five sets of readings
with the exception of a reduction in resistivity within the Fort Thompson Formation between
stations 90 and 30 on the 119, 433, and 1,357 minute data sets as shown on Figure 7-7. The
change in resistivity appears to propagate from immediately down-gradient of the injection well
(near station 90) on the 119 minute data to near station 30 on the 1,357 minute data set. The
magnitude of the change appears to diminish as the slug migrates along the line, consistent with
a reduction in the conductivity of the tracer slug due to dilution and dispersion along the flow
path. The resistivity of this zone is largely back to background conditions by the next set of
readings taken at 7,367 minutes. This was interpreted to indicate that the tracer migrated from
about station 90 to station 30 in between 433 and 1,357 minutes at an average rate of between 63
and 199 ft/day. This estimate of flow velocity is in general agreement with the range of estimates
from Lines 2, 3, and 4 and indicates that the resistivity data is able to image the migration of the
tracer through the aquifer. It is not possible to make any determination of flow direction other
than along the trend of the line due to the orientation of the line being parallel to the assumed
direction of groundwater flow.
A notable anomaly occurs on the northwest half of Line 5 between stations 180 and 240. The
resistivity of the Fort Thompson Formation increases by about 30% on the 119 and 1,357 minute
data sets. The cause of this variation is not well understood but it is unlikely to represent an error
in measurement because the data quality for all data sets is very good, as determined by the low
RMS error during the inversion process of the raw data. RMS error is measured during the data
inversion process by comparing the fit of the modeled geoelectrical section to the field data.
Low RMS errors indicate a good fit which suggests the data was reliable and representative of
actual field conditions. The datra are also quality during field acquisition. Each raw field
measurement consists of multiple measurements numerically averaged for a specified
measurement period. The variation of each measurement is calculated and accumulated during
the measurement cycle. Data that fails the repeatability criteria of the acquisition parameters is
rejected and not used for data processing. Due to the length of the lines and the volume of the
subsurface being imaged, any variations in the orientations of the line locations would be
minimal.
The observed changes in resistivity appear to be related to changes in the formation resistivity
which can only be due to changes in the conductivity of the groundwater in the aquifer. This area
is well up-gradient of the injection well and no tracer migration in the up-gradient direction was
observed on Line 1. It appears that this unexpected result may be due to changes in groundwater
conductivity related to rapid recharge events. The specific conductance data from monitoring
wells on the site indicates that the conductance of the water in the well screens varies by
approximately 30% over periods of weeks to months. It appears that the area showing the
variation in resistivity on the north half of Line 5 is receiving rapid recharge in a matter of
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minutes to hours from the surface water and that this recharge may have variations in
conductivity based on dilution effects from precipitation or to some degree from changes in
water temperature. A heavy rain occurred during the tracer test; however, a rain gauge was not
present on-site at that time. This phenomenon was not observed on any other line and does not
appear to have impacted the reliability of the results of the survey. This area may be worthy of
further study if you wish to understand the flux between the surface water and groundwater in
the area.
Based on the resistivity data sets, Cardno ENTRIX concludes that at the time of this study,
groundwater was flowing roughly parallel to the line between MW-7 and MW-8 (southeast) at a
rate of between 17 to 199 ft/day with an average of 126 ft/day. The relatively wide velocity range
is a result of the time step between readings collected during the first day of the tracer test. The
data also confirmed that the tracer was flowing horizontally along a flow path and did not
migrate vertically through the aquifer in response to density driven flow. This is further evidence
for the existence of confining units between the horizontal flow zones in the aquifer.
Cardno ENTRIX recommended increasing the KBr mass and volume of solution and chase water
for a subsequent test to create a larger resistivity signature. Further, Cardno ENTRIX
recommended increasing the number of resistivity readings during the first two days of the test to
increase the precision of velocity estimates.

7.4.4

Resistivity Breakthrough Curves

Cardno ENTRIX extracted resistivity data from specific points of the modeled resistivity data for
each transect line that exhibited the highest values for tracer response and plotted breakthrough
curves of electrical conductivity for these points. Breakthrough curves were created for the
portion of the resistivity panels that was the most evident of a slug response, as well as
surrounding points (i.e., the central point then the adjacent points to left, right, above and below).
Of this matrix of breakthrough curves, the curve showing the highest relative change of
resistivity from ambient conditions were selected for final presentation and analyses Refer to
Figure 7-8 for breakthrough plots of the first resistivity tracer test based on resistivity data.
Groundwater velocities were calculated from these breakthrough plots based on when the center
of mass tracer reached the transect line. This methodology provides a conservative estimate of
velocity that is less impacted by the tracer and chase water injection. Velocity may also be
evaluated by the time that the leading edge of the tracer slug is first detected. This method
produces higher estimates of groundwater flow. Diffusion processes are expected to be
negligible given the very high flow velocities observed on this site, and density dependent flow
is expected to be less as the slug dilutes.
Results of the velocities are provided in Table 7-2. The calculated groundwater velocities for the
May 2010 test are:


Line 1 - Not Applicable – the tracer did not travel to this line



Line 2 - 267 feet/day



Line 3 - 138 feet/day



Line 4 - 14 to 75 feet/day - the recording frequency resulted in a velocity range
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Omitting upgradient Line 1, the average groundwater flow rate and direction during the May
2010 tracer test ranges between 140 and 160 feet/day to the southeast. This was during a wet
period when the WCA-3B was submerged and the hydraulic gradient between MW-7 and the L30 canal was 0.0028.

7.5

Resistivity Tracer Test 2 (April 2011)

7.5.1

Hydraulic Gradient

Cardno ENTRIX reviewed the hydraulic gradient between well MW-7 and the L-30 Canal to
evaluate the head difference across the project area. Groundwater elevation data for MW-7 was
obtained from a water level probe installed in the well. Surface water elevation data for the L-30
Canal was obtained from the South Florida Water Management District online DBHydro
database. Results indicate a hydraulic gradient of 0.0009 from MW-7 to the L30 Canal. Refer to
Table 7-1 for a summary of water elevation data. The WCA-3B was dry in the area of the wells
during the second resistivity tracer test conducted in May 2010.

7.5.2

Tracer Slug Injection

The second resistivity tracer test began in April 2011. Resistivity lines 1 through 4 were
reoccupied for the second test. Line 5 was not used for the second test. The WCA-3B at the L-30
SMPP project site was dry throughout this test, so steel electrodes were used to make the
electrical connection to the ground. The electrodes were wetted with salt solution as needed to
maintain a low resistance coupling with the ground. Several sets of background readings were
take on April 11th and 12th prior to injecting the tracer to measure the resistivity of the subsurface
under pre-test conditions. The results of the background readings were essentially the same as for
the May 2010 test.
A slug of concentrated KBr solution was prepared by mixing 500 pounds of Laboratory grade
KBr salt into 500 gallons of water. The KBr solution was injected by centrifugal pump into MW7 from 10:44 to 10:55 hours on April 12, 2011. Approximately 500 gallons of fresh potable
water was injected into MW-7 from 10:56 to 11:20 hours to flush the KBr solution out of the
well bore and into the formation. Resistivity readings were taken at several times following the
injection to measure the migration of the tracer slug though the aquifer. For the purposes of this
analysis, the assumed time that the tracer began migration is at the start (10:44 hours) of the
injection process.

7.5.3

Resistivity Data Analysis and Results

Cardno ENTRIX evaluated the electrical resistivity data with the use of ImagerTM electrical
resistivity modeling package by Advanced Geosciences, Inc. Figures 7-9 through 7-12 present
the interpreted resistivity cross sections lines run at each line location at various times starting
from a few minutes after tracer injection to approximately three days after injection. A reduction
in resistivity (or increase in conductance) is evident on the cross sections as a color change from
reds and oranges to greens and blues. Increased conductance of the saline slug is evident as
yellow and orange colors changing to green and blue colors. The migration of the tracer plume
is apparent on cross sections as a decrease in resistivity seen in the Fort Thompson formation.
A discussion of the migration of the tracer follows:
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Line 1 – The resistivity data from this transect indicates a tracer response within 2.9 hours that
returned to background conditions within 24 hours. A reduction in resistivity of about 40% was
apparent in the first reading (2.9 hours) after the injection. Refer to Figure 7-9 for resistivity
cross-sections for each measurement. The change in resistivity is apparent in a southwestern
direction at a maximum depth of about -25 feet NGVD29. The resistivity began to increase after
the initial reading, and had largely returned to near background conditions between 7.5 and 24.1
hours after injection.
This line is located in an up gradient location. The changes in resistivity are attributed to the
higher volume of injections (1,000 total gallons of tracer solution and chase water) and lower
hydraulic gradient, which likely pushed the saline water upgradient. Considering the time it took
the tracer to travel 11 feet up gradient to Line 1 was between 0 and 2.9 hours, with a minimum
rate of 75 feet/day. The flow direction is to the south from the injection point, which is evident
on the cross sections on Figure 7-9 as a “tongue” of decreased resistivity to the left. This may be
attributed to a solution cavity or temporary alteration of the groundwater flow (both direction and
rate) from the introduction of the 1,000 gallons of saline solution and chase water.
Line 2 – The resistivity data from this transect (Figure 7-10) showed initial changes in the first
reading at 3.1 hours after injection. The resistivity declined through 7.0 hours after injection and
then began to increase. The maximum change in resistivity is about 40%, which occurred at 5.1
and 7.0 hours after injection. The resistivity values had largely returned to background
conditions after 24.3 hours.
The trend of the saline slug was to the southwest during the first six hours. The maximum depth
of significant resistivity reduction is about -35 feet NGVD29. Considering that the tracer
traveled approximately 10 feet with a maximum resistivity change occurring between 5.1 and 7.0
hours, the minimum groundwater velocity is 48 feet/day to the southeast. This lower value than
the velocity at Line 1 could be attributed to initial movement of the tracer up gradient during
injection, thereby increasing the actual travel distance to Line 2.
Line 3 – The resistivity data from this line indicates more subtle changes in resistivity which is
likely a result of dilution of the tracer. The initial response is evident at 3.3 hours after injection
with a maximum resistivity reduction occurring at 5.3 hours after injection. The resistivity
slowly recovered to background conditions between 6.2 and 24.4 hours after injection. Refer to
Figure 7-11 for resistivity cross sections of Line 3 for each reading. Considering that the tracer
traveled approximately 35 feet with a maximum resistivity change occurring at about 5.3 hours,
the minimum velocity is 158 feet/day to the southeast.
Line 4 – The resistivity data from this line indicates more subtle changes than that of Lines 1, 2,
and 3, suggesting further dilution of the tracer. An initial tracer response is evident at 5.5 hours
after injection and a second possible pulse was evident at 7.4 hours after injection. The
maximum change in resistivity is about 12%. The resistivity in Line 4 had returned to
background conditions by 24.6 hours. Refer to Figure 7-12 for resistivity cross sections of Line 4
for each reading. Considering that the tracer traveled approximately 72 feet with a maximum
resistivity change occurring at 7.4 hours, the minimum velocity is 234 feet/day to the southeast.
This higher value may be attributed to variations in flow velocity caused by changes in the
aperture of the voids along the flow path. During installation of MW-7, a larger void than any of
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the other monitoring wells was encountered. It is possible that the aperture of the void space
along the flow path gets smaller which results in a higher velocity to move the same volume of
water.
Based on the resistivity data sets of the April 2011 resistivity tracer test, the estimated
groundwater flow velocities range between 48 and 234 feet/day. The flow direction was to the
south in Line 1, and to the southeast in Lines 2, 3, and 4. The groundwater flow rate and
direction at Line 1 may have been altered by the introduction of 1,000 gallons of saline solution
and chase water diverting the tracer up gradient in response to the rapid injection of the tracer
slug.

7.5.4

Resistivity Breakthrough Curves

Cardno ENTRIX extracted resistivity data from specific points of the modeled data for each
resistivity line that exhibited the highest values for tracer response and plotted breakthrough
curves of electrical conductivity for these points. Curves were plotted for the point that showed
the largest tracer response as well as surrounding points (i.e., the central point then the adjacent
points to left, right, above and below). The point showing the highest resistivity variation along
each line were chosen to generate the breakthrough curves. Refer to Figure 7-13 for a plot of the
breakthrough curves based on the highest relative responses for Lines 1, 2, 3, and 4.
Cardno ENTRIX calculated groundwater velocities from these breakthrough plots based on
when the center of mass reached the Line. This methodology provides a conservative estimate of
groundwater flow rate that is less impacted by the tracer and chase water injection. The flow rate
may also be evaluated by the time that the leading edge of the tracer slug is first detected, though
this approach produces higher estimates of flow rate and may be affected by diffusion effects as
described in discussion of the May 2010 test.
The increased frequency of resistivity readings enabled more precise determinations of the peak
of the resistivity change as compared to the May 2010 test. Results of the groundwater flow rates
are provided in Table 7-2. The calculated groundwater flow rates are:


Line 1 - 75 feet/day



Line 2 - 48 feet/day



Line 3 - 158 feet/day



Line 4 - 234 feet/day

Omitting Line 1 because it is upgradient, the average groundwater flow rate and direction during
the April 2011 tracer test is 147 feet/day to the southeast. This was conducted during a dry period
when the WCA-3B was not submerged at the study area and the hydraulic gradient between
MW-7 and the L-30 canal was 0.0009.

7.6

Discussion of Results

The average data from the April 2011 tracer test were consistent with the average data from the
May 2010 test. The May 2010 test was conducted during a wet period when the WCA-3B was
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submerged. The April 2010 test was conducted during a dry period when the WCA-3B was dry
in the area of the study.
The results indicate that the resistivity method can make fairly reliable and reproducible
measurements of the migration of a conductive tracer through the aquifer. The calculated average
groundwater flow rate and direction during the May 2010 test ranged between 140 and 160
feet/day to the southeast. Increasing the measurement frequency for the April 2011 test resulted
in a calculated average groundwater flow rate of 147 feet/day. Using a larger mass of tracer and
making more frequent measurements seems to have improved the magnitude of the resistivity
anomaly created by the tracer and improved the temporal resolution of its migration. The method
indicates that water is flowing horizontally through flow zones in the aquifer that are largely
isolated by confining units between the flow zones. Vertical flow due to density variations did
not appear to be a significant factor in the tests. The measure flow rates are relatively high for
typical groundwater systems, but consistent with the results of other measurements on the site.
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Chapter 8

Tracer Test Evaluations Based on Specific
Conductance in Monitoring Wells
8.1

Introduction

Cardno ENTRIX reviewed specific conductance measurements that are recorded at 15-miunte
intervals from existing conductivity meters located in wells MW-6, MW-8, and MW-9 for
indications of elevated specific conductance. MW-6 is screened -31.93 to -33.18 feet NGVD29.
MW-9 is screened -5.49 to -6.74 feet NGVD29. MW-8 is screened -13.90 to -15.15 feet
NGVD29. The injection in MW-7 occurred at approximately -12.09 feet NGVD29.

8.2

Resistivity Tracer Test 1 (May 2010)

The specific conductance data from MW-8 showed only small amplitude background variations
allowing short duration specific conductance anomalies to be detected. A small (3 µS/cm) spike
in the data was detected in MW-8 between 10:00 AM on May 20th and 6:00 AM on May 21st.
Figure 8-1 is a blow up of this time frame that shows the specific conductance data from MW-8.
Using the center of the peak at about 3:30 PM on May 20th to represent the peak concentration of
the tracer at MW-8, the estimated velocity of groundwater flow is approximately 150 ft/day to
the southeast. This is within the range of estimates from the resistivity data and within 20% of
the average velocity value from the resistivity data.
The specific conductance spike seen in MW-8 is very subtle and would have been impossible to
detect in one of the wells that had more variation in the background specific conductance values.
The spike appears to be a valid indicator of the tracer arrival at the well. The low magnitude of
the response suggests that the center of mass of the tracer flowed below the screen and the well
only captured a small portion of the tracer. The magnitude of the specific conductance anomaly
detected in MW-8 was too small to be detected by the resistivity method and indicates that the
well missed the main mass of the tracer due to the position of its screen.

8.3

Resistivity Tracer Test 2 (April 2011)

Figure 8-2 is a plot of the conductivity values from MW6, MW7 and MW8 for the period of the
April 2011 tracer test. All three wells displayed essentially constant background readings making
it possible to detect small anomalies from the passage of the tracer. The specific conductance
data from MW-8 showed a significant increase during the April 2011 tracer test. The background
specific conductance was about 575 µS/cm and the peak specific conductance was about 710
µS/cm. The peak specific conductance occurred at about 20:45-hrs on April 12, 2011, about 10
hours after injection of the tracer (refer to Figure 8-3). Using the center of the peak at about
20:45-hrs on April 12, 2011, to represent the peak concentration of the tracer at MW-8, the
estimated velocity of groundwater flow is approximately 127 ft/day to the southeast.
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Chapter 9

Density Flow Considerations
Cardno ENTRIX evaluated potential density differences between the saline water used for the
tracer and native water to qualitatively assess if density differences were driving lateral flow of
the saline water slug through the system. Cardno ENTRIX converted the lowest resistivity values
(highest conductivity) for each line and estimated the water density based on sodium chloride
using Archie’s equation. Refer to Appendix A for calculations.
The injected tracer initially had a density 2% higher than native groundwater (in the range of sea
water) but was diluted by the addition of the chaser water and mixing in the void system adjacent
to MW-7. At the line nearest to the injection point, (Line 1) the density difference between native
water and the tracer slug is estimated to be 0.04% at 25 degrees Celsius. The tracer slug at well
MW-8, which had an increase of specific conductance of about 150 µS/cm from background
levels, has an estimated density the same as that of the background water to four significant
figures. Differences in densities between the saline water used for the tracer and native water
may initially result in some influence in flow velocities; however, the saline water dilutes rapidly
and these differences are presumed to be relatively minor relative to the overall flow velocity of
the system by the time the tracer migrated to the first resistivity line.
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Chapter 10

Conclusions and Recommendations
The resistivity tracer tests proved to be efficient and effective for the Biscayne Aquifer at this
site. The method produced groundwater flow rate and direction measurements that were
reproducible and consistent with the values determined by conductivity measurements in MW8.
The method produced a three-dimensional visualization of the migration of the tracer mass
through the subsurface. The results confirmed that the tracer moved along a horizontal flow path
within a narrow plume. The average data from the April 2011 tracer test were consistent with the
average data from the May 2010 test. The May 2010 test was conducted during a wet period
when the WCA-3B was submerged. The April 2010 test was conducted during a dry period when
the WCA-3B was dry in the area of the study. The results indicate that the resistivity method can
make reliable and reproducible measurements of the migration of a conductive tracer through the
aquifer. The calculated average groundwater flow rate and direction during the May 2010 test
ranged between 140 and 160 feet/day to the southeast. Increasing the measurement frequency for
the April 2011 test resulted in a calculated average groundwater flow rate and direction of 147
feet/day to the southeast.
No significant vertical flow was detected indicating that the flow zone was effectively confined
by low permeability units. The dilution of the tracer slug in the aquifer minimized the risk of
density flow conditions in the aquifer. Further, no resistivity changes were apparent at depths
below about -30 feet NGVD29 (the approximate screened are of MW-6). This is confirmed by a
lack of significant specific conductance changes in MW-6.
The resistivity method provides a method of directly measuring tracer migration and can be used
a substitute for traditional tracer studies when monitoring wells are not available. The method
can also be used to determine where monitoring wells should be placed and screened to intercept
a tracer slug for subsequent tests.
Migration pathways for other flow zones could be evaluated by adjusting the depth of the packer
in the injection well to inject the tracer into other flow zones. The resistivity data could then be
used to evaluate changes in the flow rate and flow pattern in other flow zones and select
monitoring well locations and screen depths to conduct tracer tests in the other flow zones. Given
the multiple flow zones present in the Biscayne Aquifer, it may not be economically feasible to
conduct traditional tracer tests within each flow zone with properly sited monitoring wells. The
resistivity approach provides the flexibility to conduct multiple tests without monitoring wells to
determine which zones are most critical and justify the expense of confirmatory tracer tests with
dedicated monitoring wells.
With minor modifications, the resistivity instrumentation could be designed as a permanent
installation. Data collection could be automated to reduce the cost of subsequent tests allowing
multiple tests to be conducted at different times of the year to document the response to the flow
system to changes in the hydrologic conditions or seasonal variations. Such a system could be
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developed to provide nearly real-time flow measurements as part of a system to monitor and
control a seepage control system as part of the Comprehensive Everglades Restoration Plan.
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Figures

Figures 2-1 through 8-3

Tables

Tables 4-1 through 7-2

Well Construction Details
SMPP Baseline Hydrogeologic Testing Project
Miami-Dade County, Florida

Table 4-1

Monitoring Well
Designation
MW-6
MW-7
MW-8
MW-9
Stilling Well SW-7

Original Borehole Ground Surface Elevation at Base
Depth
Elevation
of Well
Screened Interval
(ft bls)
(ft NGVD)
(ft NGVD)
(ft NGVD)
52.62
7.1
-38.94
-31.93 to -33.18
55.70
4.9
-42.54
no screen
34.64
5.6
-20.86
-13.90 to -15.15
26.25
5.9
-12.45
-5.49 to -6.74
13.54
4.9
+2.10
NA

NGVD = National Geodetic Vertical Datum (1929)

Screened
Interval
(ft below TOC)
45.61 to 46.86
no screen
27.68 to 28.93
19.29 to 20.54
NA

Top of Casing
Elevation
(ft NGVD)
13.68
13.16
13.78
13.80
15.64

Table 7-1

Resistivity Tracer Test Water Level Elevations
(May 2010 and April 2011)
SMPP Baseline Hydrogeologic Testing Project
Miami-Dade County, Florida

Water Level Elevations for the First Resistivity Tracer Test (May 2010)
Gradient from MW-7 to L301
time_stamp
mw7_wse_ft
S336-Head
5/12/2010 0:00
6.40
5.76
0.0029
5/13/2010 0:00
6.39
5.78
0.0028
5/14/2010 0:00
6.38
5.78
0.0027
5/15/2010 0:00
6.37
5.77
0.0027
5/16/2010 0:00
6.36
5.77
0.0027
5/17/2010 0:00
6.38
5.78
0.0027
5/18/2010 0:00
6.39
5.77
0.0028
5/19/2010 0:00
6.40
5.78
0.0028
5/20/2010 0:00
6.41
5.82
0.0027
5/21/2010 0:00
6.38
5.78
0.0027
5/22/2010 0:00
6.36
5.77
0.0027
5/23/2010 0:00
6.35
5.77
0.0026
5/24/2010 0:00
6.34
5.77
0.0026
5/25/2010 0:00
6.33
5.78
0.0025
5/26/2010 0:00
6.33
5.81
0.0024

Water Level Elevations for the Second Resistivity Tracer Test (April 2011)
Gradient from MW-7 to L301
time_stamp
mw7_wse_ft
S336_Head
4/5/2011 0:00
4.24
4.10
0.0006
4/6/2011 0:00
4.18
4.05
0.0006
4/7/2011 0:00
4.15
4.02
0.0006
4/8/2011 0:00
4.11
3.97
0.0006
4/9/2011 0:00
4.06
3.92
0.0006
4/10/2011 0:00
4.02
3.89
0.0006
4/11/2011 0:00
3.99
3.86
0.0006
4/12/2011 0:00
3.95
3.76
0.0009
4/13/2011 0:00
3.88
3.65
0.0010
4/14/2011 0:00
3.84
3.60
0.0011
4/15/2011 0:00
3.81
3.59
0.0010
4/16/2011 0:00
3.85
3.70
0.0007
4/17/2011 0:00
3.85
3.68
0.0008
4/18/2011 0:00
3.83
3.64
0.0009
4/19/2011 0:00
3.77
3.56
0.0010
1

Distance from MW-7 to L-30 Canal is 220 feet

Test Start

Test Start

Table 7-2

Resistivity Tracer Test Breakthrough Data Summary
(May 2010 and April 2011)
SMPP Baseline Hydrogeologic Testing Project
Miami-Dade County, Florida

Breakthrough Data for the First Resistivity Tracer Test (May 2010)
Transect

Elapsed Time to Peak
Conductivity
(hours)

Elapsed Time to Peak
Conductivity
(days)

Distance from Center of
Transect to Injection Well
(feet)

Estimated Velocity
(feet/day)

Line 1
Line 2
Line 3
Line 4
MW-8

N/A
0.9
6.1
N/A
6.9

N/A
0.038
0.254
N/A
0.288

11
10
35
72
53

N/A
267
138
N/A
184

N/A = Not applicable. Line 1 - Tracer did not migrate to this line, Line 4 - Breakthrough time inconclusive
Breakthrough Data for the Second Resistivity Tracer Test (April 2011)
Elapsed Time to Peak Elapsed Time to Peak
Distance from Center of
Transect
Conductivity
Conductivity
Transect to Injection Well
(hours)
(days)
(feet)
Line 1
3.5
0.146
11
Line 2
5.0
0.208
10
Line 3
5.3
0.221
35
Line 4
7.4
0.308
72
MW-8
10.0
0.417
53

Estimated Velocity
(feet/day)
75
48
158
234
127

Appendix A

Density Calculation for L30
Using Archie’s Equation

Appendix A

Density Calculations for L30 SMPP Site
Done as NaCl Equivalents

Archie’s Equator:

R W = øM R O

RW = .32 RO

RW = .09 RO

Ø = porosity = 20 – 70% use 0.3 for Biscayne
M = cementation factor ≈ 2

Ranges from ≈ 1.3 to 2.0

RO = Saturated Formation Resistivity
K3/M3***
Density at
25oC

Line

RO (min)

RW (Ωm)

S.C. (µS/cm)

ppm**

1

65

5.9

1,700

830

997.7

2

80

7.2

1,400

690

997.6

3

105

9.5

1,100

540

997.5

5

112

10

1,000

490

997.4

MW-8

720 µS/cm

14

720

350

997.3

MW-6

580 µS/cm

17

580

280

997.3

30,000

1,019.6

Seawater

1 µS/cm = 10,000 Ωm = 0.0001 mho/m
** Conversion factor µS/cm to ppm ≈ 0.49 as NaCl
*** www.earthwardconsulting.com/density_calculator.htm at 25oC
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