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Summary

The original version of this contract had 11 tasks, numbered 1 through 11 below. Two
additional tasks added by amendment; these are referred to as Tasks 12 and 13 in this
report.

The final report consists of this document, which contains reports on Tasks 1 —9 and 10 —
13, together with four supplemental documents:

A final report for Task 10 that has been submitted separately to the FGS by James
Anderson of the Florida Resources and Environmental Analysis Center of FSU.

A PowerPoint presentation that serves as an appendix to the final report for Task 3.

A draft manuscript, currently under submission to EOS that serves as an appendix to
the final report for Task 9.

The text of a proposal, currently under consideration by the National Science
Foundation, for support of statistical analysis; this serves as an appendix to the final
report for Task 9.

Note that the report for Task 13 is combined with that for Task 8.

The scope of services for the 13 tasks of this contract are presented as an appendix to this
document.



Contract FGS249 Final Report
Task 1: Spring Creek Tracing Feasibility Study
Todd Kincaid and Gareth Davies
June 15, 2005

Overview
The purpose of Task 1 was to evaluate the feasibility of performing a groundwater tracer
test at the Lost Creek insurgence presuming that the water flows from that point via karst
conduits to Spring Creek and/or possible Wakulla Springs. The primary objectives of this
task were:

1. evaluate the hydrogeology of the area using published reports and maps;

2. 1identify and inspect sinkholes that fall between the insurgence and the springs that
could reasonably be expected to intercept one or more karst conduit flow paths
that connect the input and output points;

3. physically inspect the coarse of Lost Creek to identify any possible upstream
insurgences; and

4. 1nspect the largest spring vents at Spring Creek and determine the feasibility of
instrumenting the locations with automatic water samplers.

To accomplish these objectives, a field reconnaissance of the Spring Creek basin between
Wakulla Spring and Spring Creek Springs (Figure 1.1) was conducted between March 18
and March 25, 2005. The reconnaissance involved site-inspection of fifteen water-filled
sinkholes, nine of the individual Spring Creek vents, Lost Creek and the Lost Creek
insurgence. Temperature and conductivity were measured at each of the spring vents, six
of the sinkholes, and the insurgence to provide a cursory estimate of connections (Table
1). Topographic and aerial maps were surveyed to evaluate surface drainage patterns and
identify sinkholes and other water bodies that have a high degree of probable
connectivity to a karst flow path connecting Lost Creek to the Spring Creek Springs.
Observations made during the reconnaissance indicate that a groundwater tracer test is
feasible and practical means of determining the outfall for the Lost Creek insurgence and
3that the most probable outfall are the two largest vents in the Spring Creek spring group.

Sinkhole Survey

The following provides a brief description of the sinkholes investigated during this study
and an assessment of their suitability for inclusion in a groundwater tracer test from the
Lost Creek insurgence. Figures 1-1 through 1-4 provide maps of the study area showing
the location of the sinkholes described below. Table 1-1 provides a summary of
temperature and conductivity reading collected from the most promising investigated
sinkholes and the distance between those sinks and Spring Creek and Wakulla Springs,
and the Lost Creek insurgence.

e Northern Sinks: The northern sinks (Figure 1-2) were investigated because they
could provide access to one or more conduit flow paths connecting Leon Sinks
and Wakulla cave and/or Leon Sinks cave to Spring Creek Springs and/or the
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Lost Creek insurgence. Jett Sink is a small water-filled depression located on a
near straight-line path between the end of the explored cave passage in the Leon
Sinks cave and P-Tunnel in Wakulla cave. The sink is on private property. It is
reported to have been dynamited by a previous landowner in an attempt to enlarge
the basin for swimming. Prior to the dynamiting, it was reported to support fish
and have a visible boil at the surface during high water periods. Further
investigation by divers is warranted to determine if there is a present-day
connection to flowing water. Farmer Sink is a small water-filled depression
located on private property. Diving reconnaissance conducted there revealed that
the sink is shallow (<20 feet deep) and choked with trees and organic debris. It is
highly doubtful that a connection to flowing water can be found. Dog Sink and
Windsong are both small water-filled depressions on private property. The water
in dog Sink was very clear during a site inspection. Diving reconnaissance should
be conducted there to determine if there is access to flowing water. Windsng Sink
is larger but was determined to be man made. It is highly doubtful that a
connection to flowing water can be found.

Southern Sinkholes: The southern sinkholes (Figure 1-3) were investigated as
possible connections to one or more conduits connecting the Lost Creek
insurgence to either the Spring Creek vents or Wakulla cave. Bream Fountain is a
very large and reportedly deep water-filled sinkhole. It is privately owned and
access to the sink could not be arranged during this study. Alexander Sink is a
small man-made water-filled depression and thus is not likely to be connected to
flowing water conduits. Big Sink is a very large karst lake. It will be difficult to
determine if there is a connection to a flowing water conduit and would be
difficult to instrument if one does exist. Harvey’s, Bucket, Hatchet, and Rat Sinks
are medium-sized water filled depressions from which several thousand feet of
cave passages have been mapped (Werner, personal communication). Each sink
contains cave passages of variable depth where the deepest passages reach more
than 200 feet deep. The deeper depths. Correlate well with the depth of the
passages in the Leon and Wakulla cave systems. Given their location on a near
straight-line path between the Lost Creek insurgence and the Spring Creek Vents,
these sinks are excellent targets for sampling during a tracer test. Tubing should
be installed into the deeper parts of the caves in conduits containing flowing
water. Un-named, Harvey’s Dark, and Harvey’s Clear Sinks are unexplored
sinkholes but their location warrants a diving reconnaissance to determine if they
too might provide access to flowing water conduits.
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Table 1-1: Evaluation of sinkholes as potential sampling locations and straight-line
distances to Spring Creek (SC) and the Lost Creek insurgence (LC)

Temp Cond. Dis to | Dis to
Sink ) SC LC Sampling Suitability
(deg C) | (ms/cm) ) (md)

Harvey’s n/a n/a 4 3.6 Good / run tube to deep cave
Bucket 20.3 201 3.7 3.6 Good / run tube to deep cave
Hatchet 19.7 270.8 3.7 3.6 Good / run tube to deep cave

Rat 18.8 295 3.6 3.8 Excellent / run tube to deep cave
UNS 18.5 278.5 3.6 3.8 Good / needs diver survey
Harvey’s 19.8 319 33 4 Good / needs diver survey
Dark
Harvey's |67 | 400 | 33 4 | Good/needs diver survey
Clear
LostCreek 18.7 49 7 0 Injection point
Insur

Spring Creek Vent Survey

The Spring Creek vents were visited by boat on March ##, 2005 and qualitatively
evaluated to determine their suitability for sampling as part of a tracer test. Only nine of
the spring vents had sufficient flow to be recognizable from the water surface.
Temperature and conductivity were measured at each of those to compare to values
measured at the sinkholes. Figure 1-4 shows the location of the vents that were inspected.
Table 1-2 provides the temperature and conductivity data, as well as a qualitative
evaluation of flow and suitability for sampling.

Table 1-2: Evaluation of Spring Creek Vents

Depth Temp Cond. | Relative . . s
Vent ) (deg C) | (ms/em) | Flow Sampling Suitability
1 50 n/a n/a High | Easy / install sampler at Spears Dock
2 n/a n/a n/a n/a Could not find
3 40 18.2 857 Low | Easy/install to private dock
8 5 18.2 818 Low | Moderate / run tube to sampler in marsh
10 20 18.2 831 Mod | Moderate / run tube to sampler in marsh
11 19.6 18.8 3983 Mod | Moderate / run tube to sampler in marsh
12 wa /a W Low Hard / run tube to shore — private
property
13 14 1.9 3032 Low Hard / run tube to shore — private
property
unk 66 182 1283 Low #Egsy / install to private dock / could be
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Figure 1-1. Map showing the lacations of the sinkholes and
spring vents investigated during the Spring Creek tracer
| test feasibility study relative to significant hydrologic
features in the Woodville Karst Plain, Florida.
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Contract FGS249 Final Report
Task 2: Meter Data Management
Todd Kincaid and Kevin Day

June 15, 2005
Overview

The purpose of Task-2 was to develop an automated data management interface that
would provide access to the meter data via the worldwide web. The interface was to link
to telemetric systems installed at the meters that would transmit daily data updates.

Due to logistical problems associated with running power to the meter locations in
Wakulla Springs State Park, the telemetric systems have not yet been installed. The data
interface has, however, been developed and implemented on the current project web
page: www.hazlett-kincaid.com/FGS/Meters. Installation of the telemetry systems is
scheduled for July. Once those systems come online, they will be interfaced with the
project web server for automatic data uploads to the new project web interface.

Data Interface

Presentation of data acquired by the cave metering program has been expanded to include
cave metering database queries and dynamic graphing capability. Previous work resulted
in a suite of programs to query and sort cave metering data, and then generate graphical
output based on the queried data. This upgrade required migration of the static datasets
to an open source MySQL database, and development of relational tables to efficiently
provide dynamic content.

Additionally, an interface between the web server and the database was developed using
PHP, which is a general purpose scripting language that is especially well suited for web
development and can be embedded in html. Figure 2-1 demonstrates one of the two types
of user interface that have been developed to query the database on either multiple
parameters for a single metering station, or for a single parameter on multiple metering
stations.

The Single Parameter in Multiple Conduits interface allows users to compare any or all of
AD Tunnel, AK Tunnel, B Tunnel, C Tunnel, D Tunnel, K Tunnel, Turner Tunnel and
the Vent Tunnel on either Flow (CFS), Flow (CMS), Temperature or Conductivity for the
period of record. The Multiple Parameters in Single Conduits interface allows users to
display Flow (CFS or CMS), Temperature, Conductivity, Conductivity vs. Flow,
Temperature vs. Flow or Conductivity vs. Temperature for any of the stations listed
above for the period of record. Both forms allow users to choose between daily average
or all data. In addition to graphical output, users are provided with csv (text formatted for
MS Excel) files representing the data returned by the query.

The online cave-meter database produces graphical output using Gnuplot, an open source
mathematical processor and graphing package. All of the applications used in the cave
metering interface were brought together using the apache web server’s most recent
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production environment compiled with the required modules to run the programs listed
above.

Cave Database Query Form: Single Parameter in Multiple Conduits

Select One Parameter to
Compare:

Flow(CFS): &
Flow(CM):
e AD_TUNMEL

Temperature: o AK_TUNNEL
s B TUNMEL
Conductivity: o 700 | C_TUNMEL
D _TUNMEL
K_TUNMEL
Select meters to compare: TURNER
800 - VENT
AD Tunnel: ¥
AK Tunnel: [
E Tunnel: [
C Tunnel: ¥
D Tunnel: [
K Tunnel: [~ 300 ¢
Tutner Tunnel: ¥

Vent Tunnal: [ 200

Compaison of FLOW_GFS in Conduits: Dally Average

500 -

400 |

FLOW CFS

P
i
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Al Data (15 minute intervals): T Py m\‘“"-w---——- .
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Figure 2-1 - Cave Metering Database Interface currently available at:
http://www.hazlett-kincaid.com/FGS/Meters/index.htm

Much consideration was given to future development efforts and scalability during this
project. The architecture of the online application has been arranged to handle much
larger datasets than are currently being managed without a reduction in performance.

Tasks remaining:

e (Coordinate with Technical staff managing cave-metering telemetry operations to
provide synchronization capacity between the database server and the field
equipment.

e Investigate possibility of synchronizing with Leon County Capital Area Flood
Warning Network servers to incorporate rain gauge and river / spring stage data
with meter data.

e Provide additional query interfaces to address anticipated increase in collected
data parameters.

e Dynamically display period of record for each meter so that available data is more
readily apparent.
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Contract FGS249 Final Report
Task 3: karst Short Course and Field Trip
Todd Kincaid and Tim Hazlett
June 15, 2005

Overview

The purpose of Task 3 was to develop materials necessary to deliver a 1 — 2 day short
course on karst development in the Floridan aquifer with special focus on the Woodville
Karst Plain. The course is intended to include one day of lecture and a one-day field trip
through the WKP and be offered 1 to 2 times per year through the Hydrogeology
Consortium.

At present, a draft version of the course materials have been prepared including a
compilation of relevant articles from the scientific literature and a dedicated MS
PowerPoint presentation. The presentation was further enhanced into a web-based stand-
alone presentation (Appendix 3.1). A field trip itinerary was developed and included
with the 2005 Hydrogeology Consortium Workshop, May 11, 2005. Due to scheduling
conflicts with this workshop, the course has not yet been scheduled but it is tentatively
planned for July or August. The field trip itinerary is provided below. A more detailed
field trip guidebook will be developed, both for the course delivered in July/August and
for the Hydrogeology Consortium Workshop Proceedings.

3-1



May 11: Field Trip - Groundwater Flow & Sources of Water Pollution in the Wakulla

Springshed
Time Objective / Discussion Topics
Field Trip Overview and Depart from the Tallahassee/Leon County Civic
0330 Center Parking lgt. Parking for the day there‘ costs $5. Field trip'van‘s will
return to the Civic Center from Wakulla Springs State Park starting in the
early afternoon (2:30pm) —staggered returns until about 4:00pm.
0920 Lake Munson: Tallahassee Stormwater Runoff
Overview of stormwater design and function
1000 Sprayfield: Nitrates and Nitrate Loading
Overview of Sprayfield functions
1105 Ames Sink: Tracing the Flow
Sinkhole functions and tracer test results
1145 Emerald Sink: The Leon Sinks Cave System
Extent and significance of cave development
1215 Lunch .at Leon Sinks Geological Area — Sponsored by WRS Infrastructure
& Environment, Inc.
1320 Cherokee Sink: Importance of Sinkhole Restoration
Significance to Wakulla Spring
1400 Wakulla Spring Vent: Sources of Wakulla’s Water
Extent of cave development at Wakulla and sources of the water
1430 Optional River Boat Tour on the Wakulla River

Lunch, transportation, and field trip guidebook will be provided




Contract FGS249 Final Report
Task 4: Support Staff
Leon Sinks Cave Map
Chris Werner and James McClean

June 15, 2005

This task consists of the enumeration of the job descriptions of the two support staff for
the Wakulla metering project, and is divided into two subsections, one for each staff

member

4.1

Chris Werner

Below is a compilation of the tasks completed by Chris Werner with financial support
from the contract.

1.

2.

(98]

10.

11.

12.

13.

14.

15.
16.

Assisted the PI in arranging meetings with FGS, USGS, NWFWMD and
internal meetings between various departments at FSU.

Provided oversight of two undergraduate students involved in the research and
outreach portions of the contract.

Preparations and draft writing of manuscripts for peer-review publication.
Oversight of collection of Wakulla meter data, processing and formatting of
data, and dissemination and archiving data to researchers.

Analysis of data, preparation for interpretation and interpretations made
concerning dynamic behavior of karst systems in WKP.

Coordination of research task with other researchers, fostering a cooperative
inclusive project.

Coordinated activities with WKPP divers for meter deployment.

Coordinated installation of wireless network for Wakulla meters and worked
with FL DEP State Park Personnel for installation of electricity at shed.
Assisted Dr. Chicken and Dr. Loper in acquisition of 6 years of NEXRAD
Level II radar data.

Assisted in collection and distribution of data for field dye trace experiment.
Assisted James McClean in collection of data from meters and other state and
federal agencies, necessary for understanding dynamic behavior of the karst
flow system.

Preformed field reconnaissance with Todd Kincaid and Gareth Davies for the
Lost Creek trace and the SESF trace.

Assisted Dr. Loper in editing and coordinating final FGS contract report for
fiscal year 2003-2004.

Worked with Todd Kincaid on obtained quotes for surveying in benchmarks
at various sink and spring locations.

Assisted Ken Decoteau in preparation of IT equipment and deployment plans.
Assisted PI in preparation of presentations given for GSA conference, Leon
Co. Board of Commissioners and other presentations.
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17.  Presented project updates to Friends of Wakulla members and other special
field groups including both Leon and Wakulla Co. Commissioners.

4.2 James McClean
due from James McClean



Contract FGS249 Final Report
Task 5: Tide gauging
David Loper, Chris Werner and James McClean
June 15, 2005
Summary

This task was modified from its original intent by changing circumstances during the
year. The original intent was to install two tide gauges close to Spring Creek springs.
However, shortly into the contract year, it was discovered that a NOAA tide gauge was
being operated at Shell Point, by the University of South Florida. This revelation
appeared to make tide gauges at Spring Creek, a few kilometers to the West redundant.

After consultation with the FGS contract manager, it was agreed that these funds would
be used for other, related equipment purchases. Initial possibilities included additional
Falmouth meters to replace those that ceased operation in A and K/K tunnels, water-level
loggers to record tidally induced fluctuations of water level at key points in the WKP,
radios and other telemetry equipment associated with the development of a real-time
network of data acquisition, transmission and web display.

The majority of these funds were used to purchase two additional Falmouth meters, to
replace those that have ceased to work. These meters are on hand, but have not been
installed in A and A/K tunnels yet, due to poor visibility of the water in these tunnels.
While awaiting improved conditions, these meters have been deployed in support of the
recent tracing experiments.
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Contract FGS249 Final Report
Task 6: Expansion of the Cave Metering Network
Todd Kincaid and Tim Hazlett
June 15, 2005

Overview

The purpose of Task 6 was to expand the network of Falmouth hydrologic meters
deployed in conduits within the WKP. The general plan was to replace two inoperable
meters currently deployed in the Wakulla cave system with two new meters, have the two
Wakulla meters repaired, and redeploy those meters to other locations within the Leon
Sinks cave system.

This task has not been completed as planned because the water clarity in Wakulla cave
has not been above the WKPP’s safety threshold at any time during this contract year.
The divers of the WKPP attempted this replacement on January 11, 2005, but were forced
to turn back due to lack of water clarity. Thus, the K-Tunnel and AK-Tunnel meters have
not been retrieved and/or replaced. As a temporary measure to collect additional data,
one of the meters was deployed in the upstream tunnel of the Indian Spring cave system
on June 4, 2005 and will be on-line collecting data at 30-minute intervals for 1-2 months
in conjunction with the tracing experiment being conducted at this time. If water clarity
conditions in Wakulla cave improve before the end of this deployment, the new meters
will be exchanged for the inoperable meters at K and AK Tunnels this year. Otherwise,
the remaining meter will be installed in Turner Sink to collect data from the Leon Sinks
cave system until the Wakulla meters can be retrieved.



Contract FGS249 Final Report
Task 7: WKP Finite Element Modeling
Todd Kincaid and Tim Hazlett
June 15, 2005

Overview

The purpose of Task 7 was to refine the evolving finite-element numerical model of
groundwater flow through the WKP to include the project data collected under the 2004
and 2005 work plans and generally investigate methods to improve the numerical
articulation of karst complexities in the WKP. In general, the finite element modeling of
the WKP has progressed this year from a preliminary two-dimensional model to a more
sophisticated three-dimensional model. Key features of the three-dimensional model
include:

e springs as seepage features, meaning that when the head exceeds a given
elevation, the spring flows and otherwise, the spring does not flow;

e multiple cave systems, with new georeferenced paths, including the Leon Sinks,
Sally Ward, Indian, and Wakulla cave systems;

e multiple layers, where the elevation of the cave systems is more faithfully
represented; and

e major springs including St. Marks, Wakulla, and Spring Creek.

Model Refinement

Though the model remains uncalibrated, the added complexities have qualitatively
improved the model fit to observed conditions based on scenario testing. These scenarios
included evaluating the following:

1. how the flow system behaves under the influence of both the Leon Sinks and
Wakaulla caves;

2. how the flow system changes when inferred cave connections between Wakulla
cave and Spring Creek and between Spring Creek and Lost Creek are added;

3. acomparison between model-predicted and tracer test verified flow paths and
rates between Ames Sink and Wakulla Spring; and

4. possible conduit connections between the City of Tallahassee southeast spray
field (SESF) and Wakulla or St. Marks springs.

With respect to scenario-1, the modeling has shown the Leon Sinks and Wakulla cave
systems in combination can capture groundwater flow from across the top boundary of
the basin, from about midway between Tallahassee and Lake Talquin, on an east-west
line, to the western half of the SESF. In addition, there is a significant component of
northerly flow in the Wakulla cave system, as water from the Leon Sinks connection can
“choose” to head north towards Wakulla or head south towards the coast.
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When this type of situation is simulated, head gradients are relatively steep around the
northern-most (up-gradient) extent of the karst features, such as the caves or springs and
comparably flat on the south side (down-gradient side) and within the same features
(Figure 7-1). The model predicts one such area near the junction of the trace-inferred
conduit and the southern-mapped terminus of Wakulla cave.

N

Figure 7-1. Model predicted heads above mean sea level (meters). Leon Sinks, Wakulla,
and Indian Cave systems are shown in red. The area of flow convergence on the eastern
side is St. Marks spring. Groundwater flows from much of the northern part of the basin to
the cave systems. This is a typical variation on the base model, which includes the major
caves and springs.

Another interesting impact was observed in the model with respect to three-
dimensionality. When the caves were added into the model within a layer at depth, all of
the water entering the model along the northern boundary was shown to immediately
plunge down to that layer. This behavior is borne out by the head data recently collected
at the USGS wells south of the SESF, which show a downward vertical gradient. The
implication is that the caves act not only to attract water regionally, but also vertically.
With respect to scenario 2, the modeling has shown that with the inclusion of conduits
from Spring Creek to the southern end of Wakulla cave and from Spring Creek to the
point at which Lost Creek goes underground, the area between the Lost Creek cave and
the Spring Creek cave flattens to basically sea level (Figure 7-2). Also a more
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pronounced divide is noticed in the flow coming into the southern end of the Wakulla
cave system: some heading north and some heading south, directly to Spring Creek.

The connection to Lost Creek also implicitly creates a larger drainage area for the
combination of springs and caves in this model. Under certain circumstances, it may also
be possible for water from the central SESF to travel south-southwest, past Wakulla and
directly to Spring Creek.

Figure 7-2. Model mesh and predicted head contours (in meters) showing the placement
of the cave systems: Leon Sinks, Wakulla, a trace-inferred connection between the two,
and hypothetical connections between Spring Creek and Wakulla and Spring Creek and
Lost Creek.

With respect to scenario 3, model predicted particle tracks were compared to the results
of the August 2004 Ames Sink tracer test. The particle tracks predict flow paths that
connect the Ames Sink region with Indian and Sally Ward Spring, which generally
correlates with the tracer defined flow paths (Figure 7-3). The correlation bears out
despite the fact that no explicit conduit pathways were included in the model. The
implication is that the largest conduit pathways exert significant control on the head field
even in regions relatively distant from the conduits. The correlation between modeled
and traced pathways indicates that the shape of the conduit pathways is less important to
the model prediction head field than the velocities (or hydraulic conductivities) used to
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characterize the conduit flow paths. Thus, tracer test data might all that is needed to
adequately define conduit flow paths for realistic numerical simulation.

Flgure 7-3 Particle track results showing the correlation between model-predicted and
tracer verified flow paths between Ames Sink and Indian, Sally Ward, and Wakulla Spring.

The tracer-verified flow path between Ames and the Wakulla Spring vent is not well
simulated in the model. Subsequent tracing in April-June 2005 demonstrated an active
connection between siphon tunnels within the Indian and Sally Ward cave systems and
Wakulla Spring. The model is poorly suited to describe such connection because the
springs are described as discharge locations. Adding the traced pathways to the
numerically articulated conduit system would likely improve the simulation.

With respect to scenario 4, hypothetical conduits were placed in the model to varying
lengths in the region between the western SESF and Indian Spring, northwest of Wakulla
Spring. Results indicate that the conduit system, if any was at all present under the
SESF, could not be the size of the Wakulla or Leon Sinks conduits. The velocities in the
conduits were far too high: indicative of the fact that relatively high heads were
connected to relatively low heads over the length of the hypothetical conduits. There is a



large area of very flat potentiometric surface between the SESF and Woodville. From the
evaluation of scenario 1, we learned that flat potentiometric surfaces were formed either
in areas in between conduits or directly on top of large conduits. The conduit modeling
with respect to the SESF therefore indicates that there are relatively many smaller
conduits rather than a few large conduits forming the flat gradients southwest of the
SESF.

Future Work

As the model has developed, we have learned more about the hydraulics of the upper
reaches of the WKP basin, particularly on the northeastern side near St. Marks. One of
the things learned, from data collected at the USGS wells south of the SESF, was that
groundwater is flowing vertically downward and to the southwest away from the SESF.
In addition, according to the potentiometric surface map, groundwater is not flowing to
St. Marks’ spring from the SESF, but rather, groundwater is flowing away from that
spring, to the west-southwest.

The implications of this data for the model are that St. Marks spring is not being fed by
groundwater from anywhere west of an approximately north-south line; this spring is
likely gaining a groundwater component from the east. For this reason, we would like to
expand the existing model to include a larger area. The likely choice of model bounds
would be the same to the east and the west as the USGS model performed in 1996 for the
City of Tallahassee wells. To the north, it is anticipated that our model will extend only
as far as the Cody Scarp, unless data otherwise warrants.

Also, since this modeling is unlike any performed elsewhere before, we need to explore
the behavior of the system numerically before settling on a calibrated model. We also
have a unique combination of data from which to select calibration targets: heads,
discharges, fluxes through caves, temperature, etc. As the data set becomes richer,
sensitivity analyses should be used to select the most reliable calibration parameters.
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Contract FGS249 Final Report
Task 8: Updating the Florida Cave Database

and Task 13: Cave Radio Location /
Geospatial Correction of the Leon Sinks Cave Map

Todd Kincaid and Tim Hazlett

June 15, 2005
Overview

The original purpose of Task 8 was to publicize the existence of the Florida Cave
database such that it can become a resource for geological research on Florida karst.
Subsequently, the objective was redefined to recompile the Leon Sinks area cave maps
from the original survey data and develop projected GIS shapefiles for the cave passages
for inclusion in the Florida Cave database. The objective was modified because the
Florida Cave Database has now been published at two Geological Society of America
conferences and the revised purpose would facilitate the successful completion of Added
Task-2 of this contract. The purpose of appended Task 2 was to improve the confidence
in the geospatial position of the Leon Sinks cave system such that the map could be used
by the Florida Department of Transportation (FDOT) to guide the design of the Highway
319 expansion such that the position of the road and retention ponds relative to the cave
can be considered.

Remapping and Correcting Survey Data

The survey data for the Leon Sinks and Chips Hole cave systems was initially compiled
from the original survey notes and hand-drawn maps. The data was obtained from the
National Speleological Society — Cave Diving Section and spans more than 10 years of
data collection primarily by Sheck Exley. Additional, more recent data was obtained
from Chris Werner who manages cave survey data for the Woodville Karst Plain Project.
All of the data was compiled into a spreadsheet template and plotted in a geospatially
referenced coordinate system.

Once the data was compiled and geospatially referenced, the mapped locations of
conduit/sinkhole intercepts were compared against GPS coordinates for the sinkholes.
These intercept locations were then used to correct the survey data using an azimuth loop
closure correction technique (Appendix 8-1). Cave radiolocation equipment could not be
deployed because water clarity in Leon Sinks cave has not been above the WKPP’s safety
threshold at any time during this contract year. The sinkhole-corrected maps have,
however, been provided to the FDOT contractor and the Florida Springs Initiative.

Recommended Tasks

e Populate the point and line databases for the Leon Sinks GIS shapefiles to
correspond to the Florida Cave Database structure.
e Develop metadata files for the GIS shapefiles.

8-1



The Dynamics of Underwater Cave Survey, MApping, & Modeling

locate them on the land surface. Those problems become less significant for long
projects with many team members to share responsibilities. A more thorough description
of radiolocation or “cave radios” is provided by Gibson (1998) and a general overview of
the topic as well as additional references is available on the Internet via
(http://www.caves.org.uk/radio/radioloc.html#grad).

o Integrated data logger: The integrated data logger is a new technology that is in the
process of being developed. It will incorporate a digital compass, depth gauge, handheld
sonar, and keypad for distance measurement entries. The device will allow the surveyor
to more quickly measure and record all pertinent information in a cost-effective manner
while minimizing the need for written notes.

o Automated mapper: An automated cave mapper was developed for the Wakulla IT
project. It automatically recorded cave survey data and passage profile data in an onboard
data logger. An inertial referencing system, similar to those used by advanced jet
aircraft, continually measured the roll, yaw, and pitch of the device to determine its
location relative to an initial reference point. Simultaneously, a series of sonar
transmitters recorded the distance between the device and the passage walls in three
dimensions. Though this technology is very promising, there are several problems that
will inhibit its application. The first is its expense; the cost of the device is reported to
have exceeded several hundred thousand dollars. Second, the accuracy of the device is
extremely poor unless it is tied to a series of radio-located benchmarks, as was done in
the Wakulla II project. Finally, the mapper produces far more data than is manageable by
readily available computers, which prevents the scattered data points from being
synthesized into scientifically useful maps and models.

3.0 The Cave Map

Once the survey data has been collected, checked, and tabulated, the next step in the
mapping process is to convert the data into the Cartesian coordinate system, such that the data
can be plotted and compared to other forms of spatial data. Conversion to Cartesian coordinates
also facilitates computerized map and model generation, which dramatically increases the speed
and reproducibility of map production.

3.1 Coordinate System

A coordinate system is the numeric system that defines the interrelationship between objects
in space. Raw cave survey data is in the form of moving polar coordinates. Each of the survey
stations along the survey line can be numerically described in relationship to the neighboring
station by coordinates (r, 0), where r is the distance away from the starting station and 0 is the
azimuth. The problem is that the coordinates are relative to a moving origin, i.e., they describe
the location of every station relative to its neighbor. The moving origin renders the coordinates
difficult to process by computerized mapping techniques, and incompatible with other forms of
spatial data.

Cartesian coordinates describe the location of any point relative to a fixed origin with
coordinates (X, y), where x is typically the distance between the point and the origin in the east-
west direction, and y is the distance between the point and the origin in the north-south direction.
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Relative distances in the x and y directions from one survey station to the next are described as
latitude (Ay) and departure (Ax).

There are a number of projections within the Cartesian coordinate system; projection being
the numerical framework in which Cartesian coordinates are described relative to the Earth’s
surface. A relative projection is one in which all points are described in terms of their distance
away from an arbitrary origin, i.e., a cave entrance, and is the most common projection used for
initial maps constructed from raw survey data. Other projections include: latitude/longitude,
state plane, and UTM. Once a survey is converted into Cartesian coordinates of any projection,
they can be readily transformed into other projections through well-defined coordinate
transformations. An excellent and more detailed discussion of coordinate systems and map
projections has been prepared by Dana (1995).

3.2 Raw Data Conversion

3.2.1 Rectilinear projection

Distance measurements made in the cave do not directly correlate to horizontal distance
through the cave due to depth changes between stations. Most of the time, the associated error
will be small. Nonetheless, direct use of distance measurements can result in significant map
inaccuracies for long caves where cumulative small errors can become significant, or through
particular sections that have significant elevation changes, i.e., many cave entrances. For this
reason, the first step in producing an accurate cave map is converting the distance measurements
made in the cave to a rectilinear (flat-map) projection. The conversion is made by:

dis, ;) = \/(dism(i+1)2 ~(d,,—d)")

where:

dis. = Rectilinear distance between survey stations i and i+/;
dis, = Measured distance between survey stations i and i+/ and;

d=  Measured depth at survey stations i and i+/.
This conversion is automatically performed in most cave mapping programs, or can be easily
accomplished in a standard spreadsheet.
3.2.2 Coordinate calculations

Once the distance measurements have been converted to a rectilinear projection, azimuth
readings must be converted to bearings in order to convert the survey data into Cartesian
coordinates. Bearing values depend on the quadrant of the azimuth reading (Figure 5).
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Figure 5. Quadrants on the compass rose.

When the azimuth is in the first quadrant (0° - 90°), the bearing is equal to the azimuth.
When the azimuth is in the second quadrant (90° - 180°), the bearing is equal to 180° - the
azimuth value. When the azimuth is in the third quadrant (180° - 270°), the bearing is equal to
the azimuth value - 180°. Finally, when the recorded azimuth is in the fourth quadrant (270° -
360°), the bearing is equal to 360° - the azimuth value. Once the bearings have been determined,
relative distance in both the x and y directions (latitude and departure) can be determined by
trigonometric equations, wherein the sign of the resulting value is dependent on the quadrant in
which the azimuth was measured. Table 1 provides the equations for each quadrant and example
calculations.

Table 1. Equations and examples for the calculating bearing, latitude, and departure from
azimuth and distance measurements.

Quadrant Bearing Latitude Departure Eg. Eg. Eg. Eg.
" (0) (Ay) (Ax) Azimuth Bearing Latitude Departure
I Az. +d, cos@ +d, sin@ 30 30 0.87d, 0.5d,
I 180°-Az. -d, cos® +d, sin@ 160 20 -0.94d, 0.34d,
11 Az.-180° -d, cos @ -d, sin6 190 10 -0.98d, -0.17d,
v 360° -Az. +d, cos@ -d, sin6 330 30 0.87d, -0.5d,

d, = rectilinear distance between any two consecutive survey stations

Once the latitude and departures have been calculated, the final (X, y, z) coordinates for each
of the survey stations are respectively determined with the following equations:

V= ZAy ; and
1
Zz = di
Kincaid, T. R., 2001. “The Dynamics of Underwater Cave Survey, MApping, & Modeling.” Page: 11 Of27

Global Underwater Explorers, High Springs, Florida, p. 31.



The Dynamics of Underwater Cave Survey, MApping, & Modeling

where:
x; = the x position at the it survey station;
yi=the y position at the i"™ survey station;
z;= the z position at the it survey station;
Ax = the relative latitude at survey stations 1 to i;
Ay = the relative latitude at survey stations 1 to i; and
d; = the measured depth at survey station 1.

Example calculations are provided in Table 2.

Table 2. Example calculations for the conversion of cave survey data into Cartesian coordinates
using the cave entrance (1*° survey station) as the origin.

Station (?ti) di‘;;”;” d(l;t’)(’) Azimuth Bezler)ing La(tAityl;de De[()zl;t)ure X y
1 -50 -- -- 131.5 48.5 - - - - 0.00 0.00
2 -60 290 289.83 95 85 -192.05 217.07 -192.05  217.07
3 -100 220 216.33 170 10 -18.85 215.51 -210.90 43258
4 -103 180 179.97 198 18 -177.24 31.25 -388.14  463.83
5 -101 490 490.00 306 54 -466.01 -151.42 -854.15 312.41
6 -110 270 269.85 233 53 158.61 -218.31 -695.54  94.10
7 -109 330 330.00 337 23 -198.60 -263.55 -894.14 -169.45
8 -108 320 320.00 51 51 294.56 -125.03 -599.58 -294.48
9 -88 240 239.17 319 41 150.51 185.87 -449.07 -108.62
10 -75 260 259.67 48 48 195.98 -170.36 -253.09 -278.98
1 -50 370 369.15 -- -- 247.01 274.34 -6.08 -4.64

3.2.3 Loop closure adjustments

Due to the inaccuracy of the survey techniques, a plot of the coordinates for a cave system
containing one or more closed traverses will rarely show closure at the survey stations marking
passage junctions. In order to plot realistic looking cave maps, the coordinates must be adjusted
to remove this discrepancy. The adjustment process does not improve the accuracy of the
survey, but simply adjusts the coordinates such that the endpoints of closed traverses meet at the
correct station. Adjustments are performed on the calculated coordinates rather than on the
original azimuth/distance measurements to preserve the integrity of the original data and to
ensure that additional error is not inadvertently introduced into the final map.

The adjustment of coordinates for closed traverses in underwater cave surveys follows the
compass rule of surveying, which assumes that the error associated with the survey is distributed
equally between azimuth and distance measurements. Accordingly, the adjustment process
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distributes the error over all of the surveyed segments along a closed traverse in proportion to the
length of each segment. The appropriate adjustments are made by calculating a correction factor
for both the x and y components of the coordinates. This is given by:

X,  —X )
Ev — startL end X dlSr(l-)
where:

F.= the correction factor in the x direction;

Xsaare = the X coordinate of the starting point on the loop;

Xena=  the x coordinate of the ending point on the loop;

L= the total length of the loop traverse; and

dis,;) = the rectilinear distance of the i segment of the loop traverse.
Note that F), is calculated with the same equation using the y coordinates.

The amount of adjustment to be applied to the coordinates at each survey station on the loop
traverse is the cumulative sum of the adjustment factors in the respective directions. The
example coordinates listed in Table 2 are for a hypothetical loop traverse that begins and ends at
the cave entrance (local origin). Table 3 provides an example of the adjustment process applied
to the calculated coordinates listed in Table 2.

3.2.4 Survey Accuracy

The discrepancy between starting and ending coordinates of a closed traverse can also be
used to estimate the accuracy of the survey by determining the radial error of closure (REC) and
the accuracy ratio (AR). The REC is the distance between starting and ending points on the
closed traverse, and the AR is the ratio of error to measurement length. The REC and AR for
any set of measurements are determined by:

REC = \/(‘xstart - xend)2 + (ystart - yend )2 and

1
" L+REC’
In the example case, the REC is 7.65 feet and the AR is 1/387.5, meaning that the plotted

starting and ending points on the traverse are 7.65 feet apart. The estimated error associated with
the survey is 1 foot for every 387.5 feet measured.

Table 3. Example calculations for the adjustment of calculated coordinates for the closed
traverse presented in Table 2 such that the starting and ending points coincide.

Station dis, F, 2F, Xorig Xadi F, 2F, Yorig Yad
1 0.00 0.00  0.00 0.00 0.00 0.00  0.00 0.00 0.00
2 289.83 0.59  0.59 -192.05 -191.45 045 045 217.07 217.52
3 216.33 044 1.04 -210.90 -209.86 034 0.79 432.58 433.37
4 179.97 037 141 -388.14 -386.73 0.28 1.07 463.83 464.90
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5 490.00 1.00 241 -854.15 -851.74 0.77 1.84 312.41 314.26
6 269.85 0.55 296 -695.54 -692.58 042  2.26 94.10 96.36

7 330.00 0.68  3.64 -894.14 -890.50 052  2.78 -169.45 -166.67
8 320.00 0.66  4.30 -599.58 -595.28 0.50 3.28 -294.48 -291.20
9 239.17 049 4.79 -449.07 -444.28 037  3.66 -108.62 -104.96
10 259.67 0.53 532 -253.09 -247.77 0.41 4.06 -278.98 -274.91
1 369.15 0.76  6.08 -6.08 0.00 0.58  4.64 -4.64 0.00

3.2.5 Wall coordinates

If width and height measurement technique is used to determine passage perimeters, wall
coordinates can be calculated from the measured data (distance and azimuth to right and left
walls) using the quadrant-based equations provided in Table 1. If specific distances to left and
right walls and/or azimuth readings are not collected, assumptions must be made regarding those
values in order to determine wall coordinates, i.e., line position in the cave (left wall, right wall,
center of passage, etc.) and azimuth of the width or distance measurement relative to the forward
survey line (usually perpendicular). Without the use of direct measurements, however, plotting
errors are likely, such as the erroneous pinch-out depicted in Figure 3.

3.3 Cave Mapping Programs

Numerous computerized cave mapping programs are available either free-of-charge or for
purchase. Some of the more popular programs include: Compass (Fish, 2001), Survex (Betts and
Wookey, 2001), and WinKarst (Petrie, 1997). Cave mapping programs generally convert cave
survey data into Cartesian coordinates for the purpose of generating 2-D cave maps. In addition,
many of the available programs are capable of three-dimensional plotting and statistical analysis
of survey data. Most programs, however, are tailored for survey data collected in dry caves
where it is possible and common practice to collect more detailed information than is commonly
practicable in underwater caves. The dry-caving interface can yield some difficulties when
trying to make the best use out of the sparse data and observations that typify underwater
surveys.

To combat this problem, GUE partially sponsored the development of a streamlined
computer mapping program that is tailored for typical underwater cave survey data (azimuth,
distance in terms of knots, depth, and cross-passage transect measurements or estimates). The
GUE mapping program consists of six subroutines (Cavemap.m, Convert.m, Plotter.m,
Plotter2.m, Expand.m, and Perim.m) that perform specific tasks related to the conversion of cave
survey data into Cartesian coordinates, 2-D and 3-D mapping, and volumetric modeling
(Kincaid, 2000).

Cavemap.m and Convert.m perform the initial conversion of raw survey data and generates
Cartesian coordinates for the walls, floor, and ceiling of all interconnecting parts of a cave as
described by the survey data. Plotter.m provides an initial map on a local rectangular grid that
depicts the survey line and cross-sectional transect lines at each survey station. Plotter2.m
provides the finalized 2-D and 3-D maps of the Cartesian coordinates. Expand.m and Perim.m
generate interpolated data points between survey station and wall coordinates at consecutive
survey stations in 2-D (Expand.m) and 3-D (Perim.m). The interpolated data sets are necessary
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to constrain computerized volumetric modeling techniques to a best-approximation of the cave
space described by the survey data. The interpolation techniques are necessary because
underwater survey data is often too sparse to be effectively used directly in modeling programs.

Each of the six subroutines are freely available through GUE’s website
(http://www.gue.com). The program codes contain detailed descriptions of the conversion,
mapping, and interpolation processes as well as instructions on the use of the programs and input
data requirements. Each of the subroutines was written for Matlab”, a mathematical computer
language with excellent graphic capabilities designed by Mathworks Inc
(http://www.mathworks.com/). Currently, the programs require the Matlab interface, however
GUE is working on making the mapping software available for use through an Internet interface.

4.0 Cave Modeling

A cave model is a geometric representation of a mapped cave. The most sophisticated cave
models are three-dimensional, and convert cave survey data collected either manually or
electronically into gridded Cartesian coordinates that can be manipulated with computer
software. By comparison to maps, graphics, or even plots of scattered survey points, cave
models created from gridded data are quantitative tools for the study of cave morphologies and
the relationship between cave form and other natural variables.

This section will describe methods of creating two types of cave models that are based on the
use of gridded Cartesian coordinates describing raw and interpolated cave survey data. The
methods described here capitalize on data exported from the GUE cave mapping program
described in section 3.3 however they should be applicable to any similarly formatted cave
survey data sets. The computer software used to generate the cave models from the Cartesian
data sets is EarthVision” by Dynamic Graphics Inc. EarthVision is the most advanced solids
modeling software commercially available and is therefore very expensive. The methods
discussed below have therefore been generalized such that they can be reproduced with the use
of other 3-D solids modeling programs. A more thorough description of the modeling process as
well as the input data sets used to generate the 3-D models described below can be found in
Kincaid (1999). More details about the EarthVision software can be found at the Dynamic
Graphics website (http:/www.dgi.com/).

Three-dimensional models are becoming widely used in the earth sciences because they can
display spatial relationships and variation that cannot be seen on standard two-dimensional maps.
Speleology (cave science), in particular, is hindered by the fact that two-dimensional cave maps
offer limited ability to visualize and, thus, interpret the data they contain. Cave depths and
dimensions, even when accurately surveyed, must be inferred from various labels or symbols on
a standard map. Because caves are three-dimensional, understanding cave morphology and
deciphering correlations with hydrologic and geologic variables is made more difficult by the
simplicity of two-dimensional maps. In contrast, a three-dimensional model visually conveys the
complete morphology of a cave in as much detail as was recorded by the survey (Figure 6).
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Contract FGS249 Final Report
Task 9: Continued Statistical Analysis and Modeling of Discharge and Rainfall
David Loper, Eric Chicken and Tim Hazlett
June 15, 2005

Progress on this task consisted of three phases. The first phase, described in §9.1, was a
continuation of the characterization of variations in spring discharge that had begun in the
previous year. Following realization that storm tides can have a dramatic influence on
the discharge at Wakulla Springs, attention was turned to the characterization of the tides
and their effect on discharge; these efforts are described in §9.2. The third phase,
presented in 9.3, explains progress on improving KARSTMOD, our new model of flow
and transport in karstic aquifers.

9.1 Characterization of rainfall events

Our initial analysis of the discharge data for Wakulla Springs focused on detecting and
identifying trends and periodic events. Figure 9.1 shows one of the several data sets used
in this analysis. This figure shows several rainfall events (large magnitude spikes), short-
term noisy behavior (small-scale oscillations), and a general downward trend.
Performing a statistical denoising of this signal via wavelet analysis showed that the
residual error (Figure 9.2) contains information other than random noise. So, while the
smoothed discharge signal is important in terms of understanding trends in the discharge,
what is being removed by smoothing must be analyzed as well.

The residual was analyzed for time-frequency information using the wavelet spectrum.
Wavelets were used since the signals are not stationary. Common statistical time series
tools are not applicable in this case, so analysis of the residual (and smoothed discharge)
must be done via other means; we chose to use wavelets. Figure 9.3 shows the spectrum
for the residual in the lower panel and the spectrum for the smoothed data in the upper
panel. There is a clear indication (horizontal bands at 0.2 and 0.4) that the residual
contains a strong periodic signal at the frequencies corresponding to astronomical tides.
The smoothed data shows no such evidence.

It is possible to estimate the periodic effect with Fourier spectral analysis. Fourier
assumes that the frequencies are fixed throughout the data record and that the data is
periodic, neither of these assumptions is strictly valid for this data. We can remove this
periodic component from the signal using Fourier analysis, but we need to analyze it
more precisely than this, using methods that do not require these assumptions.

Assuming for the moment that the tidal effect is accounted for, we analyzed the lower
frequency trend of the discharge. In particular, we were looking for the ‘signature’ of
rainfall events in the discharge. We assumed that this signature is a curve that possesses
a steep increase shortly after the onset of rain, followed by a slow descent after the rain
event has ended. One complication is that tail events over time are cumulative in their
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expression within the discharge, with the discharge at any one time possibly being a sum
of several signatures. We employed several statistical methods to identify these curves.

First, we used principal component analysis (PCA). Using several rainfall events within
the (smoothed) discharge data, we determined a prototype rainfall response. The first
component comprised 93% of the signal and we used this as the prototype curve, i.e., as
the rainfall signature (Figure 9.4). We then performed a numerical search through the
discharge data for shapes matching this prototype (scaled and dilated). It was necessary
to perform the PCA on the smoothed data; using unsmoothed data gave unsatisfactory
results. As an example of this method, Figure 9.5 shows the results of removing a scaled
and dilated version of the prototype from the discharge signal. The top panel of Figure
9.5 is the original data, the middle panel shows the same signal with the best-fit prototype
in place of the original rain event (the lower line is the error between the original signal
and the modified signal). The lowest panel is the original signal with the rain event
removed. If the PCA were working well, this last signal should be relatively free of
trends.

There are some drawbacks to this method. Although the shape of the PCA prototype
seems to be approximately correct for our understanding of how rain events affect the
discharge, the starting and ending points of the prototype are significantly different. This
gives undesirable jumps in the detrended data. Using additional principal components
does not improve performance. Consequently, this method was not pursued.

Next, we attempted to fit a specified functional form to the rain events, rather than
determining the form by statistical estimation (using PCA, described above). We chose a
gamma function as a reasonable mimic of the shape we were searching for:

f=yxe”

Here f represents discharge and x represents time. Again, we performed a numerical
search algorithm over the parameters of the gamma function. We constrained the leading
parameter by forcing the integral of the shape candidate to be the same as the integral of
the discharge signal for the corresponding interval.

There are several advantages to this method over that of PCA. First, the parameters of
this function allow for easy morphing to match the shape of rain events. Second, the
endpoints of the function are each at zero, eliminating undesirable trends and jumps.
Third, the analytic model easily allows for changes in the slope of the function before and
after the peak, whereas these changes are awkward using PCA. Finally, since this
function has infinite support, it better matches the assumptions of the effect of rain on the
discharge. In particular, the effect of rain lessens over time, but does not go to zero. This
new method allows signatures to be superposed, thereby more accurately quantifying rain
events that are close together in time. Figure 9.6 shows how well several of these
gammas model the discharge. Note that these gammas have not yet been related to actual
rain events. They are merely fitting the discharge signal. More work is necessary to find
a model between the gamma-estimate of discharge and the rain event inputs. This will be
accomplished using the methods and procedures described in a proposal currently under
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consideration for funding by the National Science Foundation, and will not be elaborated
on here.

9.2 Discharge and tides

A major turning point in the statistical analysis of data occurred September 2004, with
the passage of Hurricanes Frances and Ivan. These storm events show clearly (see Figure
9.7) that the tides can have a major effect on the discharge at Wakulla Springs, and that
effect cannot be ignored, averaged or removed using wavelet analysis. Further, the
magnitude of the response of discharge to tides has important hydrological implications.

We wish to divide the discharge signal into two components: one due to tides and one
due to other events (rainfall which induces infiltration & flow in sinking streams). The
storm events can be of similar duration (i.e, several days) as rainstorm events, making it a
challenging task to unravel the inputs to the discharge at Wakulla Springs from rainfall
and storm tides. This feature of the data requires the use of novel statistical methods.

We are initially interested in developing two expressions: a numerical relational formula
and an estimate of the lag between tide and discharge.

Using Pearson’s correlation coefficient (a statistical measure of relation), we determined
that the two signals (tide and discharge) are maximally correlated (0.6) when the lag from
tide to discharge is 45 minutes. Due to the time resolution of the data (every 15 minutes),
we should more accurately say 45 +/- (15/2) minutes. This time lag was found using data
from non-storm periods. For the storm periods, the lag seems to be the same, but with a
stronger correlation. In general, correlation between two signals does not imply any
specific relation unless the correlation is near +/- 1, in which case the relation is linear.
Since the storm period correlation is close to 1, we suspect that a linear relation may be
appropriate between the tide and the tidal component of discharge. This suspicion was
verified by fitting a two-parameter linear regression model between tide and discharge
during storm events. The fit is good (as measured by the coefficient of determination).
The fit is on the upslope of the data, not the downslope. The downslope has considerable
saturation effects we need to deal with. We have not actually subtracted the linear effect
of tide on discharge for storm periods yet. When trying a similar approach with the non-
storm data, the results are less satisfactory. The fit is worse, and visual inspection leaves
much to be desired (Figure 9.8). The top panel is discharge, the middle panel is the
modeled discharge, the lower panel is the difference. Clearly a bad fit.

Variations in river stage (measured downstream from spring) lag those at the spring.
This shows clearly that the physical connection between tides and discharge occurs via
the conduit system, rather than as a shallow-water wave moving up the Wakulla River.

9.2.1 Problems with tides

In theory, tides are among the most regular and predictable of all natural phenomena.
The forcing for the so-called astronomical tides is the regular motions of the heavenly
bodies. This forcing is harmonic and, depending on the accuracy desired, consists of
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anywhere from 7 to 37 frequencies, with amplitudes and phases dependent on the specific
location.

It is well known (e.g., personal observations of the PI) that the predicted tide is only a
crude approximation to the actual tide at the coast. There are two reasons for this
deviation. First, sea level variations (i.e., the tides) in Apalachee Bay consist of two
components, the familiar astronomical tides the ‘storm tides’, forced principally by the
strength and direction of the winds over Apalachee Bay and the Gulf of Mexico. This
latter component is exemplified by the large multi-day excursions seen in Figure 9.7.

The storm tide is expected to be irregular, mimicking the temporal structure of the winds.
the second reason that the tides are not harmonic and easily predicted is due to the effects
of bottom topography coupled with inertia of the water. In regions having large estuaries,
such as the local coast, the duration of the high tide is extended, while the low tide is
shortened. as we explain below, these reasons compel the use of measured rather than
predicted tides in quantifying their effect on discharge at Wakulla Springs.

It is believed that the tides affect the aquifer beneath the WKP principally by changing
the exit pressure of the vents of the Spring Creek springs. A detailed comparison of
Spring Creek tides with Wakulla discharge is not possible at present, since no tide gauge
is located at Spring Creek. The only local source of measured tidal data currently
available is the tide meter located at Shell Point, and operated for NOAA by the
University of South Florida. This gauge is located in basin at the head of a bulwarked
channel.

During the course of the analysis of tidal data it became apparent that the astronomical
portion of the measured tide has some unusual characteristics which tend to confound the
statistical analyses. The tide measured by the Shell Point gauge is typically extended (in
time) at low tide and short and sharp at high tide — just the opposite of the deviation from
harmonicity observed elsewhere on the coast, particularly at Spring Creek. A precise
statistical comparison of tides with discharge must await the acquisition of tidal data
collected at Spring Creek. This data should be obtained in the coming year, using the
water level loggers recently acquired by the FGS.

In the meantime, we can explore possible statistical techniques for decomposing the tidal
components and analyzing their effect on discharge, even though the data sets leave
something to be desired. A summary of our exploration of statistical techniques is
presented next.

9.2.2  Preliminary statistical analysis of tides

Since we hope to eventually have a model that can predict discharge based on rain events
and tides, we decided to examine predicted tide data, rather than actual. Here we ran into
some trouble. Predicted tides provided by outside agencies did not match well the
observed tides (for the reasons stated in §9.4). Instead, using the observed data as a
guide, we attempted to find our own model for predicting tide (and hence, predicting
discharge). Two methods were employed.
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First, using well-known sources of tidal influence, we fit a nonlinear statistical model to
the observed tide data. A solution was found that fits the observed tide quite well with
only a few frequencies. Second, Fourier methods were applied to the observed data.
This was less satisfactory. It requires about 40 frequencies to fit the actual data well.

Once the frequencies of the tides were found, we analyzed the discharge with respect to
these same frequencies. With the Fourier data, immediate problems occur. Since Fourier
assumes that frequencies do not change over time, and that the signal is periodic, the
frequencies used to model tide have quite unintended effects on the discharge. Figure
9.9, top panel, shows the observed tide (top), estimated tide (middle) and error (bottom).
The middle panel of the figure shows discharge, and the corresponding analysis of the
discharge using the frequencies present in the tide. Clearly, trends other than tide are
being modeled. The bottom panel of Figure 9.9 shows the smoothed discharge and the
analyzed discharge with the corresponding error. It is unacceptable that the tidal
frequencies are modeling rain event trends. Performing this same analysis with the fixed,
known, influential frequencies and the nonlinear method has the same problems.

Both these problems seem related to scale. Frequencies in tide are on a different scale
than frequencies in trend. These must be separated. We are now using wavelets to
attempt this (clearly Fourier and the nonlinear method cannot do this well). The
advantage of wavelets lies in the fact that they can separate signals by scale. This
property, termed multiresolution analysis, is being used to model the frequencies on a
time-scale basis, not just over time, and to consider whether like-frequency components
are reasonable correlated.

Our solution involves breaking both the tide and the discharge signals into components
(e.g., astronomical and storm). Each component lies in a different resolution scale.
There are two approaches we are using to separated the tide’s influence from the
discharge signal.

First, using the assumption that the tide events and discharge events lie in different multi-
resolution scale spaces, we remove from the discharge that portion that is highly
correlated with the tide. This is done within the multi-resolution scale spaces, rather than
with the original tide and discharge signals. This method has shown very promising
results so far. Figure 9.10 shows a quiet (non-storm) period of time. The green signal is
tide, black is the discharge. The two signals have been shifted to account for the time lag.
The red signal is that portion of the discharge that is most correlated with the tide. When
this is removed from the discharge, the result is the blue signal. These results are very
encouraging. The blue signal is clearly a signal that shows the smooth behavior we
expect from rainfall and sinking stream influences.

Our second approach is motivated by the behavior of the tide and discharge during the
recent hurricane events. We again are using the multi-resolution scale properties of
wavelets, but in a different manner. Since the tide now displays some behavior at similar
scales as the discharge (contrary to the assumption used in the previous paragraph) we
cannot directly apply the previous method. Instead, we find the highest correlation of the
tide and discharge signals over all scales using a thresholding technique. The idea is that
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in general, tide and discharge lie in different scale spaces except for unusual events. The
threshold method will consider these unusual cases, whereas the previous method does
not. Figures 9.11 and 9.12 show the results of this second method. Figure 9.11 is applied
to non-hurricane tide data. The discharge (red) has had the black subsignal removed,
resulting in the smooth blue signal. Figure 9.12 shows the method applied to hurricane
data. The large spike near index 2000 in the discharge (black) is removed by the red
subsignal, resulting in the blue signal. This blue signal, once smoothed, is the discharge
with both the usual and unusual (hurricane-related) tidal effects removed.

The second approach seems preferable to the first in that it works well for both types of
tidal signals: astronomical or storm. However, we continue to examine both methods in
order to improve them. In particular, we are looking for a method that will produce a
rain-effect-only discharge signal. Currently, both methods will occasionally result in a
final de-tided signal that exhibits characteristics that do not meet the assumptions we
have for the effect of rain on the discharge. For example, a sharp downward trend in
discharge can not be caused by rain or sinking streams, only by a very low tide signal.
Yet in Figure 9.11, the clean blue signal has such an artifact near index 4000. We are in
the process of gathering additional tide data from cleaner sources that may alleviate this
problem, also.

Our next step involves gathering rain and sinking-stream input data in order to model the
remaining portion of our signal (the de-tided discharge). This will be a time consuming
task, given the vast amount of data available in terms of doppler radar and water levels at
various geographic locations. Once this data is collected and organized, we will begin to
analyze it as set forth in our NSF-CMG proposal

9.3  Continuing development of KARSTMOD

Development of KARSTMOD continued this year, with the addition of transient recharge
and transient contaminant flow capabilities by Dr. Li at FSU. As can be seen by Figure
9.13, the model has the capability of simulating the transient behavior of discharge pulses
at Wakulla Springs due to rainfall events. This simulation employed 50 nodes, 130
connections and 80 triangular elements and, apart from linear changes in horizontal and
vertical scale, had no adjustable parameters.

Dr. Hazlett has continued work on debugging and commenting the KARSTMOD code, as
part of a QC process, such that the code will be portable across various computer
platforms. Further simulations are planned that will be evaluating more of the real data
from the WKP and numerical experiments exploring the sensitivity of the model output
to grid size (conduit spacing) and other factors.
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Figure 9.13: Comparison of a simulated discharge pulse (smooth black line) produced by
KARSTMOD, with a discharge record at the main vent of Wakulla Springs (irregular red
line)
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FINAL REPORT

Introduction

Burnett and Chanton together with their students have pioneered the use of natural Rn 222
as a tracer of ground water flow into the coastal zone (e.g., Burnett and Dulaiova, 2003; Chanton
et al., 2003). Radon works as a tracer because it is greatly enriched in groundwater relative to
ocean water and behaves conservatively. They have also developed an automated radon monitor
that has been used successfully for continuous measurement of Rn-222 in coastal waters (Burnett
et al., 2001; Dulaiova et al., 2005). A steady-state advection-diffusion model, together with
information concerning the radon content of the surface and groundwaters, can be used to
estimate groundwater discharges into surface waters (Cable et al., 1996; Burnett et al, 2003).
Unfortunately, this promising approach has not seen the widespread application it deserves
because it’s seemingly complicated nature.

The goal of this project was to provide a simplified version with a user-friendly interface to
the model. The aim was to simplify the model to the extent that the only requirements would be
radon data for the surface and groundwater, together with some basic and easily obtainable
environmental data (e.g., wind speed, temperature, water depth). The environmental parameters
can be easily estimated in many cases if exact on-site data were not available. After entry of
these few parameters, the program would calculate an estimated flux of ground water at that site.
Groundwater discharges would be reported in volumetric units per unit area per time (e.g.,
m’/m”.s). If one desired a total flux (e.g., m’/s), the area where these estimates applied could be
estimated and the unit fluxes converted.

The principal deliverable from this research was to be a simplified version of the model
summarized above and described in detail in Burnett et al. (2003) and Burnett and Dulaiova
(2003). This objective has been met with a model in a simple spreadsheet form, suitable for use
on either a laptop or hand-held PDA by field personnel. A demonstration of this user-friendly
model by the researchers to DEP field personnel will be arranged as a training session.

A second objective involves quantifying the volume of diffuse groundwater flow into the
marine environment. As a second deliverable of task 11, we proposed to evaluate the utility and
application of automated seepage meters to assess disseminated flow. Last year, we acquired the
final components needed to construct “Taniguchi-style” automated seepage meters. These
meters are based on the precise measurement of the flow of heat via thermistors arranged in a
flow tube set over a chamber on the seabed.

This report provides the details of each of these deliverables. The application of the
simplified “radon model” for estimating groundwater discharges will also be demonstrated to
FGS personnel at a mutually agreeable time and location in the near future.



Deliverable #1: Simplified Radon Model
Scope

This program is intended to provide a user-friendly interface for calculating advection
through permeable sediments based on radon inventories. The program is based on a radon mass
balance and assumes steady-state conditions. Radon loss to the atmosphere is included but no
loss via mixing is provided. The program as is should be applicable for all lakes and will
provide a first-order estimate for most coastal marine and estuarine environments. More
complete descriptions of the model and the underlying assumptions may be found in Cable et al.
(1996), Corbett et al. (2000), and Burnett et al. (2003).

The radon model runs in MS Excel 2002 and higher versions. For proper display, a screen
resolution of at least 1024x768 pixels is needed. Macros have to be enabled by setting macro
security appropriately before opening the Excel file: MS Excel — Tools — Options — Security —
Macro Security — Medium. The purpose of the form interface is to facilitate the calculation of
the advection coefficient through an incremental approximation method and an iteration process
using the bisection method.

The following parameters are required for the calculation:

e Rn Concentration in Surface Water (dpm/L or pCi/L) - this can be either a single value or
a depth profile.

e Total Water Depth (m) — used to calculate an inventory of radon

e  Wind Speed (m/s) — used to estimate the exchange of radon across the water-air interface.
The exchange coefficient K is assumed to be independent of wind speed below 1.67 m/s
(Macintyre et al., 1995; Happell at al., 1995).

e Rn concentration in air (dpm/L or pCi/L) — this is also used to estimate atmospheric
exchange. Note that a default value (0.3 dpm/L) will be used if no value is entered.

e Water Temperature — used for air-water exchange estimate and for correction of the
diffusion coefficient

e Rn Concentration in Groundwater — used to convert the radon flux to a water flux; the
default low, medium, and high values correspond to 200 dpm/1, 400 dpm/I, and 600 dpm/I
respectively.

e Porosity — used in several of the calculations; again low, medium, and high default
values, corresponding to 0.4, 0.5 and 0.6 respectively, are supplied if this information is
unavailable.

e Area of Measurement (m?) — if one knows the area of discharge, this can be entered and
the program will calculate the total discharge (m3 /s) as well as the advection velocity.

Operation

After opening the “advection_calc.xls” file, the “Export” sheet appears in the background
and the “Advection Calculation” form in the foreground. The form consists of three tabs:
“Input”, “Radon Profile”, and “Results”. Should there be previous data within any tab, the
“Clear” button on the bottom of the page can be used to clear all fields. The Tab key can be used
to move between entry fields.
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Fig. 1. Advection calculation input form.

The parameters on the “Input” tab are grouped by their relevance to air, surface water and
groundwater. Their values can be either entered manually into the form, or loaded from the
“Export” sheet by supplying the record number (“Record Nr.”) and clicking the “Load” button.
Hint: It may be convenient to copy / paste the data from another spreadsheet and then load them
based on their “Record Nr.” The data in the “Export” sheet have to be ordered according to the
column headings. Should any of the required fields lack data, the user-friendly model will
prompt the user to supply the missing data.

If the exact values of “Rn Concentration in Groundwater” and “Porosity” are not known,
the descriptions in the drop down menus may serve as approximations. Fields whose names are
in parentheses should be filled out if the corresponding values are available. Otherwise the
calculation will assume the following default values: “Rn Concentration in Air” = 0.3 dpm/I,
“Area of Measurement” = 1 m” and the “Uncertainty” is assumed to be 10% of the underlying
value if not specified.

The “Radon Profile” tab can be enabled by clicking the “Radon Profile” button located on
the “Input” tab among the “Surface Water” properties. Clicking the “Clear” button on the
“Radon Profile” tab clears all values on this tab only. Once all the values in the “Radon Profile”
have been entered, clicking the “Done” button will return the focus to the “Input” tab. While the
single value entry field for “Rn Concentration in Surface Water” is disabled when a radon profile
has been entered, the remaining surface water parameters have to be supplied.
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Fig. 2. Form for inputting radon depth profile (optional).

Calculation of Discharge

When all the input data have been supplied, the calculation can be started by clicking the
“Calculate” button on the “Input” tab. The “Advection” coefficient is calculated by iteration of
the formula for “Rn Flux” expressed in terms of “Advection” (see APPENDIX below). The
iteration is repeated as long as the iterated value of “Rn Flux” does not fall within the required
tolerance (itertoler=+0.01%) of its target value. If the iteration process delivers a result within
the required tolerance, the “Results” tab appears. If the result is not within the tolerance limit
after a certain number of iterations (cycmax=40), the calculation terminates and a message
announcing the failure to reach a result appears on the screen. Proofing and modifying the input
values will usually resolve this problem.

The “Input” data are summarized on the top and the “Output” data on the bottom of the
“Results” tab. After filling in some optional comments, the contents of the “Results” tab can be
exported by clicking the “Export” button. The data will be recorded in the “Export” sheet as a
new entry with a new “Record Nr.” in the numbering sequence. If a “Radon Profile” has been
entered before calculation, the program calculates an average “Rn Concentration in Surface
Water” and this average is displayed on the “Results” tab.

If a default printer is set up in MS Excel, the currently displayed tab can be printed by
pressing the “Print” button. The form can be dismissed from the screen by clicking the X button
in the upper right corner of the form. Afterwards, the form can be reloaded to the screen by
pressing the button on the “ShowForm” menu. After reloading, the most recent values on the
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“Input” tab will be also filled in. The file can be saved through File — Save / Save As after
closing the form.
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Deliverable #2: Automatic Seepage Meter Development/Calibration

Scope

Conventionally, direct measurements of submarine groundwater discharge (SGD) have
been obtained using the open, cut-off end of a 55-gallon steel drum that is pushed into the bottom
sediment (Israelson and Reeve 1944; Lee 1977). The groundwater head of the adjacent upland
area induces the groundwater to seep into the drum funnel, and a plastic bag attached to a tube in
the top of the drum catches the seepage. After a period of time, the bag is removed from the tube
and the cumulative discharge is measured. This conventional bag method has been applied in
various hydrogeologic settings, including lakes, reservoirs, rivers, estuaries and coasts.
Subsequent studies, however, have shown that this method has several limitations (Taniguchi
and Fukuo 1993; Cable et al. 1997; Paulsen et al. 2001). First, it is cumulative and therefore it
cannot provide information on the temporal evolution of seepage. Second, it cannot accurately
measure reverse flow or resolve small fluctuations in seepage, such as those induced by tides or
water action. Third, measurement errors can readily arise from frictional resistance and head
loss along the internal boundary of meter, attachment tube, reservoir bag as well anomalous short
term influx of water after the plastic bags have been attached to the seepage meter. In addition to
the above confounding factors in using the conventional bag method, it is also very labor
intensive.

In an attempt to address some of these difficulties, a new heat-type continuous automated
seepage meter was developed by Taniguchi and Iwakawa (2001). This automated seepage meter
is based on the measurements of a temperature gradient of the water between downstream and
upstream positions in a flow pipe attached to a chamber mounted on the sea or lake bed. Such
meters have the potential of providing long-term and high-resolution SGD measurements. In
order to allow easier access and checking, we modified the Taniguchi design to allow for the
power supply (standard 12-volt automobile type battery) and the data logger to be set up on shore
by use of a 250-ft long electrical cable for each seepage meter.

Materials and Calibration

We had six automatic seepage meter devices built by Makoto Taniguchi and we supplied
the chambers, power supplies, multi-port data logger, and calibration apparatus. Each seepage
meter was powered by a 12V battery and flow rates were recorded in reference to a microvolt
signal recorded on a six-port data logger (Datahog2, Skye Instruments). The voltage reading at
every constant calibration flow rate was measured by a flow meter (range; 0-350 mL/min). Each
reading was taken over a period of 30 minutes recording at 1-minute intervals, and averaged over
this period of time to obtain a mean voltage recording for that particular flow rate. All six
seepage meters (M1-M6) were calibrated in the laboratory before being deployed at the field.
The calibration set up is as shown in Fig. 4 and examples of two calibration curves are given in
Fig. 5.

The empirical calibration equations may now be used to compute the relationship between
the voltages measured and flow rates observed through the seepage meter. The following are the
respective empirical relationships, which were derived for each of the meters M1-M6:

[M1]: y=-28.79Ln(x) + 506.95 (Mean StDev = 0.23%; n =30)
[M2]: y=-24.44Ln(x) +413.61 (Mean StDev = 0.26%; n =30)
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[M3]: y=-25.63Ln(x) +422.46 (Mean StDev = 0.45%; n =30)
[M4]: y=-24.61Ln(x) + 424.32 (Mean StDev = 0.53%; n =30)
[M5]: y=-22.93Ln(x) +420.98 (Mean StDev = 0.32%; n =30)
[M6]: y=-23.95Ln(x) + 408.05 (Mean StDev = 0.28%; n =30)

where, x is the flow rate in cm/h, and y is the voltage in microvolts as recorded by the data
logger. The mean standard deviation refers to the overall average of the standard deviations
measured during each 30-minute interval.

Fig. 4. Calibration set up for the automated seepage meters. The white tank in the upper left-
hand corner is a constant head reservoir. The flow meter can be seen in the lower left
portion of the photo. The seepage flow tube with thermistors is submerged in the tank in
the lower center and the data logger is at the lower right side of the photo.

Field Testing

We tested the auto seepage meters during several deployments at a site near the FSU
Marine Laboratory, not far from Lanark Reef. We deployed meters M1 and M6 at the site at a
distance of approximately 200ft from the shore. Only the seepage meters with the flow tubes
were deployed offshore — the meter power supply (12V battery), the data logger and associated
accessories were all operated from the shore. Our experiments in the laboratory showed that
employing long electrical cables between the seepage meter and the sensor had no significant
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effect on the voltage recorded in the data logger. The field measurements showed good results,
consistent with measurements made in this area before by several different techniques (Burnett et
al., 2002). This is a robust set up has great advantages especially for long time deployments, in
that both the meters and the data can easily be controlled from shore.
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Fig. 5. Examples of calibration runs for two of the six automated seepage meters.
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Appendix (Parameters and Equations Used in Radon Model)

Input parameters as specified on the input tab are converted into the
following units before calculation:

Cair — Rn Concentration in Air dpm/m’
Cairone — Rn Concentration in Air Uncertainty dpm/m’
U — Wind Speed m/sec
C, — Rn Concentration in Surface Water dpm/m’
Cotne — Rn Concentration in Surface Water Uncertainty dpm/m’
h — Total Water Depth m/sec
t — Water Temperature °c
S — Area of Measurement m’
Ceq — Rn Concentration in Groundwater dpm/m’
Cegunc — Rn Concentration in Groundwater Uncertainty dpm/m’
() — Porosity dimensionless
Constants:

v = 0.00864 - kinematic viscosity of water cm’/sec
A =0.181 - decay constant for Rn day™
Zog = 30 - equilibrium depth in the sediment cm
Zone = 0 - zero depth = sediment—water interface cm
Ziwo = 0.01 - incremental depth in the sediment cm
w, = -1 - lower initial value of advection cm/day
w, = 0 - upper initial value of advection cm/day
Calculation:

Inventory for single C, value dpm/n’
I=C,-h

IUnc = CoUnc ’ h

Inventory for Rn Profile dpm/n’
1=[c,-dn

Ly, = J.CoUnc ~dh

Ostwald’s Solubility Coefficient dimensionless

a =0.105+0.405- ¢ %™

Temperature Dependent Molecular Diffusion Coefficient cm’/sec
980
_(273+z+1'59J
D, =10
Vertical Diffusivity cm’/sec
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K.=D,-¢

Schmidt Number dimensionless

Gas Transfer Coefficient m/min

—ucoef
k=045uw-£&— .__L__
600 100x 60

Atmospheric Flux dpm/m’/day
Fatm :k(Co_aCazr)6024

—kAC,p +a-C

F

atmUnc

Y -60-24

airUnc

Total Flux dpm/m’/day
F=I-1+F

atm
FUnc = ‘\/(IUnc ’ )")2 + Fathn02

Diffusive Flux dpm/m’/day

24-60-60
F. .. = K o——\C -C
diff \/ z 10000 (eq 0)

24-60-60 2 5
FdlﬂU"C = \//1 ’ KZ ) W ) CeqUnc + CoUnc )

Find the boundaries of the iteration interval: increase the lower and upper
initial values of advection until the interval [ ,- ,] contains the expected
value of advection.

Start the iteration loop.

Bisect the interval between the lower and upper boundaries of advection.

Approximation of Advection cm/day

w:a),+%><(wu ~w,)

One Dimensional Mixing Parameter cm

z¥ = K, X 24 % 60x 60

w
Radioactive Decay and Advection Coefficient dimensionless
A
A= |[1+axzxx =
0

Rn Concentration in Wet Sediments dpm/cm3
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C -C [ ] Ax, -z
u X e 2%z XSlnh (+)
1000000 2Xz* C
C= +—
) AXz, 1000000
sinh
2Xz*
Thickness of Sediment Layer at Water—Sediment Interface cm
AZ:ZN’O _Zone
Rn Concentration Change in Sediment Layer dpm/cm3
AC = tho _Cone
Concentration Gradient in Sediment Layer dpm/cm4
AC
Cgrad = AZ
Total Flux calculated based on Advection dpm/m2/day
F. =¢xC,,, XK, x24x60x60x10000

Adjust the lower or upper initial values of advection to narrow the gap
between the iterated and direct solution for total flux F,, ,-F. If the gap is
within tolerance, exit the iteration loop.

The uncertainty of advection is calculated by substituting F,,=F-F,_ for F and
repeating the calculation process with this value to find _,,. The uncertainty
of advection is then determined from

Estimated Uncertainty of Advection cm/day
wUnc =0- wlo

The output is converted into the units specified on the results tab.
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Contract FGS249 Final Report
Task 12: Ames Sink Tracer Test
Todd Kincaid and Gareth Davies

June 15, 2005

Overview

The purpose of Task 12 was to repeat the tracer test that was conducted in 2004, which
demonstrated flow paths between Ames Sink and Indian, Sally Ward, and Wakulla
springs. The overall purposes for repeating the test were to confirm the travel times
measured in the first test (16, 18, and 22 days for the Indian, Sally Ward, and Wakulla
flow paths), obtain complete break-through curves at the spring sampling stations, and
determine if the three springs are connected along the same flow path or constitute the
discharge from independent flow paths. Specific objectives for the repeated test were as
follows.

e (Conduct independent tracer injections at Kelly and Ames Sinks to characterize
the flow path at low and high flood stages.

e (Coordinate with the Leon County storm water department to arrange for releases
from Lake Munson to flood Kelly and Ames Sinks prior to tracer injections.

e Perform a tracer injection into the downstream siphon tunnel in the Indian Spring
cave system.

e Prolong the sampling period at all stations to record complete or nearly complete
breakthrough curves.

e Install insitu filter fluorometers at Indian and Wakulla Springs and correlate the
data with tracer concentrations measured from water samples by spectroscopy.

Injections

Four separate injections were performed as part of the 2005 Ames Sink tracer test.
Injection #1 was performed on April 29. Nine kg of eosin dye were released into Kelly
Sink following a release of water from Lake Munson that flooded the Ames Slough over
Ranchero Road into Kelly Sink. Injection #2 was performed on April 30 in an
intermediate sinkhole (Ames-2) discovered by our team during a field reconnaissance
approximately 400 m southeast of Ames Sink and 200 m northwest of Kelly Sink.
Approximately 200 g of eosin dye were injected. Injection #3 was performed on May 5.
Nine kg of uranine dye were injected into Ames Sink following a decrease in water levels
sufficient to render Ames Sink the sole receptor of surface flow from Munson Slough.
Unfortunately, however, rainfall that began on May 4 subsequently re-flooded Ames
Slough before the dye was completely gone from Ames Sink. Some loss of dye from the
Sink to the swamp could have occurred and dilution of the dye concentrations in the
injection from the rainfall was highly probable. Injection #4 was performed on May 8.
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Approximately 5 kg of phloxene dye was injected into the downstream siphon tunnel in
Indian Spring cave by two members of the Woodville Karst Plain Project.

Sampling
Automatic water samplers were installed at the following locations:

e Kelly Sink via a tube extending from the land surface into the upstream conduit in
the cave.

¢ Indian Spring via a tube extending from the land surface into the upstream
conduit in the cave.

e Sally Ward Spring via a tube extending from the land surface into the upstream
conduit in the cave.

e Wakulla Spring Vent a tube extending from the land surface into the entrance of
the cave.

e Wakulla K-Tunnel via a tube extending down the A/K Junction Well to the K-
Tunnel meter.

e Wakulla D-Tunnel via a tube extending down the A/D Junction Well to the D-
Tunnel meter.

e Wakulla B-Tunnel via a tube extending down the A/B Junction Well to the B-
Tunnel meter.

e Turner Sink via a tube extending from the land surface into the upstream conduit
in the cave.

e McBrides Slough at the bridge crossing south of all the spring discharges located
east of the Wakulla River on park property.

e St. Marks River Rise via a tube extending to a depth of approximately 70 feet and
hanging in front of the mouth of the resurgence.

Sampling began on April 29 at 4-hour intervals at all stations and continued for the at
least three weeks at every station. Grab samples were collected periodically from Rhodes
Spring, Wakulla C-Tunnel, Indian Spring at the outflow from the spring basin, and the
Sally Ward Slough from the bridge crossing upstream of the spring vent.

Status

One or more of the tracers was detected at the following locations: Indian upstream
Tunnel, Sally Ward upstream Tunnel, Wakulla K-Tunnel, Wakulla D-Tunnel, Wakulla
B-Tunnel. No tracers were detected at the St. Marks River Rise, Rhodes Spring, Turner
Sink, the Indian Spring basin, or the Sally Ward spring slough. Sampling is still
underway at the Wakulla Vent and Wakulla D-Tunnel. Data from the samplers is still
being analyzed and is therefore not included with this report. An addendum will be
submitted when the data analysis is complete, which is anticipated by mid July 2005.
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This appendix contains the scope of services for Umbrella Contract FGS 249
between the Florida Geological Survey and Florida State University
for the fiscal year July 1, 2004 through June 30, 2005

The original version of this contract had 11 tasks, numbered 1 through 11 below. Two additional
tasks added by amendment are numbered 12 and 13 below.

TASK-1: SPRING CREEK TRACING FEASIBILITY STUDY

The quantitative groundwater tracing program funded by the FGS over the past three fiscal years
has been a great success. Key flow paths in the Woodville Karst Plain (WKP) have been
successfully documented between disappearing streams, the Leon Sinks and Wakulla cave
systems, and Wakulla Spring. The quantitative aspect of the tracer tests has permitted the
calculation of groundwater velocities and other hydraulic parameters that will be crucial to future
groundwater modeling efforts.

The next logical step in the characterization of the WKP is to use the same techniques that were
developed, applied, and refined in the northern part of the WKP to identify flow paths and
velocities associated with the southern boundaries of the watershed; namely the Spring Creek
discharges along the Gulf Coast. In doing so, we will substantially improve our understanding of
the water budget for the entire watershed; more fully compile the quantitative data necessary for
basin-scale modeling, and substantially refine our understanding of groundwater and surface
water interactions in large karst watersheds in Florida and elsewhere.

The purpose of this study is two-fold: (1) to characterize and identify the key karst features in the
southern part of the Woodville Karst Plain that have a probable influence on flows at the Spring
Creek springs; and (2) to determine the feasibility of conducting quantitative groundwater tracing
experiments in the basin aimed at identifying flow direction and velocities along karstic flow
paths to Spring Creek Springs. The study will also assess the effect of tides and associated
hydrogeology in Spring Creek on the Wakulla Spring system. This work will be conducted in
coordination with FGS’ offshore spring characterization effort, wherein each of the main vents in
the Spring Creek group will be individually assessed for flow, access, water quality as well as
clarity. Where appropriate, access to the spring vents will be negotiated with local land owners
and each of the spring vents deemed pertinent to the study and adequately accessible will be
instrumented with tubing such that samples can be readily collected from the spring discharge.

The “deliverable” from this effort will be a report that (1) characterizes the hydrogeology of the
southern part of the WKP based on all available data, existing literature, and detailed field
studies; (2) identifies the critical hurdles that will need to be overcome in order to conduct
successful quantitative tracer tests in the southern part of the basin; and (3) presents
recommendations and a plan of action for overcoming those hurdles and initiating a tracer testing
program.

TASK-2: WAKULLA IN-CAVE METER DATA MANAGEMENT

Seven Falmouth oceanographic meters have been successfully deployed in the Wakulla cave
system and are continually recording velocity, temperature, and specific conductance at 15-
minute intervals. The data is stored onboard the devices and is currently being manually



downloaded on-site by FGS staff at approximately 30 to 60-day intervals. Drs Tim Hazlett and
Todd Kincaid who are on the staft of GFDI at FSU have developed a preliminary website for the
dissemination of the data which is updated at approximately 60 to 90-day intervals. The dataset
that is being developed is one-of-a-kind and represents the most detailed characterization of a
karst aquifer anywhere in the US; if not the world.

In order to capitalize most fully on the expanding dataset and consequently foster
multidisciplinary research efforts, the data needs to be made more readily available to
researchers world-wide. In order to accomplish this, we propose to automate the data collection
and dissemination processes as follows:
= install cabling and radio telemetry systems at the on-site data stations that will
continuously communicate the data from the meters to a local computer server;
= construct a local computer server that will collect the data, store it on local hard drives,
and communicate it to a global computer server via the Internet;
= develop a computer program that will automatically receive the data, process it into a
desired set of graphical output, and post the output regularly to a project website; and
= archive the data, with enough redundancy (i.e. backups), such that it can be retrieved, in
raw format, at will via an Internet interface.

The proposed effort will require a collaborative effort between FSU, and FGS personnel, but
once developed and implemented will require little regular maintenance. The following budget
itemizes the costs associated with Drs Hazlett and Kincaid and anticipated hardware
requirements. The requested funding will cover the development of the data processing systems
and project website and then approximately two hours per week for regular maintenance of the
system and website. Funding for FGS staff will be itemized in a separate task proposal. The
deliverable products of this task will be functional telemetry systems on the seven in-cave
meters, computer scripts for automatically processing the in-cave meter data into graphical
output, a project website that will disseminate the data and graphical output on the Internet, and a
system for archiving the data for long-term preservation.

TASK-3: KARST SHORT COURSE & FIELD TRIP:

The fundamental problem associated with effective hydrogeologic characterizations of karst
settings in Florida is a lack of available formal education on karst hydrogeology at the academic
and professional levels in Florida. To address this problem and serve as a deliverable, we will
develop and test a formal short course on karst in Florida that would be regularly offered through
either the FGS or the Hydrogeology Consortium to professional and lay communities. The
course will include a one-day series of lectures and a one-day field trip. Course materials will
include a comprehensive Power Point presentation that covers all the lectures, a course manual
containing relevant published material, detailed filed trip guides and a CDROM containing all
the course materials in digital format. As a second deliverable; Drs Hazlett and Kincaid will also
develop a website interface for the course for promotional purposes.

TASK-4: SUPPORT STAFF

The monitoring equipment that was purchased and installed with funds provided by the FGS
under previous contracts in this series requires continuing maintenance and supervision. Further,
planning and coordination related to additional instrumentation and other activities require an
ongoing commitment of manpower. This task will be carried out by two support staff: James
McClean and Chris Werner.




The duties and responsibilities of James McClean, who has been serving in this capacity for the
past two years, include

1. Continuing to interpret and process remote sensing data

2. Continuing to provide assistance to investigators in field activities.

3. Helping to finalize the report entitled: “Evaluation of Remote Sensing Methods to
Identify Areas of Interaction between Ground and Surface Waters™.

4. Converting raw data from remote sensing surveys into GIS-based maps for visualizing
“hot spots” of areas of ground water interaction with surface water.

5. Developing a plan and a schedule of activities for field verification (ground truthing) of
hot spots located by remote sensing techniques.

6. Implementing a procedure for custodianship, usage and maintenance of instruments and

equipment used in the remote sensing project including: side scan, Doppler acoustic profiler,
flow meters, water quality sensors, reagents, electronic accessories, software etc.

7. Investigating the feasibility and cost of having accurate elevation surveys conducted at
key points in the study area.

8 Participating in the effort to quantify the amount of water involved in the areas, depicted
in remote sensing maps, as indicative of ground water interaction with surface water.

9 Preparing “Power Point” slide shows for making presentations at conferences and other
scientific gatherings of all the reports listed above

The duties and responsibilities of Chris Werner include

1. Assisting the PI in coordinating the various tasks, helping to assure that they are being
completed in a timely manner,

2. Assisting the PI in arranging meetings, obtaining information, coordinating activities and
completing other similar assignments, as the need arises.

3. Overseeing the installation and regular operation of the flow meters, tide gauges, power
supplies, protective housings, equipment for acquisition, storage and transmission of data, etc.
4. Supervising the collection and proper dissemination of the data produced by the flow
meters and tide gauges.

5. Coordinating with other related research projects, such as the weather station planned for
Wakulla Spring by Prof. Paul Ruscher.

6. Coordinating activities with the divers of the WKPP, as the need arises.

7. Assisting in field activities, such as dye tracing, as the need arises

8. Periodically harvest data from those meters, tide gauges, etc. that are not transmitting in
real time.

9. Assisting the PI and Dr. Eric Chicken in acquiring the meteorological data necessary for
the statistical data analysis.

10.  Investigating the feasibility and cost of having accurate elevation surveys conducted at
key points in the Wakulla springshed.

11 Assisting in the preparation of presentations at conferences and other scientific
gatherings.

12.  Assisting the PI in assembling the final report.

13. The deliverable for this task will be a mid-year and a final report summarizing activities
completed.

TASK-5: TIDE GAUGING




One of the most interesting insights that have come out, thus far, of the in-cave metering project
is the potential correlation between regular small-scale discharge fluctuations at Wakulla and the
tides in the Gulf of Mexico. To explore this possible relationship, detailed data is needed on tidal
fluctuations in the Gulf of Mexico south of Wakulla Spring. We propose to install two tide
gauges close to Spring Creek. Data will be periodically harvested by Chris Werner. The
processing programs described in Task-2 will be refined to accommodate the tidal data and
upload graphical representations of the data and comparisons between the tide and in-cave
datasets to a project website.

The primary required personnel support necessary for installing and implementing the tide
gauges will be provided by the support staff identified in Task 4. The budget for this task
described below, therefore focuses on the required hardware expenditures and time for Drs
Hazlett and Kincaid to refine the data processing scripts, project website, and data archiving
procedures. The deliverable of this task will be two working tide gauges installed near Spring
Creek, computer scripts for automatically processing the tide data into graphical output, a project
website that will disseminate the data and graphical output on the Internet, and a system for
archiving the data.

TASK-6: EXPANSION OF THE CAVE METERING NETWORK

The existing cave meter network effectively characterizes the flow to the spring from four most
significant known conduit sources. However, the results of the last two groundwater tracing
experiments demonstrate that the Wakulla cave system is directly connected to the Leon Sinks
cave system and that groundwater flows between the two in approximately seven days. Given
this connection and the goal of the metering project to characterize the source waters for Wakulla
Spring, we believe that additional meters are needed in the Leon Sinks cave system. We are
therefore proposing to install three additional meters in the Leon Sinks cave system at points that
span the north-south axis of the system. Specific targets for installation include: Turner Sink (the
down-gradient most access point to the system), the river intrusion tunnel near Emerald Sink,
where tracer testing has shown a direct connection between the cave and the insurgences of
Fisher and Black Creeks, and the upstream reaches of the cave system which are thought to be
dominated by older groundwater. Actual meter installations will be carried out by volunteer cave
divers with the Woodville Karst Plain Project.

Data will be periodically harvested by Chris Werner. The data will be added to the existing
datasets and the processing scripts and website updated to accommodate it. The products of this
task will be three working in-cave meters installed at three locations within the Leon Sinks cave
system, functional telemetry systems on the three meters, computer scripts for automatically
processing the meter data into graphical output, a project website that will disseminate the data
and graphical output on the Internet, and a system for archiving the data for long-term
preservation.

TASK-7: CONTINUATION OF THE WOODVILLE KARST PLAIN MODELING EFFORTS

In cooperation with the PI; Dr. Hazlett has been developing a finite-element model of the
Woodville Karst Plain using existing and accepted finite-element numerical strategies but using
the detailed characterization data gleaned from the field studies to more accurately articulate
karst features in the model domain and calibrate the model simulations to real-world conditions.
Currently, the model contains all of the key karst features in the northern part of the WKP and




calibrates fairly well to velocities measured through groundwater tracing and historical head
levels published in the literature.

This model has been sufficiently developed to warrant field testing, full-scale calibration, and
validation. We will, therefore, simulate groundwater flow through the basin and then calibrate
the model to field data that has been produced by groundwater tracing and the in-cave metering
effort. Once a calibrated model has been developed, rainfall/discharge profiles obtained from the
in-cave meters will be used to validate the model simulations. The primary deliverable of this
task will be a report that fully describes this modeling process, graphically presents the results of
the model simulations, describes the validity of the model in terms of validation to recorded
rainfall/discharge profiles and presents recommendations on how the modeling technique could
be refined and disseminated for use in other karst watersheds in Florida and similar settings
elsewhere.

TASK-8: POPULATION, FURTHER DEVELOPMENT AND PUBLICIZING THE AVAILABILITY OF THE
FLORIDA CAVE DATABASE

The Florida Cave Database was initially developed with funding from the FGS in FY 2001-2002
and augmented, revised, and refined in FYs 2002-2003 and 2003-2004. The database currently
contains details from more than 30 underwater caves, which are represented by two ESRI GIS
shape-files and associated datasets: one representing the survey points or significant turning
points in the caves, which contains sufficient data, when available, to render a 3D model of the
cave; and one that represents the 2D trend of the cave passages. All the files are projected to the
FGS Albers projects and can be downloaded from a project website and immediately included in
a GIS.

We will continue the effort to populate the database with additional data available to State or
Local government staff as well as the private sector. We will also publicize the existence and
availability of the database for use by researchers, cave divers, the regulatory community and the
general public. The latter effort will be through the development of a CD containing the database
along with introductory material and educational text emphasizing the significance of preserving
cave systems as natural resources and as tools to better understanding of ground water flow and
interaction with surface water in karst settings. The CD will be the deliverable of this task which
will be published and made available as a “special publication” of the Florida Geological Survey.

TASK-9: CONTINUED STATISTICAL ANALYSIS AND MODELING OF DISCHARGE AND RAINFALL

It is reasonable to characterize this task as the heart of the on going “Wakulla project”.
Understanding the hydrogeological complexity of Wakulla Spring, its interaction with surface
water sources and with land use activities; will yield a wealth of information that can be applied
to serve an overarching goal of effective management, utilization and protection of water
resources within the Floridan Aquifer and the entire Woodville Karst Plain. The ultimate
deliverable will be a model which can accurately simulate ground water flow and contaminant
transport in karst settings, which are found throughout much of Florida. Existing models such as
MODFLOW are unable to simulate contaminant transport in karstic aquifers; new models are
needed which reflect the dominant feature: a connected set of conduits which convey water and
contaminants on regional scales.




With previous support from the FGS, a prototype of such a model, called KARSTMOD, has
been developed by two members of our research team: Dave Loper and Tim Hazlett. The method
utilizes a statistical scheme to define probable pathways between discrete sources of recharge
such as sinkholes or sinking streams and spring discharges. Once a probabilistic network of
pathways has been established; a combination of statistical and deterministic methods are used to
simulate the travel-time between any point in a basin and a spring. To date, the model has been
developed to the point where testing is appropriate. The next step, for which funding is being
requested in this proposal, is to calibrate KARSTMOD, using data on flow, temperature and
electrical conductivity. (In this context, temperature and conductivity are to be used as proxies
for contaminants.)

During the 2004-05 fiscal year; the flow and transport characteristics of KARSTMOD are to be
calibrated using data collected (over the past 6 years) by the S-4 meter (installed by the
NWFWMD) at the main vent of Wakulla Spring. (In subsequent years, we intend to expand this
calibration process to include the data currently being harvested from the seven Falmouth meters
deployed in the conduits leading to Wakulla Spring.) The S-4 data contains a surprisingly rich
spectrum of variations in discharge and other variables, on all timescales from hourly to (at least)
annual. This variability, when properly analyzed and cross-correlated with rainfall and flow in
sinking streams, can shed considerable light on the behavior and response of the Wakulla
Springs flow system to events and activities on the land surface. This in turn will provide the
basis of the calibration of KARSTMOD model that will eventually serve as a tool to protect and
manage the quality of the spring system and the entire watershed.

The research project consists of three sub-tasks as follows:

A). Characterization of storm events. Storm events are large temporary surges in discharge at
Wakulla Spring following rainfall events within the springshed. A necessary prerequisite to
calibrating KARSTMOD is a mathematical characterization of both the input (i.e., rainfall in the
springshed) and output (i.e., discharge at Wakulla Spring) as functions of time. With previous
FGS support, the mathematical form of the output has been determined by statistical analysis of
the S-4 discharge data. The goal of this sub-task is to develop a mathematical characterization of
the input function: the space-time history of rainfall preceding storm events. This data, in the
form of time history of rainfall in 4 by 4 km squares in the Wakulla springshed, is available from
Dr. Henry Fuelberg in the Department of Meteorology at FSU. The relative forms of these
functions is determined by (and hence contains valuable information regarding) the structure of
the intervening aquifer.

B). Analysis and cross-correlation of input and functions for storm events. The goal of this sub-
task is a characterization of the key features of the aquifer in the Wakulla springshed, as revealed
by a cross correlation of the input and output functions developed in sub-task A. Of particular
interest are the lag times between rainfall and discharge. These lag times will provide
information about the sizes of the conduits conveying water to the spring and the rates and
amounts of transfers of water between these conduits and adjoining limestone matrix. Key
questions to be answered by this analysis include:

What is the mean lag time between rainfall and discharge?
Does the lag time vary significantly with geographic location of rainfall?



What is the catchment basin for Wakulla Spring?
Does discharge balance rainfall?

C). Calibration of the flow characteristics of KARSTMOD. The goal of this sub-task is a
calibrated version KARSTMOD which accurately simulates the discharge at Wakulla Spring
during a storm event, given the space-time history of rainfall as an input. This calibration
process will include an assessment of the ability of KARSTMOD to replicate the storm discharge
and an analysis of the sensitivity of model parameters to variations in the input and output
functions.

If time permits, the S-4 data on temperature and electrical conductivity will be statistically
analyzed and cross-correlated with that for discharge.

Deliverables from this task will include:

-Mathematical characterization of the rainfall associated with storm events seen in the S-
4 discharge record

-Analysis of the time lags between rainfall and discharge

-A calibrated form of KARSTMOD, including source code along with a report that
discusses assessment of the model’s accuracy and sensitivity.

Task 11: Simplified Approach to Estimating Ground Water Discharges via Radon Tracing:
This project will be a continuation of previous studies on the subject of quantifying discharge.
During the period from March 30 to April 2 2004, investigators from FSU Oceanography joined
personnel from the FGS to investigate the area around Lanark Reef using a continuous radon
system and Side Scan to search for areas of point source discharge (springs) as well as diffusive
seepage. Lines were run parallel to the shore and one transect was made several kilometers out to
sea. Radon inventories (Rn 222 activity times water depth) and salinity trends clearly indicated
the previously known Lanark and Sulfur springs. There is also a near-shore area just west of the
FSU Marine Laboratory (FSUML) that displays lower salinity and elevated radon levels. This
appears to be an area where diffusive seepage may be significant as there is no surface drainage
anywhere nearby.

During the same period that these surveys were performed, the researchers deployed a stationary
continuous radon monitor (Burnett et al., 2001) at a station about 100 meters off FSUML and
collected time-series data for approximately 24 hours. These results were used to estimate
diffusive seepage using the modeling approach detailed in Burnett and Dulaiova (2003). Their
estimates showed groundwater velocities ranging from 5-40 cm/day with increased seepage rates
at low tide.

Such trends of enhanced seepage during lower tidal stages have now been seen in several areas
including the area around FSUML (Burnett et al., 2002), and in the Florida Keys (Chanton et al.,
2003). This 1s apparently due of a modulating effect caused by increased hydrostatic pressure at
higher tides resulting in diminished groundwater discharge flow rates because the hydrostatic
pressure acts in the opposite direction than the effects of the hydraulic gradient coming off the
land.

The isotopic results from Sulfur Spring all show essentially the same result for all parameters
measured (salinity, radon, and radium), indicating that there is little mixing going on in the vent
sampled. Lanark Spring, on the other hand, showed internal consistency in the



conductivity/salinity results but a wide variation in the radon and radium results. The most likely
explanation is that there was mixing of at least two fresh groundwater end-members in the vent
sampled. The high-radon sample in Lanark is fairly similar in composition to all samples in
Sulfur Spring.

The FSU/FGS team also worked on an assessment of flow rates and isotopic concentrations in
waters from several vents at Spring Creek Spring on April 14, 2004. FGS researchers made
measurements using continuous side scans surveys and FSU investigators collected a total of 20
samples for isotopic analysis at two transects and four individual spring vents. Five additional
offshore samples were analyzed for Rn 222 and Ra 226, after collection by FGS researchers. The
samples show the general decreasing trend in radon activity as one move farther offshore, away
from groundwater spring inputs.

These preliminary findings would seem to justify continuation of the effort to better quantify
ground water discharge in the Spring Creek and Other Vents using Radium Isotopes

To continue this project the researchers plan to estimate the discharge of offshore springs
(Specifically Spring Creek) by quantification of natural radium isotopes. Moore (1996) first
showed that Ra 226 onshore-to-offshore gradients develop because of inputs via Submarine
Ground Water Discharge (SGD) and subsequent mixing with offshore water containing lower
concentrations. One may determine exchange rates from independent observations (such as tidal
wedge calculations) or use the distribution of the short-lived isotopes of radium Ra 223 and Ra
224 to estimate mixing coefficients (Moore, 2000). While mixing rates must certainly change as
a function of prevailing winds and other external factors, the two short-lived radium isotopes
have the benefit of integrating over different time periods as a consequence of their different
half-lives. The attached proposal provides a more detailed discussion and the derivation of
equations to be used in the model for a simplified approach to estimating ground water discharge
via radon tracing. Models developed by the Oceanography Department at FSU will be used.
Those are based on a mass balance approach and require a considerable amount of information
besides the radon concentrations to implement successfully. In principle however; it should be
possible to develop a streamlined version of this model that still maintains enough rigor to
provide reasonably good estimates of the volume of ground water discharged.

Burnett and Chanton together with their students have pioneered the use of natural Rn 222 as a
tracer of ground water flow into the coastal zone (e.g., Burnett and Dulaiova, 2003; Chanton et
al., 2003). Radon works as a tracer because it is greatly enriched in groundwater relative to ocean
water and behaves conservatively. They have also developed an automated radon monitor that
has been used successfully for continuous measurement of Rn-222 in coastal waters. Net Rn 222
fluxes are determined by evaluating the change in inventories over each measurement interval
after making appropriate allowances for inputs and losses during tidal fluctuations and
atmospheric evasion. Assuming that benthic fluxes of radon are driven mainly by ground water
(pore water) advection, one can convert calculated Rn 222 fluxes to water fluxes by dividing by
the radon concentration of the advecting fluid. To make appropriate corrections, water level,
water temperature, and weather conditions must be continuously monitored. In many cases, the
researchers feel that these corrections can either be neglected or estimated from readily available
information.



The deliverable from this research will be a simplified version (to be demonstrated by the
researchers to DEP field personnel as a training session that is a part of this deliverable) of
the model summarized above and described in detail in Burnett and Dulaiova (2003). The model
will be in a simple spreadsheet form, suitable for use on either a laptop or hand-held PDA by
field personnel. The aim will be to simplify the model to the extent that the only requirements
would be radon data for the surface and ground water, together with some basic environmental
data (e.g., wind speed, temperature, water depth). The environmental parameters can be easily
estimated in many cases if exact on-site data are not available. After entry of these few
parameters, the program would calculate an estimated flux of ground water at that site.
Groundwater discharges would be reported in volumetric units per unit area per time (e.g.,
m3/m2.s). If one desired a total flux (e.g., m3/s), the area where these estimates applied could be
estimated and the unit fluxes converted.

In addition to point source flow of ground water; we are also interested in quantifying the
volume of diffuse ground water flow into the marine environment. As a second deliverable,
the researchers will be evaluating the utility and application of Automated Seepage Meters
to assess disseminated flow

Over the past few months, the researchers have acquired the final components needed to
construct the Taniguchi-style automated seepage meter. One of six meters has already been
constructed and tested successfully. The researchers are also working with Dr. Paul Lee of DEP
who recently designed and built, together with personnel from the FSU-FAMU School of
Engineering, an automatic seepage meter based on ultrasonic sound (the Taniguchi meter is
based on the flow of heat).

These meters will be deployed in environments where more disseminated flow is expected. This
would include the area around Lanark Reef, Lake Barco (a site of another DEP project involving
groundwater-surface water interaction), and other locations of potential interest to the DEP and
the FGS.

TASK 12. DYE-TRACING AND RADIOLOCATION STUDIES TO CONFIRM CONDUIT LOCATIONS AND
WATER FLOW PATHS IN KARSTIC SETTINGS IN NORTH FLORIDA

Background:

Results from the tracer test performed under contract GW 294 in 2004 at Ames Sink showed a
direct connection to Indian Spring, Sally Ward Spring, and Wakulla Spring. Though the test was
successful, there are significant limitations to the applicability of the results to the overall goal
of basin characterization that arose from: 1) the initiation of the test immediately prior to heavy
rainfall following Tropical Storm Bonnie which affected the study area. 2) the recently
discovered fact that a sinkhole approximately 700 m south of Ames Sink transports at least 10
times more water into the ground than Ames sink itself, and 3) insufficient sampling durations to
obtain complete break-through curves at the springs to ensure that some component of the flow
from Ames Sink does not flow to the St. Marks River. In light of these complications, and to
reproduce the results we are proposing this amendment to enable us to repeat the test with the
above mentioned factors taken into consideration.

Goals:



* Further investigate the intermediate sinkholes between Ames Sink and the springs and, if
possible, install tubing that extends from the land surface into the sinkholes to a point of
observable groundwater flow.

» Perform a dye injection at Spider Hole as opposed to Ames Sink to characterize the larger and
more rapid component of the total stream flow insurgence.

* Perform an injection at Indian and/or Sally Ward springs to confirm a possible flow path
between the downstream sections of those cave systems and Wakulla spring.

» Extend the sampling duration sufficiently to capture a complete or near-complete break-
through curve at each of the springs and then calculate the hydraulic parameters from the
respective curves that are necessary to constrain and calibrate groundwater models.

Benefits:

All of this work will contribute greatly to the development of a basin-scale groundwater &
surface water model currently under development by the contractor that will more accurately
simulate the impact of the karst features on the flow regime and therefore provide a significantly
more effective water resource management modeling tool than is currently available. Such a
model will serve as a template for similar models and characterization efforts elsewhere in
Florida.

Tasks:
Following are the specific tasks that will be completed as part of this project:
1. Plan and coordinate the tracer test.
2. Complete background sampling and analysis, if needed.
3. Dye sampler placement, dye injection, and dye detection. Injection sites will include
Spider Hole and Indian and/or Sally Ward Spring. The amount of tracer used is
calculated on a test-by-test basis using information about hydraulic conditions, the
predicted peak concentration, and is based on data from hundreds of empirical
experiments (see attachment). Dye detection will include an extended sampling duration
sufficient to capture a complete or near-complete breakthrough curve.
4. If possible, install tubing that extends from the land surface into the sinkholes to a
point of observable groundwater flow.
5. Manage and analyze data; prepare final report with observations, results and
conclusions.

All diving activities associated with this project will be conducted by the Woodville Karst Plain
Project’s professional divers via arrangement with FGS. The FSU staff associated with the
project are not involved in any aspect of the diving activities.

TASK 13. RADIO LOCATION OF HIGHWAY POSITIONS OVER LEON SINKS CAVE SYSTEM

One way of confidently locating the position of the features on the land surface relative to
underlying cave systems is through the use of cave radio location technology, which allows a
point in the cave to be pin-pointed at the land surface and then mapped using standard GPS
mapping technologies. Pin-pointing a specific point or points relative to the cave using cave
radio location is necessarily an iterative process because the cave points are the ones being
located rather than points at the surface. The most effective method is to use a preliminary cave
map to estimate points to be located in the cave. Once those points are located, the map can be
corrected to the known locations and new estimates rendered. An efficient process will require
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between two and three locations per point on the surface that needs to be located in the cave, in
this project; the northernmost point is where Highway 319 crosses the Leon Sinks cave system.

The Leon Sinks cave is known to cross under highways in four places: 1) HWY 319 at the
northeastern loop conduit, 2) HWY 319 at the southwestern loop conduit, and 3) SR 267 at the
main tunnel south of Turner Sink. Chips Hole cave also crosses HWY 319 near the cave
entrance.

The contractor will use cave radio location technology to identify the latitude/longitude of each
of these four locations. Preliminary estimates will be made based on existing maps. Following
radio location of those points; the map will be corrected and new estimates rendered.
Subsequent radio location of the new points should render the highway crossing locations. The
map will then be corrected again and, if necessary, the process will be repeated one more time.
The cave map will be corrected to all the radio-location data and published in the FGS Florida
Cave Database thereby made accessible for download and use by the DEP and other entities. A
final report will be generated which identifies the road crossing locations and will include a
paper copy of the finalized cave map.

Radio location in the Leon Sinks cave system is complicated by variable visibility conditions, the
depth of the cave passages, and access. The Woodville Karst Plain Project (WKPP) has agreed to
perform all the radio-location dives on a semi-volunteer basis, (see note above regarding
retaining those divers by the FGS). Each radio-location point will require one three-person dive
team and two-three surface support personnel for a full day though more than one radio location
point per day may be attempted depending on the logistics and diver availability.
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