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In karst aquifers, high transmissivities make it difficult to conduct traditional aquifer tests. 

An alternative method to evaluate formation transmissivity on a large scale is passive monitoring 

of observation well response to changes in stream stage or conduit hydraulic head during high 

discharge events. During these events, increases in water levels at observation wells are 

dependent on the stream or conduit boundary condition, but are also influenced by the amount of 

diffuse recharge arriving at the water table. This study used data from the karstic Floridan aquifer 

in northern Florida to evaluate the effect of neglecting diffuse recharge on the transmissivity 

estimate. At the Santa Fe River Sink/Rise system, the Santa Fe River enters the Floridan aquifer 

at the River Sink, and re-emerges downstream at the River Rise. Between these locations, cave 

divers have mapped over 7 km of conduits. Diffuse recharge was estimated as rainfall minus 

evapotranspiration calculated using the Penman-Monteith method. The transit time of recharge 

through the unsaturated zone is not known; given the relatively thin unsaturated zone and its 

expected high hydraulic conductivity, the simplifying assumption was made that recharge 

reaches the aquifer on the same day as rainfall occurs. Hydraulic heads were monitored through 
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time at locations within the conduit system and in wells monitoring the surrounding aquifer. Four 

storm events were recorded by the monitoring network.  

Aquifer responses to storm events were first predicted using an analytical solution created 

by Pinder et al. (1969) that does not include diffuse recharge. For comparison, aquifer response 

was then simulated using a one-dimensional model implemented in MODFLOW incorporating 

the calculated diffuse recharge during the storm event. In the model, the time-varying hydraulic 

head at the conduit was simulated as a specified head boundary condition. Calibration of the 

model for individual monitoring well hydrographs yields estimated transmissivity values for the 

aquifer between the monitoring well and conduit. Results suggest that neglecting to include 

diffuse recharge in the solution results in overpredicted transmissivity values. Results also 

suggest that the magnitude of diffuse recharge in comparison to head change in the conduit 

determines the relative effect of the diffuse component on the observed well hydrograph after a 

storm event. In terms of total water volumes, results show that diffuse recharge can be more than 

twice the input received from the conduit boundary during small storm events, and less than half 

the input received from the conduit boundary during large storm events. These results suggest 

that in future calculations it will be important to consider diffuse recharge as an influence on 

dissolution across the entire Santa Fe River basin. 
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CHAPTER 1 
INTRODUCTION 

 Considering that more than 25% of the world's population either lives on or obtains its 

water from karst aquifers (Karst Water Institute, 2006), it is no surprise that a growing effort to 

model karst aquifers has prevailed in recent years. In the United States alone, 20% of the land 

surface is karst and 40% of the groundwater used for drinking comes from karst aquifers (Karst 

Water Institute, 2006). In order to preserve the useable water from these aquifers, we must start 

by building a solid understanding of the hydrologic processes that affect karst terrains.  

 Karst aquifers are characterized by dissolution-generated conduits that permit the rapid 

transport of ground water (White, 2002). These conduits may range in aperture from as little as 1 

cm to about 0.5 m; at which point the pathway becomes a cave large enough for human 

exploration (White, 2002). Under normal gradients, conduit flow behaves in a turbulent manner 

(White, 2002). Conduits are often connected to the surface via openings such as sinkholes and 

sinking streams. These connections allow for recharge to the conduit, and mixing of surface and 

ground water (Martin and Dean, 2001). Connections to surface waters are important because 

they allow conduits to quickly transmit pollutants without filtration over long distances (Mylroie, 

1984).  

 In the early work on karst hydrology, the focus remained mostly on determining the 

properties of the conduit systems. However, karst researchers have migrated towards discussing 

karst aquifers based on the triple permeability model. This model evaluates a karst system based 

on conduit flow, fracture flow, and intergranular flow, and the interactions between each. 

Fractures are much smaller than conduits (aperture ranging from 50 - 500 μm) and usually occur 

from mechanical joints and bedding plane partings (White, 2002). Intergranular flow occurs on 

even smaller scales, and is often referred to as matrix flow. For the purpose of this study, we will 
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use the term matrix flow to encompass both fracture and intergranular flow. This is because it is 

often difficult to distinguish between fracture and intergranular flow and because flow in these 

regions is generally laminar.  

 Mixing between conduit and matrix water is controlled by various factors including 

matrix permeability and matrix transmissivity. These factors are often related to the geologic 

background of the study area. To date, much of the existing understanding of fluid flow in karst 

aquifers is based on work in extensively cemented and recrystallized Paleozoic and Mesozoic 

carbonates (White, 1999). In these regions, termed telegenetic karst, the karst is developed on 

and within ancient rocks that are exposed after the porosity reduction of burial diagenesis 

(Vacher and Mylroie, 2002).  

 Understanding of fluid flow is less advanced for aquifers with high intergranular 

porosity, termed eogenetic karst (Vacher and Mylroie, 2002). In eogenetic karst regions, the land 

surface is evolving on, and the pore system developing in, rocks undergoing meteoric diagenesis 

(Vacher and Mylroie, 2002). Eogenetic regions, like the karst limestones of the unconfined 

Floridan Aquifer, have not been deeply buried and thus have significantly higher matrix 

permeability than telegenetic regions (Florea and Vacher, 2005).  

 Understanding transmissivity in karst aquifers is important for better assessment of the 

potential for flow of contaminants through the aquifer. Determining transmissivity in karst 

aquifers is difficult due to heterogeneity of hydrologic properties and the high flow rates 

necessary to perturb the water table. Multiple studies have concluded that transmissivity 

measurements in highly heterogeneous aquifers appear scale dependent. This is because water is 

likely to travel through preferential flow paths over long distances. Bradbury and Muldoon 

(1990) worked in glacial outwash sediment and observed three to five times greater 
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transmissivity in regional pumping tests as compared to smaller scale slug tests. Rovey and 

Cherkauer (1995) used slug, pressure, and pumping tests, along with two numerical models, to 

determine the dependency on scale of hydraulic conductivity measurements in units of a 

carbonate aquifer. Martin et al. (2006) used results from passive monitoring of water level 

fluctuations to calculate transmissivities at least two orders of magnitude different between wells 

at various locations away from a known conduit in the Floridan aquifer.  

 In an unconfined, eogenetic karst aquifer, the aquifer will be recharged by both a diffuse 

component and possibly an allogenic, focused component. Allogenic recharge is defined by 

White (2002) as surface water injected into the aquifer at the swallets of sinking streams. Diffuse 

recharge was defined by White (2002) as rainfall directly onto the karst surface and from there 

entering the aquifer as infiltration through the soil and matrix permeability of the underlying 

carbonate bedrock. A crucial factor that influences the amount of diffuse recharge that enters the 

aquifer is evapotranspiration, a collective term for all the processes by which water in the liquid 

or solid phase at or near the earth’s land surfaces becomes atmospheric water vapor (Dingman, 

2002). In an unconfined aquifer with no runoff, all of the precipitation that is not lost to 

evapotranspiration will recharge the aquifer system. If the unsaturated zone of the unconfined 

aquifer is composed of sands with high hydraulic conductivity, then diffuse recharge will occur 

rapidly. This increases potential to quickly move contaminants into the aquifer. In carbonate 

aquifers, diffuse recharge should be considered an important source of water that can potentially 

have a major influence on the karstification (dissolution) of carbonate bedrock. Methods that 

have been used to calculate the diffuse recharge component in unconfined aquifers include 

analyses of basin water budgets and stream flow (Grubbs, 1998), using fluctuations in the water 

table level with a known specific yield (Healy and Cook, 2002), direct quantification from 
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lysimeters (Healy and Cook, 2002), and numerical modeling of flow systems that calculate 

various inputs and outputs (Bush and Johnston, 1988).  

 The Santa Fe River Sink/Rise system lies within the unconfined Floridan aquifer and 

offers a unique area to investigate transmissivity and diffuse recharge. In this system, the Santa 

Fe River is captured by a sinkhole known as the River Sink, and then continues to flow 

underground for about seven kilometers. The river re-emerges at the River Rise and continues to 

flow across the landscape. In previous research, passive monitoring of storm pulse events has 

yielded results about the hydrologic properties of the system (Martin et al, 2006). These studies 

have been complemented with studies of the hydrogeochemistry of the system (Martin and Dean, 

2001; Screaton et al, 2004).  

 This study further investigated the transmissivity of this system by using new storm event 

data and by applying a numerical modeling method. This study will investigate how the diffuse 

recharge component affects transmissivity estimates made using passive monitoring methods. 

Passive monitoring can be extremely valuable in karst aquifer regions in order to assess the 

hydrologic behavior of an aquifer on a larger scale than is capable with typical laboratory and 

well tests. However, using passive monitoring to determine transmissivity is difficult in regions 

where there are multiple sources of water influencing the shape of a flood hydrograph. 

Understanding the effect that recharge has on the calculation of transmissivity will shed some 

insight on whether applying a passive monitoring method is worth the effort in comparison to 

smaller scale tests. Also, quantifying the diffuse recharge, along with the area of the basin 

contributing to discharge, will allow for comparison of total volumes input to the system from 

the allogenic, focused recharge and total volumes input to the system from the diffuse recharge. 
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These volumes have potential implications for karstification in the region. The two main goals of 

this research are as follows:  

Goal 1: Determine the influence of the diffuse recharge component on storm event 

hydrographs and evaluate the effect of diffuse recharge on the calculation of transmissivity 

by passive monitoring. 

Goal 2: Evaluate the total volume of conduit allogenic input and the total volume of diffuse 

recharge input to the unconfined aquifer system.  
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CHAPTER 2 
BACKGROUND 

Study Area 

The Santa Fe River, a tributary to the Suwannee River, is located in north-central Florida 

(Figure 2-1). The Santa Fe River basin covers an area of roughly 3500 km2 (Hunn and Slack, 

1983). From its origin in Lake Santa Fe, the Santa Fe River flows west for approximately 50 km 

(Hisert, 1994). At this point the river flows into a 36-m deep sinkhole known as the River Sink 

(Martin and Dean, 2001). The river continues to flow underground for approximately 7 km and 

reemerges at a first magnitude spring called the River Rise. Between these two locations, the 

river reappears at various intermediate karst windows, most notably at Sweetwater Lake (Figure 

2-2).  

 The Santa Fe River Basin flows across two major physiographic provinces known as the 

Northern Highlands and the Gulf Coastal Lowlands. The Northern Highlands generally consist 

of gently sloping plateaus in the interior regions and marginal slopes that are well drained by 

dendritic streams (Grubbs, 1998). The Gulf Coastal Lowlands have a noticeable lack of surface 

streams and generally consist of terraces and ancient shorelines that slope gently toward the coast 

(Grubbs, 1998). The Northern Highlands have elevations that are in excess of 30 meters above 

sea level (masl), where the Gulf Coastal Lowlands are at elevations of less than 15 masl. 

Dividing the two provinces is the marginal zone. Within the marginal zone is an escarpment 

known as the Cody Scarp, which in this region represents the erosional edge of the Miocene 

Hawthorn Group. Most streams that cross the Cody Scarp either sink completely into the 

subsurface or sink into the subsurface and re-emerge (Hunn and Slack, 1983). The Cody Scarp 

marks the boundary between the confined and unconfined Floridan aquifer.  
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 The Santa Fe Sink/Rise system is located within the boundaries of O’Leno State Park and 

River Rise State Preserve, which encompasses nearly 6,000 acres of state land. The closest 

significant city to O’Leno State Park is Lake City (~ 24 miles away), which has an average 

annual temperature of 20.5˚C (Hunn and Slack, 1983). Seasonal temperatures range from 4 to 

10˚C during the winter months, and from 25 to 35˚C in the summer months (Grubbs, 1998). 

Average annual precipitation typically ranges from 130 to 150 cm/yr, with nearly half of the 

rainfall occurring between June and September (Grubbs, 1998). Average annual 

evapotranspiration ranges from 90 to 105 cm/yr (Bush and Johnston, 1988).  

Geologic Background 

 Three principle hydrogeologic units occur in north central Florida: the surficial aquifer 

system, the intermediate confining unit, and the Floridan aquifer system (Table 2-1). The 

surficial aquifer occurs throughout the Northern Highlands province, and more locally in the 

Gulf Coastal Lowlands (Grubbs, 1998). Where present, the surficial aquifer system is contiguous 

with the land surface and consists primarily of unconsolidated sediments (Grubbs, 1998). In the 

Santa Fe River Basin, surficial sediments are composed of white to gray fine to coarse sand, and 

are Pleistocene and Holocene age (Hunn and Slack, 1983). The thickness of the surficial aquifer 

system in the Santa Fe Basin is approximately 5 m, and the water table is reached approximately 

3 m below the surface (Hunn and Slack, 1983).  

 Beneath the surficial aquifer lies the intermediate confining unit known as the Hawthorn 

Group. This layer is composed primarily of siliciclastic rocks and is Miocene in age (Hunn and 

Slack, 1983). Regionally, this unit acts as a confining unit that restricts the exchange of water 

between the overlying surficial and underlying Floridan aquifer systems (Grubbs, 1998). 

 The Floridan aquifer system underlies an area of about 260,000 km2 including all of 

Florida, southeast Georgia, and small parts of Alabama and South Carolina (Bush and Johnston, 
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1988). The Floridan aquifer is the principal source of water for municipal and industrial use in 

the Santa Fe Basin (Hunn and Slack, 1983). The aquifer system is divided into the upper and 

lower aquifer by a layer of less permeable carbonate rock in the lower Avon Park formation 

(Bush and Johnston, 1988). The Upper Floridan aquifer is extremely permeable and capable of 

transmitting large volumes of water (Grubbs, 1998). From oldest to youngest, the Upper Floridan 

aquifer is divided into the Avon Park formation, Ocala Limestone, and Suwannee Limestone. 

These layers range from Eocene to Oligocene in age, and range from 90 to 240 m in thickness 

(Hunn and Slack, 1983). In the unconfined portion of the Santa Fe River Basin, the Ocala 

limestone is the uppermost unit (Hunn and Slack, 1983). The aquifer thickness is smallest in the 

region near the Santa Fe River at about 300 ft (~100 m), but extends to almost 800 ft (~240 m) 

just north and south of this reach (Hunn and Slack 1983). Specific yield of the unconfined 

Floridan aquifer has been estimated from porosity measurements and ranges between .10 and .45 

(Palmer, 2002).  

Previous Investigations in the Santa Fe River Basin 

 One of the earliest comprehensive studies in the Santa Fe River Basin was performed by 

Hunn and Slack (1983), which involved mapping the hydrogeologic units, identifying how water 

moves from one unit to another and to streamflow, and determining aquifer parameters such as 

transmissivity and recharge rates. Mapping of the potentiometric surface allowed Hunn and 

Slack (1983) to infer that groundwater flow is towards the Santa Fe River. Hunn and Slack 

(1983) also concluded that annual fluctuations of water level are due largely to variations in 

rainfall amounts. Aquifer tests in the western part of the Santa Fe River Basin, where the 

Floridan aquifer is unconfined, produced transmissivity values ranging from 3,000 m2/day to 

50,000 m2/day; Significantly lower transmissivity was observed in the eastern confined region of 
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the Floridan aquifer, where transmissivity ranged from 1,900 m2/day to 3,300 m2/day (Hunn and 

Slack, 1983). 

Using the gaseous tracer SF6, Hisert (1994) attempted to make connections between the 

surface water locations and the karst windows of the Santa Fe River Sink-Rise system. A link 

was verified between the River Sink, seven intermediate karst windows, and Sweetwater Lake, 

and subsequently between Sweetwater Lake and the River Rise. No direct connection was made 

from the River Sink to the River Rise. Tracer travel times suggested rapid flow through the 

system; however precise velocity determinations were not possible because of the method of 

injection. Hisert’s (1994) work suggested the existence of large conduits that carry the majority 

of flow through the system.  

 In 1995, cave divers began exploring the conduits in the Santa Fe River region. Since 

then, a single conduit has been mapped that connects Sweetwater Lake to the River Rise, along 

with multiple conduits that connect the River Sink to various downstream karst windows (Figure 

2-2). A large conduit that feeds from the east of O’Leno State Park has also been mapped. As of 

summer 2006, no direct physical connection has been made between the Rise and Sink; however, 

over 7 km of conduits have been mapped between the two locations (M. Poucher, unpublished 

data). Divers estimate that conduits can reach widths of 24 m.  

 Martin and Dean (1999) used temperature as a natural tracer of water through the 

system.Velocities increased with increasing river stage and rapid velocities of greater than one 

kilometer per day indicated conduit flow. Martin and Dean (2001) also investigated the exchange 

of water between conduits and matrix in the Santa Re River basin. Water samples were collected 

from three locations along the river (River Sink, Sweetwater Lake, River Rise) at varying flow 

conditions. During low-flow conditions, different compositions of water at the River Sink from 
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those at Sweetwater Lake and River Rise suggest that little water discharging from the River 

Rise is derived from the River Sink (Martin and Dean, 2001). During flood conditions, when the 

river stage is elevated, water at Sweetwater Lake and River Rise were found to retain 

compositions that are similar to the River Sink (Martin and Dean, 2001). Martin and Dean also 

took groundwater samples from two observation wells in the area.  It was observed that 

concentrations of conservative solutes sodium and chlorine were decreasing over a period of five 

months following a flood event. This suggests that the dilution was occurring from water that 

entered the matrix after the flood event (Martin and Dean, 2001).   

 Screaton et al. (2004) worked on the Santa Fe River Sink-Rise system looking at the 

exchange of water between conduits and matrix. By comparing discharge data into the River 

Sink and out of the River Rise, the direction of flow between the conduit system and the aquifer 

could be determined. For example, during times of baseflow, the discharge is greater at the River 

Rise and groundwater flows from the aquifer matrix to the conduit. At the peak of storm events, 

the discharge is greater at the River Sink and the conduit system loses water, probably to the 

surrounding aquifer matrix. The idea that the Santa Fe River loses water to the surrounding 

matrix is important because it shows the vulnerability of the aquifer system water quality to a 

flood event (Screaton et. al, 2004). Screaton et al. (2004) also used arrival times of temperature 

signals to estimate average velocities in the Santa Fe River Sink-Rise system. Using temperature 

as a tracking signal allows for tracing an individual water packet entering the system after a 

storm event. Using the discharge data and the velocity determined from the temperature signals, 

the average cross sectional area of the conduit system was calculated to be ~380 m2. This also 

allows for the calculation of conduit diameter, which would be 22 m if a single conduit exists. 

This calculation is consistent with observations made by cave divers.  
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 Screaton et al. (2004) were also able to make some first approximation calculations of the 

dissolution resulting from a storm pulse passing through the Santa Fe system. A small storm 

event from late 2001 was used from which the amount of water lost from the conduit to the 

matrix was calculated. Chemistry data from the River Sink in 1998 was used to estimate the 

degree of undersaturation for a river stage similar to that which occurred during the storm event. 

The amount of rock needed to dissolve in order to return the system to equilibrium was 

calculated to be 0.13 moles of calcite per liter of river water, or a total of 2.86 x 108 moles of 

calcite. This amounts to a total rock volume of 1.10 x 104 m3 or a denudation of 4.60 x 10-4 m in 

the region surrounding the conduit. This value was an order of magnitude greater than 

denudation rates from previous studies in this area (Opdyke et al, 1984), which indicates that 

dissolution in this area may have previously been under predicted.  

 Martin et al. (2006) used an analytical method for a semi – infinite aquifer developed by 

Pinder et al. (1969) to provide a first approximation of the matrix transmissivity between known 

conduits and observation wells in the unconfined Floridan aquifer. Although this analysis did not 

account for heterogeneity of the aquifer, or head changes at the wells due to diffuse recharge, 

initial estimates of transmissivity were possible. Hydraulic conductivity was determined by 

dividing the best fit transmissivity by an assumed aquifer thickness of 275 m. Calculated 

transmissivity values ranged between 900 m2/day and 500,000 m2/day and thus hydraulic 

conductivity ranged from 3 m/day to 1,818 m/day. These high values are consistent with other 

studies of the Floridan aquifer. For example, Palmer (2002) estimates hydraulic conductivity of 

the Floridan to range between 86.4 m/day and 864 m/day, which is four orders of magnitude 

greater than the hydraulic conductivity of 0.086 m/day reported for recrystallized Paleozoic 

aquifers of PA and NY. Bush and Johnston (1988) looked at aquifer tests performed at 114 
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locations throughout the state of Florida, mostly from the Upper Floridan aquifer. The closest 

location to O’Leno State Park was in Lake City, where the transmissivity was estimated to be 

3,344 m/day. Results from these tests showed that transmissivity values of the Upper Floridan 

aquifer are directly related to the thickness and lithology of its upper confining unit. The 

confined areas generally had lower transmissivity values than the unconfined areas, with the 

highest transmissivity occurring in karstic north-central Florida (Bush and Johnston, 1988).  

 Another important result from the Martin et al. (2006) study is that transmissivity differed 

by two orders of magnitude for wells located at various distances from the conduit. Estimated 

transmissivity of wells within 150 m of the conduit were ~ 900 m2/day, while wells at distances 

greater than 500 m from the conduit produced transmissivity values of greater than 100,000 

m2/day. These results were attributed to a scaling effect. Scale effects result from the likelihood 

that large-scale tests will include preferential paths that dominate a larger percentage of 

groundwater flow, and have been previously documented in the literature (Rovey and Cherkauer, 

1995).  

 Recharge in the Santa Fe Basin has been investigated by Grubbs (1998). His study 

provided an overview of recharge rates to the Upper Floridan aquifer using a simple water 

budget analysis. In the lower Santa Fe River basin, runoff is generally negligible because very 

little channelized surface drainage is present, the soils are permeable, and the slope of the land 

surface is gradual to flat. Water-budget analysis in the unconfined region placed average-annual 

recharge rates between 45 to 60 cm/yr (Grubbs, 1998). Other methods including chloride tracing, 

hydrometric base flow, and ground-water level changes showed a range of average-annual 

recharge between 20 and 80 cm/yr (Grubbs, 1998). Recharge rates of the confined Upper 

Floridan aquifer were found to range based on confinement of the aquifer, and water budgets 
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indicated that recharge is less than 30 cm/yr in areas where there is confinement by an overlying 

layer of sediments with low permeability (Grubbs, 1998).  

 Grubbs (1998) water budget calculations used evapotranspiration values for Florida 

calculated by Bush and Johnston (1988). Evapotranspiration was calculated with a method that 

uses biotemperature and precipitation. Biotemperature is defined as the annual sum of hourly 

temperatures between 32˚F and 86˚F divided by the numbers of hours in the year. 

Biotemperature was linearly related to potential evapotranspiration in order to estimate a quantity 

of water that would be given up to atmosphere within a zonal climate. Long-term average 

evapotranspiration from the region was estimated to be between 90 and 105 cm/yr (Bush and 

Johnston, 1988).  

Diffuse Recharge in Other Study Areas  

 In addition to the work previously completed in the Santa Fe River basin, much of the 

methodology behind studying diffuse recharge has been commonly applied to karst and non-

karst locations around the world. A debate often ensues about which method is best suited for 

individual study areas. For example, in 2005 the USGS published a scientific investigations 

report from east-central Pennsylvania which compares multiple methods for estimating ground-

water recharge in the same watershed area. Recharge was estimated on a monthly and annual 

basis using three methods; (1) unsaturated-zone drainage collected in gravity lysimeters, (2) 

daily water balance, and (3) water-table fluctuations in wells (Risser et. al, 2005). The following 

briefly summarizes the different methods used in their study and their respective results: 

1) Gravity lysimeters directly measure the vertical flow of water through a large section 
of unsaturated zone at a depth below the root system. Drainage from lysimeters 
represents water that has not yet reached the water table, however, because water has 
passed beneath the root zone, it is assumed to represent the water that will reach the 
water table (Risser et al, 2005). The mean-annual recharge from seven lysimeters in 
the Pennsylvania study area was 30.9 cm. 
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2) The water balance method uses the general water budget equation: R = P – (ET + RO 
+ ΔS) where R is recharge, P is precipitation, ET is evapotranspiration, RO is runoff, 
and ΔS is change in storage (Risser et al, 2005). This method is easily applied to 
locations where precipitation data is available; however, the accuracy of the estimated 
recharge relies on the accuracy of other budget terms. The mean annual recharge 
estimated from the budget method over the same seven year period was 31.2 cm.  

3) Water table fluctuation is based on the rise of water levels in a well multiplied by the 
specific yield of the aquifer (Rasmussen and Andreasen, 1959) to estimate recharge. 
This method assumes that water-level rise is solely caused by recharge arriving at the 
water table and that specific yield remains constant. It is therefore necessary to know 
the correct value of specific yield for the study area. Specific yield in the 
Pennsylvania watershed was determined to be 0.013 using the equation Sy = S / Δh 
where Sy is specific yield, S is streamflow volume during a recession period 
consisting of only ground-water discharge over the watershed area, and Δh is the 
average decline in water-table level during a recession period. The mean annual 
recharge estimated from the fluctuation method over the seven year period was 25.1 
cm.  

A study by Rasmussen and Andreasen (1959) in the Beaverdam Creek Basin, Maryland 

provides another example of the application of the water table fluctuation method for estimating 

recharge. This is a relevant study because the unconfined aquifer study site has similar 

characteristics to the unconfined aquifer region in the Santa Fe River Basin. In the Beaverdam 

Creek Basin, surficial sands and silt overlie Tertiary sand aquifers, and the water table is 

generally within a few meters of the surface (Rasmussen and Andreasen, 1959). Water levels 

were measured in observation wells on a weekly basis and precipitation was measured at various 

sites in the basin. Specific yield was estimated by the water budget method to be 0.11 

(Rasmussen and Andreasen, 1959). The rise in water level was estimated as the difference 

between the peak water level during the storm event and the extrapolated antecedent water level 

prior to the rise. Results produced a two year record of monthly groundwater recharge from April 

1950 to March 1952.  

Jones et al. (2000) provide an example of how chemistry can also be used to quantify 

recharge. Jones et al. (2000) measured δ18O isotopes of water in the Pleistocene limestone 
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aquifer of Barbados. Oxygen isotopes are useful in this region because the islands’ small size, 

low relief, and tropical climate allow for constraint of the factors that influence spatial and 

seasonal variations of rainwater and groundwater isotopic compositions (Jones et al, 2000). In 

this study, groundwater was sampled from 29 wells from 1961-1992. A small range of 

groundwater δ18O (-2.5 ‰ to -4.5 ‰) values were consistently observed, which suggested that 

evaporation likely had little influence on δ18O values prior to recharge. This is most likely an 

affect of rapid diffuse infiltration through highly permeable limestone. The oxygen isotope 

method predicted recharge to be between 15% and 45% of the mean monthly rainfall. These 

values were greater than recharge predicted by comparing rainfall and potential 

evapotranspiration, which was about 6% of the mean monthly rainfall. This result occurred 

because the use of potential evapotranspiration in the recharge estimate overestimates actual 

loses to evapotranspiration by assuming that the actual evapotranspiration is limited only by the 

amount of rainfall (Jones et al, 2000). Recharge amounts predicted from standard methods such 

as the water–balance method were highly variable and proved unsuccessful in this region. This 

was attributed to the idea that coastal discharge rates can be affected by groundwater withdrawal 

and return flow in adjacent catchments, resulting in artificial redistribution of groundwater 

recharge (Jones et al, 2000).   

Vacher and Ayers (1980) recognized that increased chloride concentrations on the oceanic 

island of Bermuda should be a direct result of evapotranspiration. This happens because there are 

no surface streams and thus all rainfall is transmitted back to the atmosphere as 

evapotranspiration, or recharged and passed to the shoreline via the subsurface. 

Evapotranspiration that transports water back to the atmosphere concentrates the rain-derived 

chloride in the soil. Comparing the ratio of fresh rainwater chloride concentration versus 
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concentrated groundwater chloride concentration allows for a concentration factor to be 

calculated. If the precipitation has been measured, than the concentration factor can be used to 

calculate the amount of evapotranspiration, and thus recharge can be calculated by subtracting 

the evapotranspiration from the precipitation. In Vacher and Ayers (1980) study, recharge was 

calculated on an annual basis to be 37 cm/yr.  

  In addition to quantifying the diffuse recharge component in order to better understand 

the volumetric input of water into a karst system, many have used the diffuse component to 

characterize the behavior of the vadose zone of karst aquifers. For example, Batiot et al. (2003) 

collected drip water from Nerja Cave in Spain, and investigated the use of Total Organic Carbon 

(TOC) as a tracer of diffuse infiltration. In this region, the highest concentrations of TOC in drip 

water occurred during the summer months. This was likely caused by rainwater entering after the 

dry season and transporting carbon from the soil when it has the highest content of organic 

matter (Batiot et. al, 2003). Mean residence time of water in the karstified unsaturated zone over 

the cave was determined by comparing TOC of rainfall and drip water. Residence time varied 

significantly (2 to 8 months) which was likely dependent on the amount of water stored in the 

unsaturated zone over the cave prior to rainfall events and also the highly variable thickness of 

the unsaturated zone (4 to 90 m) (Batiot et. al, 2003).  

 Maher and DePaolo (2003) used Sr isotopes to determine vadose zone infiltration rates at 

a site in Hanford, Washington. Sr can be used as a tracer of diffuse infiltration because 

groundwater entering a specific rock or soil environment typically contains dissolved Sr in low 

concentration (~ 100 μg/L total Sr) with an isotopic ratio (Sr87/Sr86) that is generally different 

from mineral phases in soil matrices that are undergoing weathering (Maher and DePaolo, 2003). 

Weathering results in dissolution of primary minerals and introduces Sr to the pore fluid, thus 
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shifting the Sr ratio towards that of the dissolving minerals. Infiltration rates are of concern in the 

Hanford region because substantial quantities of radioactive materials have been disposed into 

the surface soils and vadose zone sediments, with the expectation that ion exchange processes 

would retain most of the radionuclides and prevent them from ever reaching groundwater (Maher 

and DePaolo, 2003). Infiltration rates were determined by matching isotopic profiles from two 

models (steady state and non steady state finite difference models) to isotopic profiles from pore 

waters and bulk sediment analysis from a 72 m borehole. Model results suggest that the 

infiltration flux ranges from 0.4 to 1 cm/yr, which would result in a transit time from water on 

the surface to the water table between 600 and 1600 years (Maher and DePaolo, 2003). These 

transit times are significantly longer than can be expected in the vadose zone of the Santa Fe 

River basin, where surficial sediment is composed of fine to coarse sands and the water table is 

close to the surface.  

Aquifer Parameters in Other Study Areas 

 The most commonly used technique for determining hydraulic parameters is an aquifer 

test. In an aquifer test, a well is pumped and the rate of decline of the water level in nearby 

observation wells is noted (Fetter, 1994). Pumping tests typically last until the water level 

reaches a state of equilibrium; that is there is no further drawdown with time (Fetter, 1994). The 

result of an aquifer test is a set of data with the drawdown given at various times after the start of 

pumping (Fetter, 1994). This data can be graphically matched to a set of type curves originally 

developed by Theis. Curve matching allows for a graphical means to solve a set of equations for 

the various aquifer parameters (Fetter, 1994). Jones (1999) demonstrates an example of an 

aquifer test in a carbonate aquifer. In his test, a water supply well in West Virginia was pumped 

for five hours and significant drawdown (~2.5 m) was observed at a monitoring well 315 m 

away. Transmissivity and storage coefficients were calculated using the Jacob time-drawdown 
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method (a simplification of the Theis solution), and varied by an order of magnitude in different 

locations of the carbonate aquifer. These results were attributed to the varying locations of 

fractures within the aquifer system relative to the pumping location.  

 An aquifer test would be difficult in our study area of the Santa Fe River Sink-Rise 

system, primarily because of the difficulty to produce a large enough drawdown from pumping. 

This results from both the high transmissivity of the Floridan aquifer, and also the lack of high 

pumping capacity. Pumping rates during aquifer tests in karst aquifers are commonly greater 

than 100 gal/min. We can estimate the pumping capacity needed to observe drawdown in an 

observation well in our study area by using the modified Theis solution for nonequilibrium radial 

flow in an unconfined aquifer: 

T = (Q / 4Π (ho – h))*W(ua, ub, Γ)  

T = Transmissivity (m2/day) 
Q = pumping rate (m3/day) 
ho – h = drawdown (m) 
W(ua, ub, Γ) = well function (unitless) 

 
In order to determine the well function for the aquifer, the radial distance to the pumping 

well must be known. The closest observation wells in this study area are approximately 50 m 

apart. The hydraulic conductivity and initial saturated aquifer thickness are also needed to 

determine the well function. A value of 5 m/day was applied as an low end estimate of hydraulic 

conductivity in this area, and a value of 100 m was used for the aquifer thickness. The calculated 

well function with these values is 2. With a transmissivity of 500 m2/day, a pumping rate of 314 

m3/day or 57.61 gal/min is needed in order to observe a small drawdown of .1 m (~.33 ft). In 

order to observe a larger drawdown of 0.3 m (~ 1 ft), a pumping rate of 942 m3/day or 172.8 

gal/min would be needed. Our current pumping ability maxes out at a rate of 9 gal/min and thus 

is much lower than the rates needed to produce significant drawdown. Because the wells are 
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constructed from PVC that has only a 2-inch diameter, we are limited in the size of the pump that 

can be used in the well. If the hydraulic conductivity is actually higher, then a greater pumping 

rate would be needed to observe drawdown.  

 An alternative field method to pumping tests is slug tests. In a slug test, a known amount 

of water is quickly drawn from or added to a monitoring well, and the rate at which the water 

levels fall or rise in the same well is measured (Fetter, 1994). Commonly, the water column in 

the well casing is induced to rise by rapidly lowering a solid slug into the well below the static 

water level. This is equivalent to adding a volume of water that is equal to the volume of the slug 

(Fetter, 1994). The recovery data are then analyzed using an appropriate method, such as the 

Hvorslev Slug test method. These tests allow for determining the hydraulic conductivity in the 

vicinity of a monitoring well. The difficulty with performing a slug test in the highly 

transmissive unconfined Floridan Aquifer is that results will most likely represent localized 

parameters, rather than representing parameters on a regional scale.  Results of recent slug tests 

near the Santa Fe River Sink/Rise system yielded hydraulic conductivities that ranged from 8 x 

10-1 m/day to 8 x 10-3 m/day (Langston, personal communication). 

 Powers and Shevenell (2000) describe a passive monitoring technique to calculate 

transmissivity in an unconfined karst aquifer based on analysis of well hydrographs. They 

observed that the recession limb of a well hydrograph responded similarly to those of karst 

spring hydrographs. Recession limbs in karst aquifers commonly produce two or more 

“segments” with different slope values that represent different portions of the ground water 

system (Powers and Shevenell, 2000). The first and steepest slope segment was inferred to 

represent the drainage of conduit features, while the following segments were inferred to 

represent flow through fractures and matrix (Powers and Shevenell, 2000). The solution method 
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used by Powers and Shevenell (2000) adapts the Bernoulli equation for flow through a conduit to 

a spring to determine the slope of these recession segments, which can then be translated to 

theoretical flow values that correspond to the various types of flow (conduit, fracture, matrix). 

Using these theoretical flows along with a valid estimation of the specific yield and distance 

from recharge area, transmissivity can be calculated. Powers and Shevenell (2000) applied their 

solution to calculate transmissivity from 49 recession curves from wells within three different 

Midwestern field sites. They went on to compare their results to slug and pumping tests results, 

and found that results matched within an order of magnitude between the different methods. 

Differences in transmissivity values may have occurred based on the difference in the scale of 

measurement between the aquifer tests and the passive monitoring method (Powers and 

Shevenell, 2000). Results from this study show that determining aquifer parameters passively 

provide an alternative to the commonly used aquifer and slug methods, and also provide 

information about aquifer parameters during natural flow conditions.  

 Pinder et al. (1969) describe another passive monitoring technique which allows for 

calculation of aquifer diffusivity (ratio of transmissivity to the coefficient of storage) based on 

responses to fluctuations in river stage (e.g. storm pulse). In the Pinder et al. (1969) method, a set 

of type curves are generated for various observation wells around the river location. Each set of 

curves represents the computed change in head in the aquifer due a change in river stage when a 

selected diffusivity is assumed (Pinder et. al, 1969). The best fit diffusivity of the aquifer is 

determined by choosing the curve that best matches the response in the observation well. The 

analytical solution can be applied to a flood stage hydrograph of any shape. In their study, the 

analytical solution was applied to an aquifer at Musquodoboit Harbour, Nova Scotia. Values 

calculated with the solution were on the same order of magnitude with those obtained from 
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pumping tests. Values were different for different observation well locations, which was 

attributed to the heterogeneity of the aquifer between the river and the observation well (Pinder 

et al, 1969). 

 Another alternative method using borehole lithologies to estimate aquifer transmissivity 

was demonstrated in the unconfined region of the Columbia aquifer (Andres and Klingbeil, 

2006). Boreholes were drilled to penetrate the entire thickness of the unconfined aquifer, and 

then lithologies were classified into categories (sand, sand and gravel, silt, etc). Lithologies were 

assigned a typical hydraulic conductivity value based on previous studies of sediment in the 

region. In areas where the borehole did not reach the base of the aquifer, a hydraulic conductivity 

value was assigned that was representative of the local average of all materials. Transmissivity 

was then calculated as the sum of the products of material thicknesses (b) and hydraulic 

conductivity (k). This method would be difficult and expensive to apply in the O’Leno study area 

due to the costs of drilling a hole through the entire unconfined Floridan aquifer. Data from one 

borehole exists from the upper portion of the unconfined aquifer in the study area; however, not 

enough of the core was recovered during the drilling to make an accurate estimate of hydraulic 

conductivity. Another concern with this method would be that using typical values for hydraulic 

conductivity will underestimate and overestimate values in localized areas (Andres and 

Klingbeil, 2006), and would likely not represent the scale effect that is common in karst aquifers 

at the basin scale.  
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Figure 2-1. Location of the Santa Fe River.  
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Figure 2-2. Map of O’Leno State Park with locations of surface waters, mapped conduits, and 
observation wells 
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Table 2-1. Geologic and Hydrogeologic Units of the Santa Fe River Basin based on Hunn and 

Slack (1983), and Hisert (1994). 
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CHAPTER 3 
METHODS 

Data Collection 

 Data collected during this study includes daily precipitation, river stage, and ground 

water levels. Daily precipitation was recorded at the O’leno State Park automated gauging station 

and was accessed through the Suwannee River Water Management district database. The 

automated station records precipitation on an hourly basis and total precipitation for a 24 hour 

period can be viewed in real time for 30 days; archived daily precipitation data is available in the 

database. The current record of precipitation downloaded for this and previous studies dates back 

to July 2000. River stage measurements were recorded daily by O’leno State Park personnel 

from one of two staff gauges located approximately 0.5 km upstream of the River Sink at the 

O’Leno State Park suspension bridge. The stage gauges at this location are divided into a lower 

and upper gauge, with a gap of 2.10 m where no readings are available. The top of the lower 

gauge stops at 12.41 meters above sea level (masl), while the upper gauge is available between 

14.50 masl and 16.55 masl.  For days when the gauge was not read, or during time periods when 

the water level was between the two gauges, data records were filled in using a long term 

correlation between stage at the gauge location and water level elevation recorded by a data 

logger at the River Sink (described below).  

 Data were collected from twelve monitoring wells placed at various distances away from 

the conduit system. Eight of these wells were installed to be at approximate conduit depth, 30 m 

below ground surface (bgs) (Table 3-1). Six of these eight wells were installed in January 2003, 

while Well 5 was installed in March 2003 and Well 8 was installed in May 2004. The other four 

wells were installed in January 2006 and are finished to depths just below the water table at their 

respective locations. Each of these wells is constructed of 2-inch PVC piping with a screened 
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interval of 20 ft (6.10 m) for the deep wells and 10 ft (3.05 m) for the shallow wells. Wells were 

completed above the ground surface and installed with a protective casing to prevent outside 

disturbances. The elevations of the top of the well casing were determined from surveying from a 

known benchmark. Deep wells installed in 2003 were professionally surveyed, while shallow 

wells installed in 2006 were surveyed by members of this project from the adjacent deep well. 

Ground surface elevations were determined from measuring from the top of the well casing to 

the ground using the survey rod. In this area, bedrock was assumed to be the first consolidated, 

carbonate rich material encountered during drilling (Table 3-1). All well locations with the 

exception of Well 1 have less than 6 m of unconsolidated sands that lay above the carbonate 

rock. Estimated depth to bedrock may vary between shallow and deep wells (Table 3-1) at the 

same location due to wells being drilled by different drill teams with different descriptions of 

rock encountered during drilling. Deeper depths most likely represent the consolidated limestone 

rock, as opposed to the first appearance of unconsolidated pieces of limestone; therefore the 

deeper depths will be used at locations where there are discrepancies.  

Water Levels  

 Water levels were recorded at surface water locations and observation wells using three 

different types of automated water level recorders: In-Situ Minitroll Loggers (accuracy of +/- .02 

m), Van Essen Divers (accuracy of +/- .005 m), or Van Essen shallow/deep CTD Divers (10 m 

divers – accuracy of +/- .01 m, 30 m divers - accuracy of +/- .03 m). CTD divers with 10 m range 

were installed in shallow wells and surface water locations, while CTD divers with 30 m range 

were installed in deep wells. Data loggers placed at the River Sink, River Rise, and Sweetwater 

Lake were installed in screened 2-inch PVC pipes that extend below the surface water and are 

accessible from the bank. Data loggers in the wells were attached to the well cap via coated 

stainless steel wire and allowed to hang in the well. All data loggers were set to record data at 
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10-minute intervals. Since October 2005, data were downloaded on a four to five week basis to 

minimize instrument drift. Before then, time between data downloads varied with up to eight 

weeks between downloads. The long term records of water levels vary for the locations within 

the study area (Table 3-2). This is mainly a result of the addition of new equipment over the 

course of the data collection, moving equipment to new wells after they were constructed, and 

the malfunction of existing equipment over the course of data collection. Water levels at the 

River Rise have been measured nearly continuously since August 2001 about 250 m downstream 

from the conduit outflow location and have been referenced to gauge values at the River Rise.  

For each recording interval, water pressures measured by the data loggers were corrected 

using the ambient barometric pressure recorded by a Baro Diver (accuracy of +/- .0045m). Water 

pressures were then referenced to the water elevation determined manually at the time the data 

were downloaded. Manual water levels were measured using an electronic probe in the wells, or 

by reading a staff gauge and/or surveying at the surface water locations. Instrument error as a 

result of drift and/or shifting of the loggers within the PVC casing was calculated for each 

sampling period by subtracting the water level calculated from the logger data at the start of the 

interval from the manually measured water level at the start of the interval. Errors at the well 

locations were consistently less than 0.03 m, while errors at surface water locations were 

generally less than 0.035 m. Errors due to shifting of the loggers are generally expected to be 

lower at the well locations because data loggers have less ability to move around within the well 

casing. Surveying error is estimated to be 0.015 m at the surface water locations. This is 

determined by surveying from the known benchmark to the water level, then completing the 

survey loop back from the water level to the benchmark. Water levels were only surveyed during 
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times when the staff gauge was unreadable or the surface water was below the known 

benchmark.  

Sink and Rise Discharge 

 Discharge rates into the River Sink were calculated by converting water levels to 

discharge using one of two rating curves. The primary rating curve (Figure 3-1) is based on a 

rating table created by the Suwannee River Water Management District for the station located on 

the Santa Fe River at O’Leno State Park (Rating No. 3 for Station Number 02321898). This 

curve was used during all periods of record where the water level from the gauge at the O’Leno 

State Park bridge was measured. The second rating curve (Figure 3-2) was used as a backup for 

those periods where the O’Leno gauge data was not available, such as days when the gauge was 

not read. The second curve was created by correlating the water levels measured at the O’Leno 

State Park gauge with the water levels measured by the logger ~1000 m downstream at the River 

Sink for records since 2002. The correlation was done by plotting 142 data points of O’leno 

Stage versus sink logger water level and then fitting a 2nd order polynomial trend line through the 

data (Figure 3-2). The trend line produces a R2 value of .9994. It is important to note that the 

majority of the data points used for the correlation are between logger water levels of 10 to 12 

meters, and therefore this is the most accurate portion of the curve. Above 12 meters there are 

only a handful of data points, and thus the curve is limited in its predictive capability. This is not 

a problem for this study, as discharges were mainly determined from the primary rating curve, 

with the second curve serving only to fill in a few scattered missing points over a few years.    

 Discharge rates out of the River Rise were calculated based on the rating curve produced 

by Screaton et al. (2004) (Figure 3-3). This rating curve was calculated from measured water 

level elevations and unpublished discharge data provided by the Suwannee River Water 

Management district. All of the data used to create this rating curve were at or below water levels 
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of 12.5 masl, with the majority of the points between 9.5 m and 11.5 m. This happens primarily 

because it is difficult to make discharge measurements during high water levels, which usually 

coincide with large storm events. The result is that discharge will be less accurate at high water 

levels where there are less data. It is also important to note that the discharge curves may change 

over time if the morphology of the region around the River Sink and Rise changes. For example, 

discharge may decrease if the river channel were to widen because there would be a larger area 

for flow. 

Over the course of time, various reference points have been used to determine the water 

level at the River Rise. This occured as a result of reference points becoming altered from natural 

events, or unusable from equipment malfunction. For example, starting in mid 2003 the stage 

gauge at the River Rise became increasingly warped, making it extremely difficult to obtain an 

accurate reading. After the collapse of the gauge in mid 2005, a new gauge was installed by the 

Suwannee River Water Management District in February 2006. Errors like the slow warping of 

the gauge at the River Rise are difficult to assess because they are not always noticeable right 

away and can compound over time. For this study period, the warped gauge may have 

contributed to error in the observed water level at the River Rise between July 2003 and June 

2005. Because there is no clear correction for the slow warpage of the gauge, discharge values 

during this time will not be used for calculations.  

Water levels observed at the River Rise after the installation of the new gauge have shown 

some inconsistencies when compared to the wells in the surrounding areas. During late 2006, 

water levels were reaching the end of a long recession, and by early 2007 the water table has 

essentially flatlined at Wells 3, 4 and 5. Comparing the water level of the wells and the Rise 

during this time indicates that the Rise is slightly higher than the wells. Hydraulically this would 
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indicate that water is flowing from the rise towards the wells during very low flow. However, 

this is likely not the case as water was still flowing out of the River Rise during this time. The 

possible cause of this error was thought to be the survey of the newly installed gauge.  To 

investigate this possible error, water level was recently surveyed from the most accessible well 

location (well 6) to the river rise, and compared to the reading from the new gauge. Results of 

the survey indicated that the surveyed water level was 0.11 ft less than what was read from the 

stage gauge at the same time. With a difference of 0.11 ft, the water level of the rise would be 

even or less than the surrounding wells. This would be consistent with flow towards the rise 

during very low conditions.  

During early 2007, the River Sink was experiencing a long recession, and reached water 

levels similar to those observed after a long recession during the first half of 2002. Comparing 

the manually measured water levels of the Sink and the Rise during both these times indicates 

that the River Rise was up to 0.3 ft higher in 2007 than it was in 2002 relative to the River Sink. 

If the relationship between the River Sink and River Rise has not changed over time, than this 

suggests that the error in the Rise water level could potentially be as great as 0.3 ft. It is 

important to note that this error could also be caused in part if there has been a lowering of the 

benchmark at the River Sink. This benchmark has not yet been resurveyed. Because an error of 

0.3 ft in the Rise water level would be enough to cause a noticeable decrease in Rise discharge, 

all calculations made using the discharge values were completed for observed values of 

discharge and for hypothetical discharges based on a water level decreased by 0.3 ft from the 

measured value. This potential survey error will only affect the discharge and area calculations, 

while the rest of the work only relies on changes in head.  
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Evapotranspiration 

 Evapotranspiration (ET) was calculated using the Penman-Monteith Model for 

determining water lost to the atmosphere from a vegetated surface. This method adapts Penman’s 

original model for evaporation from a free-water surface by incorporating a canopy conductance 

factor (Monteith, 1965): 
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  Δ = slope of relation between saturation vapor pressure and temperature 
  Rn = net radiation input 
  ρa = density of air 
  ca = heat capacity of air 
  Cat = atmospheric conductance 
  ea* = saturation vapor pressure in air 
  Wa = relative humidity 
  ρw = density of water 
  λv = latent heat of vaporization 
  Ccan = canopy conductance 
  γ = psychrometric constant 
    

 Required measured daily inputs for this model include temperature, relative humidity, 

average solar radiation, and wind speed. These data were recorded at a weather station located in 

the city of Alachua (approximately 15 miles from O’Leno State park), operated by the Florida 

Automated Weather Network (FAWN). These data were archived from 1997 and can be 

accessed through the FAWN database generator (http://fawn.ifas.ufl.edu). Along with the daily 

measured inputs, the most important part of the Penman-Monteith model is the calculation of 

canopy conductance. Canopy conductance assumes that a reasonably uniform vegetated surface 

can be represented as a single “big leaf” whose total conductance to water vapor is proportional 
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to the sum of the conductances of millions of little leaves (Dingman, 2002). To calculate canopy 

conductance, the following equation is used: 

  Ccan = fs * LAI * Cleaf 

 Leaf Area Index (LAI) is the relative size of the hypothetical “big leaf” and is determined 

from the total area of leaf surface above a ground area. LAI can range from 1.0 to 6.0 based on 

the type of climate and vegetation. Federer et al (1996) provides typical values of LAI from 

various environments; a value of 3.0 was assumed for the O’Leno State Park study area based on 

the similarity to a savannah/shrub type land cover with an average height of vegetation near eight 

meters (Federer et al., 1996). Shelter factor (fs) accounts for the fact that some leaves are 

sheltered from the sun and wind and thus transpire at lower rates. Shelter factor ranges from 0.5 

to 1.0 and a value of 0.5 was chosen as an estimate for a completely vegetated area (Allen et al, 

1989).  Leaf conductance (Cleaf) is determined by the number of stomata per unit area and the 

size of the stomatal openings. The most important controlling factor of leaf conductance is the 

soil-moisture deficit (Stewart, 1988). The soil-moisture deficit is represented by a non-linear 

function in the solution for leaf conductance (Figure 3-4).  

  Soil moisture deficit used for the Penman-Monteith solution was determined by tracking 

the soil moisture storage over time. This first required estimating the maximum amount of soil 

moisture possible in this study area. Different types of soil have the ability to retain different 

amounts of water. This amount is commonly represented by the term called field capacity, which 

is defined as an index of water content that can be held against the force of gravity (Dingman, 

2002). Field capacity (volume of water in a soil/volume of soil) is usually determined in the 

laboratory, and is represented as a unitless number. Field capacity can range from 0.1 for sands 
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to 0.3 for clays (Dingman, 2002). The surficial aquifer in the Santa Fe Sink-Rise study area is 

mostly composed of sands, and therefore was represented by a field capacity of 0.1.  

 The soil moisture storage is also dependent on the vegetation that pulls water from the 

vadose zone. This requires understanding the average depth of the root zone of the fauna in the 

study area. Gilman (1991) discusses common tree care, and points out that the majority of tree 

roots occur in the upper foot of the soil. This is supported by Rindell (1992) who discusses 

common misconceptions about tree roots, and notes that most tree roots rarely grow beneath four 

feet. Stewart (1988) applied the Penman- Monteith model to Thetford forest in Norfolk, England 

and determined that tree roots do not exceed one meter. Vegetation in the O’Leno study area 

consists of a mix of oak, pine, and palmettos trees, along with many cypress trees along the river 

bank. Vegetation ranges in height, girth, and leaf size, and therefore in this area most likely has a 

tree root depth zone that does not exceed one meter on average. Therefore, the maximum soil 

moisture storage used in the model (10 cm), was calculated by multiplying the estimated depth of 

the root zone (1 m) by the field capacity (0.1). In order for the calculated evapotranspiration to 

occur on a given day, there must be enough water available in the soil moisture storage. When 

soil-moisture deficit reaches a value of 10 cm there is no longer any water available for 

evapotranspiration. The effect of the soil moisture deficit on the evapotranspiration calculation is 

governed by the function for a soil moisture deficit of 10 cm (Figure 3-5). Sensitivity analysis of 

the 10 cm estimate indicates that overestimating the maximum possible soil moisture deficit 

would cause little error to the ET calculation during the majority of times. This is most likely 

because there is usually plenty of water available for evapotranspiration in this region. 

Overestimating the maximum possible soil moisture deficit during very dry times would result in 

under predicting the amount of evapotranspiration. This can be as significant as a few cm per 
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year if the soil moisture remains close to maximum deficit throughout the year, to less than 1 cm 

per year if the soil moisture was only near maximum deficit sporadically throughout the year. 

This was determined by increasing the maximum possible soil moisture during both a very dry 

year and a very wet year and comparing the differences.  

Recharge 

Water Budget Method 

 In the unconfined Santa Fe River basin, nearly all of the basin drainage occurs through 

the subsurface, and runoff does not generally occur. This happens because little channelized 

surface drainage is present, the soils are permeable, and the slope of the land surface is gradual to 

flat (Grubbs, 1998). Therefore, in this setting recharge is dependent only on the amount of 

precipitation and evapotranspiration that occurs, and the maximum soil-moisture storage 

possible. Daily precipitation is added to a daily running total of soil moisture. Recharge is only 

possible when the soil moisture storage exceeds its estimated maximum capacity of 10 cm. Once 

the soil moisture is full, recharge is calculated by subtracting the amount of calculated 

evapotranspiration from the measured precipitation. Recharge was calculated on a daily basis 

allowing for quantification of recharge over individual storm events (days) and also over the long 

term (annually) by summing the daily values.  

Water Table Fluctuation Method 

 Minor water level perturbations observed in the hydrograph record of the shallow wells 

were common after small rain events. These small rain events occur sporadically during periods 

of extended dryness, and do not significantly alter the shape of the River Rise receding 

hydrograph. During these low-flow periods, there is no movement of water from the conduit to 

the matrix, and thus the small change in water level should be attributed solely to water arriving 

at the water table via diffuse recharge. The water table fluctuation method assumes that the 
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change in water level is related to the specific yield of the aquifer (Healy and Cook, 2002). It 

also assumes that all of the recharge arrives at the water table, with no loss of water due to lateral 

flow through the unsaturated zone:  

R = ΔhSy 

  Δh = Change in head 
  Sy = Specific yield  
  R = Recharge 
 

When applying the water table fluctuation method, the maximum change in head during an 

observed perturbation was calculated by projecting the recession curve path and determining the 

maximum distance between the peak increase and projected path. If lateral flow through the 

aquifer occurs at the same time scale as water movement downward through the vadose zone, 

this method will underestimate recharge.  

Chloride Concentration Method 

 In this region, the only source of chloride entering the unconfined Floridan aquifer is 

from rainwater. Chloride concentrations measured at shallow well locations are consistently 

much higher than typical chloride concentrations found in rainwater. These concentrated values 

are a direct result of evapotranspiration occurring from the top of the water table. The amount of 

evapotranspiration is quantifiable by first calculating a concentration factor, which is the ratio of 

chloride concentration in rainwater to the chloride concentrations measured at each of the 

shallow wells: 

  Concentration factor = [Cl- rainfall] 
                                        [Cl- well] 

 
The concentration factor can be then used to determine how much of the precipitation has 

actually been evaporated. For example, a concentration factor of 0.25 indicates that the 

evapotranspiration process has caused a 4 times increase in chloride concentration, and thus 0.75 
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of the rainwater must have evapotranspired. Recharge can then be calculated by subtracting the 

calculated evapotranspiration from the measured precipitation amount.  

Matrix Transmissivity 

Analytical Method without Recharge  

The analytical method developed by Pinder et al (1969) was used to make a first 

approximation of matrix transmissivity in the Santa Fe River Basin. This method does not 

include recharge but was applied so that a comparison to results produced by Martin et al. (2006) 

was possible. This method calculates theoretical changes in head at an observation well a 

distance away from a known conduit. The input signal, which is the water level at the conduit 

boundary, is broken into increments and then the incremental change in head is calculated. The 

total change in head is calculated by summing the increments:  

 
 

  Δhm= change in head of well per time step (m) 
  ΔHm= change in head of conduit per time step (m) 
  x = distance from well to conduit (m) 
  v = diffusivity (T/Sy) (m2/d) (Sy assumed to be 0.2) 
  t = time step (days) 
 

 Distances from the conduit to the well locations were determined using the measure tool 

on a georeferenced map created in Arcview GIS. Distances represent the shortest distance from 

the observation well to mapped/inferred conduit locations. The greatest uncertainty in distances 

occurs in areas where conduits are not mapped. This is most applicable to the wells north of Well 

8 (Figure 2-2) where the exact conduit location has not yet been mapped. A value of 0.2 was 

chosen by Martin et al. (2006) to represent the specific yield of the unconfined Floridan aquifer 

and therefore was also used in these calculations. This value was based on porosity estimates in 

the Floridan aquifer by Palmer (2002) that range from 0.1 to 0.45. If the specific yield is higher 
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than the predicted value of 0.2, then the calculated transmissivity would decrease. The time step 

chosen for the calculations was one day.  

 This analytical curve matching method allows for the use of any shaped flood stage 

hydrograph. Transmissivity is determined by adjusting values until calculated changes in head 

most closely match measured changes in head at observation wells. In unconfined aquifers, 

transmissivity will vary with time as the saturated thickness of the aquifer changes with changes 

in head. However, the error introduced by using a constant transmissivity in this model is most 

likely minimal when comparing the relatively small head changes we see over the course of a 

storm event (maximum of 3.5 m in matrix wells) and the assumed total thickness of the Upper 

Floridan aquifer (100 m). Transmissivity results may be significantly different when using a 

time-lag to match curves as compared to trying to match the amplitude of the curve (Martin, 

2003). For this study results are reported for both time-lag and amplitude curve matching 

techniques.  

1-Dimensional Model with and without Recharge in MODFLOW 

The analytical method used by Pinder et al. (1969) uses head change in a boundary 

condition (conduit) to predict head change in observation wells at a known distance away. This 

solution allows for the calculation of diffusivity (transmissivity/storage), but does not include a 

recharge component. In order to observe how much of a difference including the recharge 

component makes on the calculation of transmissivity, a one-dimensional, transient finite-

difference model with recharge was created in MODFLOW. A numerical method was selected 

for ease of use during calibration and sensitivity tests.   

Similar to the analytical method, the model uses head change at a boundary condition to 

predict head change at observation wells. However, the difference in the numerical model is the 

addition of recharge in the groundwater flow equations solved in MODFLOW. The ground water 
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flow equation in one dimension for an unconfined aquifer with a recharge source is:(modified 

from Schwartz and Zhang, 2003): 

  ∂ (Kx ∂h) + Q(x) = Sy ∂h 
  ∂x      ∂x                       ∂t 
 

Including recharge in the solution allows for separation of the storage component (Sy) 

from the diffusivity. The result is that any value of recharge (represented by the Q in the 

groundwater flow equation) can be entered per time step. Change in head per time step is thus a 

result of the hydraulic conductivity (K), recharge (Q), and specific yield (Sy).  

 A benefit of the model interface (Groundwater Vistas) is that it allows for adjustment of 

parameters to determine the best curve match. The error statistic of root mean square error was 

used as a calibration tool. Root mean square error is the average of the squared differences in 

measured and simulated heads, and is usually thought to be the best measure of error if errors are 

normally distributed (Anderson and Woessner, 2002). The values used for the initial conditions, 

model parameters, boundary conditions, and other details are further explained in the next 

chapter.  

Recession Curve Analysis 

 Transmissivity was also calculated in this study area using a recession curve analysis 

method based on the work of Shevenell (1996) and Powers and Shevenell (2000). Recession 

curves from observation well hydrographs were broken down into three segments. The first and 

steepest slope represents the dominant effects of drainage of the larger karst features (conduits), 

while the second slope represents the emptying of well-connected fractures (Shevenell, 1996). 

The third and broadest slope represents the slowest drainage of the matrix rock. Each of these 
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segments have a characteristic slope (λ) for any given storm event, and the slope is defined by 

the equation: 

λ =   ln (Y1/Y2)   =   ln (Q1/Q2) 
   t2-t1                            t2-t1 
 
  λ = slope of recession segment (m/day) 
  Y1 and Y2 = water levels at time 1 and time 2 (m) 
  t1 and t2 = time after onset of recession corresponding to water levels (Day) 
  Q1 and Q2 = associated theoretical flows (discharges) corresponding to the water  
            levels (m3/day) 
 

Solving for Q1/Q2 in the above equation allows for the ratios of the theoretical flows to be 

calculated, where the ratio of Q1 to Q2 represents conduit-dominated drainage, the ratio of Q2 to 

Q3 represents fracture-dominated flow, and the ratio of Q3 to Q4 represents matrix-dominated 

flow. The theoretical flows (Q values) are dependent on the water levels, and therefore the ratio 

between two respective theoretical flows can be determined from the ratio of two respective 

water levels. The ratio of Q3 to Q4 can be applied in the solution adapted by Atkinson (1977) for 

non-conduit transmissivity of an unconfined aquifer from a baseflow recession curve: 

Log (Q3/Q4) = T/S (t2 –t1) 1.071/L2 

  T = Transmissivity (m2/day) 
  S = Storage coefficient (unitless) 
  L = distance between monitoring well and the groundwater divide (m) 
 

In our study area, the aquifer is unconfined and thus the storage coefficient is 

approximately equal to the specific yield. A value of 0.2 was used for specific yield in the 

calculations. A value of 5000 m was used as an estimated distance between the monitoring wells 

and the groundwater divide. Transmissivity was calculated by solving for T in the equation. 
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Figure 3-1.River Sink rating curve produced by the Suwannee River Water Management District 
for the stage gauge located in O’Leno State Park. 
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Figure 3-2. River Sink rating curve produced in this study using sink elevations measured by the 

data logger correlated with stage at the River Sink gauging station. 
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Figure 3-3. River Rise rating curve produced by Screaton et al. (2004) using data from the 

Suwannee River Water Management District. 
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Figure 3-4. Function assuming a maximum soil-moisture deficit of 10 cm used to calculate leaf 

conductance in the Penman-Monteith evapotranspiration method. After Stewart 
(1988).  
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Table 3-1. Summary of Monitoring Wells 

  
Completed Depth 

(m bgs) 
Screened 

Interval (m bgs) 
Depth to bedrock 

(m bgs) 

Ground surface 
elevation  
(m asl) 

Well 1 22.85 22.85-16.75 17.07 14.45 

Well 2 30.48 30.48-24.38 6.10 15.96 
Well 3 28.35 28.35-22.25 3.05 17.87 

Well 4 29.57 29.57-23.47 4.57 17.89 
Well 4a 9.75 9.75-6.70 5.18 17.96 

Well 5 29.87 29.87-23.77 5.48 16.22 
Well 5a 8.23 8.23-5.18 3.05 16.20 

Well 6 31.09 31.09-24.99 4.88 13.51 
Well 6a 5.49 5.49-2.44 3.96 13.55 

Well 7 29.87 29.87-23.77 5.48 15.22 
Well 7a 7.62 7.62-4.57 2.43 15.19 

Well 8  30.48 30.48-24.38 3.05 13.32 
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Table 3-2. Location and dates of data collection. D = Diver, C = CTD Diver, T = Minitroll 
logger, B = Baro Diver. Periods of no data indicate time when loggers were either 
malfunctioning or not installed 

  
Well 

1 
Well 

2 
Well 

3 
Well 

4 
Well 
4a 

Well 
5 

Well 
5a 

Well 
6 

Well 
6a  

Well 
7 

Well 
7a 

Well 
8 

Tower 
well 

River 
Sink 

River 
Rise 

Sweet- 
water 

1/22/03- 
2/26/03   D   D                 D C C C 

2/26/03- 
3/27/03   D   D                 D C C C 
3/27/03- 
5/14/03   D   D   B               C   C 
5/14/03- 
7/24/03   D   D   B               C C C 
7/24/03- 
9/12/03   D   D   B               C C C 
9/12/03- 
11/21/03   D   D   B               C C C 
11/21/03 
- 2/9/04   D   D   B               C C C 
2/9/04 - 
4/7/04  T D T D   B   T   T     T C C C 

4/7/04 - 
6/9/04 T D T D   B   T   T     T C C T 

6/9/04 - 
7/7/04 T D T D   B   T   T     T C C T 

7/7/04 - 
9/2/04 T D   D   B   T   T     T C C T 

9/2/04 - 
2/4/05 T     D   B   T   T     T C C   

2/4/05 - 
5/18/05 T T   D   B   T   T         C   
5/18/05- 
7/18/05 T T B D       T   T         C   
7/18/05- 
10/27/05 T T B D       T   T         C   

10/27/05- 
12/13/05 T T B D       T   T         C   
12/13/05 
- 1/17/06 T T B D       T   T         C   
1/17/06 - 
2/21/06 T T B D       T   T         C   

2/21/06 - 
4/11/06 T T B T   C C C C C C     C C   

4/11/06 - 
5/1706 T T B T   C C C C C C     C C C 

5/17/06 - 
6/15/06 T T B T   C C C C C C TB   C C C 

6/15/06 - 
7/12/06 T T B T   C C C C C C TB   C C C 

7/12/06 - 
8/17/06 T T B T   C C C C C C TB   C C   

8/17/06 - 
9/15/06 T T B C T C C C C C C TB   C C   

9/15/06 - 
10/20/06 T T B C T C C C C C C TB   C C   
10/20/06- 
11/29/06 T T B C T C C C C C C TB   C C   
11/29/06 
- 1/10/07 T T B C T C C C C C C TB   C C   
1/10/07 - 
2/19/07 T T B C T C C C C C C TB     C C 

2/19/07 - 
3/19/07 T T B C T C C C C C C TB     C C 
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CHAPTER 4 
RESULTS 

Precipitation and Evapotranspiration 

 Daily precipitation records from O’Leno State Park are plotted from April 2004 through 

April 2007 (Figure 4-1). Average annual precipitation during this period was 130 cm/yr (Table 

4-1). This value is slightly less than the average precipitation of 137 cm/year recorded in the 

Santa Fe River Basin by Hunn and Slack (1983) between the years of 1900 and 1976. Higher 

than normal precipitation occurred in 2004, when 187 cm were recorded. This was primarily a 

result of two September hurricane events that were responsible for 50 cm of precipitation. In 

contrast, only 84 cm of precipitation occurred at O’Leno State Park during 2006, which is 

significantly lower than average values. During this time the north-central Florida region was 

experiencing a significant drought.  

 Evapotranspiration (ET) was calculated on a daily basis from January 1, 2002 through 

April 2007 using the Penman-Monteith method and is plotted for this study from April 2004 

through April 2007 (Figure 4-2). A value of zero on the plot indicates that there was not enough 

water available for evapotranspiration to occur. Monthly and annual ET values were calculated 

by summing daily values. The average annual ET calculated since 2002 was 76 cm/yr (Table 4-

1). The lowest annual calculated ET was 66 cm, which occurred in 2003. The highest annual 

calculated ET was 85 cm, which occurred in 2005. These values are lower than values of 90 to 

105 cm/yr calculated at 96 rainfall stations in south-central Georgia and across the state of 

Florida by Bush and Johnston (1988). The lower calculated values in this study are most likely 

caused by a combination of the differences in the methods used and the scale of the calculation. 

The method used by Bush and Johnston (1988) used the mean annual temperature to estimate 

potential evapotranspiration, and then estimated the actual evapotranspiration based on an 
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estimated ratio of potential evapotranspiration to precipitation. The Penman-Monteith model 

used in this study is not only dependent on temperature, but there are many other components 

included in the calculation. One of the most important is the soil-moisture deficit to track the 

amount of water available per day for evapotranspiration. The Penman-Monteith model will 

produce a value of zero when there is not enough water available for evapotranspiration from the 

soil moisture storage. This will likely cause a more accurate prediction of the actual water that 

evaporates. The scale of the calculation also is important because Bush and Johnston (1988) 

calculated evapotranspiration for a much larger region than this study. In their calculation, 

evapotranspiration was averaged from land and open water regions across south Georgia and 

north Florida. The Penman-Monteith model incorporates evapotranspiration only from the land 

surface and was applied only to the area around O’Leno State Park. 

 Monthly potential ET (PET) was calculated using the Thornthwaite method for 

comparison (Figure 4-3). For the three year period during this study, the average annual PET 

calculated with the Thornthwaite method is 102 cm/yr. This value agrees with the values 

calculated by Bush and Johnston (1988). This is most likely a result of both methods being based 

on mean temperatures. Monthly calculations of PET and ET using the respective methods show 

distinct seasonal trends, with increased values in the summer months and less in the winter 

months (Figure 4-3). Comparing both methods shows that PET calculated with the Thornthwaite 

method is greater than calculated ET with the Penman–Monteith method during the summer 

months, by up to 5 cm in July and August. Results also show that during the winter months the 

ET  calculated by the Penman-Monteith method is sometimes estimated to be higher than the 

PET calculated with the Thornthwaite method. This is likely a result of the differences in the 

method. Xu and Chen (2005) worked with three methods that calculate ET and compared them 

60 



 

to four methods that calculate PET, one of which was the Thornthwaite method. Although the 

Penman-Monteith method was not included in their research, results indicated that ET calculated 

with other methods can sometimes be greater than PET calculations made with the Thorthwaite 

method. Lemur and Zhang (1990) evaluate three methods of calculating ET, and their results 

demonstrate that the evapotranspiration calculated with Penman-Monteith reflects values 

calculated from a water balance better than the other two methods. The Penman-Montieth model 

has become the most widely used approach at estimating evapotranspiration from land surfaces 

(Dingman, 2002), and therefore would likely represent the best estimate of evapotranspiration in 

this region.  

Water Levels 

 River Rise data have been used in various prior studies since 2001 (Screaton et al, 2004; 

Martin et al, 2006) (Figure 4-4). Water levels were also recorded at the River Sink and 

Sweetwater Lake locations during this time; however, records were interrupted at various points 

due to logger malfunction and/or lack of logger availability, and therefore the record is much less 

complete (Table 3-2). Water levels recorded specifically during this study were between April 

2004 and April 2007 (Figure 4-5). During this recording period, there were three storm events 

distinctly displayed by three large peaks in the River Rise hydrograph (Figure 4-5). These storm 

events were also observed in fluctuations of water levels at various monitoring wells (Figure 4-

5). Increase in head at the monitoring wells ranged from as high as 3.5 m during the largest 

September 2004 event, to 1 m during the smaller December 2005 event. Similar increases in 

head were observed at the River Rise. Water levels at Well 1 are greater than the River Rise. 

This is because Well 1 is influenced by the change in head at the River Sink, which is upgradient 

of the River Rise and thus has higher water levels. The maximum water level at the River Rise 
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occurs slightly before the maximum water level at most of the monitoring wells, indicating that 

there is a small time-lag for the head change to reach the wells.  

Sink and Rise Discharge 

 Stage at the River Sink and the River Rise were converted to daily discharge rates based 

on the appropriate rating curve. Daily discharge rates are plotted for this study between April 

2004 and April 2007 (Figure 4-6). The blue highlighted area of the figure indicates the time 

period during this study where the gauge at the River Rise was becoming increasingly warped. 

Discharge rates were also corrected for a possible 0.3 ft error and are also plotted in figure 4-6. 

The corrected water level values shift the Rise discharge curve slightly lower.  

 During this time period, there were three storm events which increased discharge (Figure 

4-6). During these storm events, the discharge into the River Sink is equal or greater than the 

discharge out of the River Rise.  This indicates that some of the storm water which entered the 

Sink is leaving the conduit, presumably to the matrix. The idea that water moves into the matrix 

during these large events is also supported by the fact that change in head at the monitoring wells 

during storm events is much larger than the amount of calculated recharge divided by the 

specific yield. In contrast, during periods of low river stage, the discharge out of the River Rise is 

noticeably higher than the discharge into the River Sink. This indicates that the conduit is 

gaining water along its flow path. 

Recharge 

Diffuse Recharge Calculated From Water Budget 

 Excess precipitation was calculated daily from 2002 through April 2007 by subtracting 

evapotranspiration calculated with the Penman-Monteith method from precipitation. Because 

runoff is minimal in the unconfined Floridan aquifer, recharge was calculated using this excess 

precipitation and accounting for soil moisture storage (Table 4-1).  Daily recharges values are 
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plotted for the study period of April 2004 to April 2007 (Figure 4-7). Most of the recharge during 

this time occurred within three time periods, which are associated with the three large storm 

events (Figure 4-7). The largest single recharge peak (~20 cm) occurred during the September 

2004 storm event. During 2006, there are very few instances where recharge occurs (Figure 4-7). 

This is caused by less precipitation occurring during this time (Figure 4-1). Comparing the daily 

recharge values with the precipitation record also indicates that much of the precipitation never 

actually makes it to recharge. Instead, this precipitation is evapotranspired or occupies soil 

moisture storage and is later evapotranspired. Annual recharge relies heavily on the amount of 

precipitation that the area receives over the course of a year.  

Diffuse Recharge during Large Storm Events  

 During large storm events, precipitation is significantly greater than evapotranspiration, 

and soil moisture storage is likely to reach capacity quickly. The combination of a large diffuse 

recharge component combined with an input from the conduit, results in the largest increases in 

observation well hydrographs in response to these events (Figure 4-5). Diffuse recharge is shown 

for each of three events occurring after April 2004 (September 2004, March 2005, and December 

2005), as well as the March 2003 event analyzed by Martin et al. (2006) (Table 4-2). Each storm 

event varied in the amount of precipitation and ET, based on the time of the year and the 

magnitude of the storm. The calculated recharge during the September 2004 hurricane events 

was 41 cm, which occurred over a relatively short period of time (24 days). In contrast, 

calculated recharge for the March 2003 storm event was 27 cm and for the December 2005 storm 

event was 24 cm; both of these results are nearly half the amount of recharge spread out over 

double the amount of time (50 days). The smallest event was in March and April 2005, when 

only 10 cm was recharged over 28 days. The duration of the storm events were chosen based on 
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the water level records, with a at least three to four days included before the increase in water 

levels and at least five to ten days included during the recession.  

Diffuse Recharge Calculated From Chloride Concentrations 

Over the course of 2006, hydrographs from conduit locations and well locations both show 

a consistent recessional to flat trend (Figure 4-5). During these recessions, water may flow from 

the shallow well locations towards the conduit, and thus it is likely that the shallow wells are not 

receiving any conduit water. Therefore, concentrations of chloride in the various shallow well 

locations should primarily reflect the evapotranspiration process, and can be used to make an 

estimate of the evapotranspiration occurring at the well locations. Water samples were available 

from six sampling trips beginning in April 2006 and ending January 2007 (Moore, unpublished 

data). Shallow well bulk water chemistry was analyzed after each sample period, and chloride 

concentrations are available for the four shallow wells (Table 4-3).  

 The average chloride concentration for the six sampling periods was used to calculate a 

concentration factor for each shallow well location (Table 4-3). Concentration factors were 

calculated assuming a chloride concentration value of 1 mg/L for the precipitation that occurs at 

O’leno State Park. This value was chosen from a contoured map created by Junge and Werby 

(1958) with data collected at various locations across the United States between July 1955 and 

July 1956. Chloride concentrations in Florida from Junge and Werby’s (1958) study range from 

0.66 mg/L over the Florida panhandle, to 2.44 mg/L near Miami. The closest location to O’Leno 

State Park was near St. Augustine, with a chloride concentration of 1.02 mg/L. The 1.0 mg/L 

value was chosen based on the 1.0 mg/L contour that falls over the O’Leno State Park study area. 

The highest concentration factor determined from the chloride concentrations was .917, which 

occurred at well 5a. Concentration factors of well 4a and 5a are almost identical, and all of the 

concentration factors are within 6% of each other. If the chloride concentration is actually lower 
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than is estimated from the contour map, then the resulting concentration factors would be higher. 

Differences in concentration factors may be a result of differences in the local vegetation near 

the respective well location, which directly affects the amounts of evapotranspiration that would 

occur. Differences may also be a result of the thickness of the vadose zone and thus the amount 

of water that can evapotranspire from the top of water table.  

 Evapotranspiration was calculated for 2006 by comparing the chloride concentration 

factors determined at each well location to the total amount of observed precipitation (Table 4-

4). Average evapotranspiration for the four wells was 75 cm, which is consistent with the 

average calculated value of 76 cm/yr using the Penman-Montieth method for the five-year 

period. This value is slightly higher than the 66 cm calculated for 2006 with the Penman-

Monteith model. Annual recharge was then calculated for 2006 by taking the difference between 

total precipitation during 2006 and the calculated evapotranspiration using the concentration 

factor. Calculated recharge values range between 7 cm and 12 cm, which is lower than the 17 cm 

calculated with the water budget method. Both results support that 2006 diffuse recharge was 

well below the average of 45 to 60 cm/yr calculated by Grubbs (1998).   

Diffuse Recharge Estimated Using the Water Table Fluctuation Method  

 The water table fluctuation method is often applied as a comparative method to other 

recharge calculations (Healy and Cook, 2002). This method is commonly used in regions where 

change in water level is attributed solely to water arriving at the water table via diffuse recharge. 

The water table fluctuation method assumes that the change in water level observed at the water 

table is related to the amount of precipitation that reaches the water table divided by the aquifer 

storage (specific yield). During low-flow periods in the O’leno study area, discharge out of the 

River Rise is larger than discharge into the River Sink. We expect that there is little to no 

movement of water from the conduit to the matrix. During these times, the overall hydrographs 

65 



 

are experiencing a recession. It is common that a small rain event will trigger a minor “blip” in 

the hydrograph, but will not change the long term recessional trend. Water levels at shallow well 

locations 5a, 6a, and 7a, which are screened at the water table, were monitored from the time of 

their installation on February 21, 2006 through April 2007. Because most of 2006 was dry, the 

overall trend of the hydrographs at the wells was a recession. However, over the summer of 2006 

there were two rainfall events on record that caused small perturbations to water levels. The first 

event occurred in June 2006 when 12.3 cm of precipitation was recorded over three days. The 

diffuse recharge calculated with the water budget method for this event was 3.2 cm. The second 

event occurred in July of 2006 when 7.8 cm of precipitation was recorded over three days. This 

event produced 0 cm of recharge calculated with the water budget method (Figure 4-9). During 

the time when these events occur, the River Rise water level continued to experience a recession 

(Figure 4-10). During the recession, the River Rise water level increases very slightly (<.05 cm) 

after the June event, which may suggest that the change in water levels observed in the matrix 

wells might be influenced by the conduit.  

 For each of these small events, the raw 10 minute data were smoothed using an interval 

of 50 points (Figures 4-11 through 4-16). The recession curve was then projected from the 

smoothed line, and the difference was calculated between the projected curve and the maximum 

spike in water level. Recharge was estimated by taking the maximum change in head and 

dividing by the estimated specific yield of 0.2. Recharge calculated using this method is 

compared to recharge calculations using the water budget method (Table 4-5). For the June 2006 

event, the water table fluctuation method predicts significantly less recharge at all three shallow 

well locations than the 3.18 cm predicted by the water budget method. In contrast, for the July 

2006 event, the water table fluctuation calculations show a small amount of recharge (between 
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0.38 and 0.43 cm), while the water budget calculation indicates that no recharge should have 

occurred (0 cm) (Table 4-5).  

Transmissivity 

Analytical Method without Recharge 

 Martin et al. (2006) investigated transmissivity in this study area using an analytical 

curve-matching method described by Pinder et al. (1969) that estimated monitoring well 

response to head changes in the conduit system; diffuse recharge was not included. This method 

was applied to monitoring well hydrographs from a storm event in March 2003 (Figure 4-4). 

Results showed that transmissivity between the conduit and various monitoring wells ranged by 

orders of magnitude, and was highly dependent on the distance of the monitoring well to the 

conduit. For example, calculated transmissivity to Tower well (approximately 3700 m from the 

conduit; Figure 2-2) and Well 1 (approximately 500m from the conduit; Figure 2-2), were 

160,000 m2/day and 97,000 m2/day respectively, while calculated transmissivity to Well 4 

(approximately 115 m from the conduit; Figure 2-2) and Well 6 (approximately 140 m from the 

conduit; Figure 2-2) were 950 m2/day and 900 m2/day respectively (Martin et al, 2006). The 

difference in transmissivity between the various well locations was attributed to the fact that 

water traveling a further distance through a highly karstic system will be more likely to 

encounter preferential flow paths along the way. 

 Martin (2003) also observed that calculated transmissivity could vary at a single well 

location depending on whether the calculated data was matched to the observed data by 

correlating the timing of the hydrograph peak or by correlating the amplitude of the hydrograph 

peak. For example, when using the time lag as the matching point, the estimated transmissivity at 

Tower Well was 120,000 m2/day, which is significantly less than the 550,000 m2/day calculated 

when matching the curve based on amplitude.  
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In this study, the Pinder et al. (1969) method was applied to the three storm events that 

occurred after March 2003. Transmissivity was calculated between the River Rise and Wells 4, 

6, and 7 (Table 4-6). Transmissivity could not be calculated between the River Sink and Tower 

Well or Well 1 because the data logger was not operating at the River Sink during these times. 

However, Well 7 is located at a distance of 1025 meters from the conduit, which is intermediate 

in distance between Tower Well and Well 1. Results from the curve matching between actual 

head change and calculated head change for the three storm events are shown in the figures: 

September 2004 (Figures 4-17, 4-18, 4-19), March 2005 (Figures 4-20, 4-21, 4-22), and 

December 2005 (Figures 4-23, 4-24, 4-25). In these figures, head change refers to the difference 

between water level on a given day and the water level on the first day of the time period being 

analyzed. For all three events, at least 1-3 days of small head change (< .02 m) exist prior to the 

start of simulations. For events that have two peaks in the hydrograph, the amplitude match was 

made with the first peak because the first peak on the hydrograph should represent the initial 

pressure head change in the conduit that reaches the well after the onset of the event from a base 

flow condition. The following peaks occur as a result of precipitation that happens after the 

hydrograph has already increased significantly, and thus is not starting from the base flow initial 

conditions. 

Transmissivity calculated for these events varied by orders of magnitude depending on 

the distance of the observation well from the conduit, as previously observed by Martin et al. 

(2006). For example, using the time lag match, the September 2004 event produced 

transmissivity values from Wells 4 and 6 (115 m and 140 m from the conduit) of 800 m2/day and 

1200 m2/day respectively. These values are significantly less than the transmissivity of 150,000 

m2/day determined from Well 7 (1025 m from the conduit). Transmissivity also varied 
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significantly when using a time-lag match as compared to an amplitude match. For the same 

September event, the amplitude-match produced a transmissivity of 350,000 m2/day from well 7 

as compared to the time-lag calculation of 150,000 m2/day.  

1-Dimensional Model with and without Recharge in MODFLOW  

 The Pinder et al. (1969) analytical method allows for prediction of ground water 

fluctuations at monitoring wells based on water level changes in the nearby conduit, but does not 

include diffuse recharge. To judge how much diffuse recharge contributes to storm event 

hydrographs and in the calculation of transmissivity, a one-dimensional, transient finite-

difference model with a recharge component was created in MODFLOW. The model grid has 50 

columns, with an initial spacing of 10 m close to the conduit and an increasing cell size by a 

multiplier of 1.1 away from the conduit (Figure 4-26). The spacing is refined near the conduit 

because this is the region where the model is most affected by changes in the conduit water level 

(Figure 4-26). The total length of the model is 11638 m. The total thickness of the aquifer was 

assigned to be 100 m. The stress period was set at 1 day with 10 uniform time steps applied to 

each stress period. The total time of the model was altered to work with each of the storm events, 

with the longest model duration being 70 days for the September 2004 event, and the shortest 

model being 29 days for the March 2005 event. The conduit was simulated as a transient 

constant-head boundary with water level values from the River Rise imported for each day of the 

event. In order to account for the differences between the conduit head and the head at the 

observation wells at the beginning of the simulation, change in head from the onset of the storm 

event was used at both locations. Thus, the initial head throughout the model at the beginning of 

all the simulations was set at zero. The boundary condition at the other end of the model (furthest 

point from conduit) was assigned to be a no flow boundary.  
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 The specific yield of the unconfined aquifer was set at 0.2 for the model runs. This value 

was chosen as a best estimate of specific yield and to also to be consistent with all other 

calculations; sensitivity to the selected specific yield was tested as part of the modeling. In the 

model, three observation points were located at 110 m, 140 m, and 1020 m from the constant 

head boundary to represent Wells 4, 6, and 7 respectively. Observed data from each well for each 

storm event were compared with simulation results. The curve match that produced the lowest 

root mean square error was used to determine the best fit hydraulic conductivity. Transmissivity 

was then calculated by multiplying the best fit hydraulic conductivity determined in the model by 

the assigned aquifer thickness of 100 m (Table 4-6).   

The 1D model was first simulated for all four storm events without including calculated 

recharge. Except for effects from the discretization of space and time, and the no flow boundary 

on one side, simulating the model without recharge should produce results identical to solving 

the Pinder et al (1969) analytical solution without recharge. This is verified by results of a 

hypothetical simulation of the Pinder et al (1969) analytical solution and the numerical model 

without recharge (Figure 4-27). In the hypothetical simulation, both methods were simulated for 

a hypothetical observation well 1500 m from the conduit location, with a three meter change in 

head in the conduit and a transmissivity of 100,000 m2/day. Figure 4-27 shows that predicted 

curves with both methods produce results that are very similar.  

Estimated transmissivity values calculated from the storm events with the analytical 

solution without recharge and the model without recharge differ (Table 4-6). This is a result of 

the curves being matched differently between the two methods. The model was calibrated to find 

a best fit hydraulic conductivity by using the lowest root mean square error between the observed 
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and calculated heads at the observation well. The analytical solution was calibrated using a 

visual match of amplitude or time-lag.  

 After simulating the system without recharge and determining the best fit transmissivity, 

the model was then rerun and recalibrated with the calculated recharges included. To simplify 

the modeling, recharge was assumed to reach the aquifer on the day of occurrence and thus was 

applied to the time step when recharge was recorded. The surficial sediments that make up the 

unsaturated zone are mostly sands, and are less than 6 m thick at all well locations except Well 1 

(~17 m thick). The maximum depth to the water table at the peak of the smallest event 

(December 2005) was 6.38 m, while during the larger events the water table came extremely 

close to the surface (<.1 m during the September 2004 event). The small thickness of the surficial 

sediments and the proximity of the water table to the surface support the idea that water should 

move through the unsaturated region and quickly become recharge. This is also supported by the 

small June 2006 event where water level changes occur on the same day as estimated recharge 

occurs (Figure 4-8). However, model results (Figure 4-28 through 4-40) indicate that for three of 

the four storm events, including the diffuse recharge component on the same day results in 

predicted curves that are pointed and jagged. These results are not consistent with the smooth 

curves that are seen in the observed data, and suggest that the timing of the recharge input may 

be more spread out than is applied in the model simulation. The assumption that recharge arrives 

at the water table on the same day as precipitation occurs maximizes the impact of diffuse 

recharge in the calculation because the recharge is arriving in a lump sum rather than over a few 

days.  

 The addition of recharge to the model simulations results in predicted curves at Well 7 

during the September 2004 and December 2005 events that plot higher than the observed data for 
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these respective events (Figure 4-34, 4-40). Although these predicted curves produce the lowest 

root mean square error in the curve match, it seems unlikely that the predicted curve should vary 

so significantly from the observed data. Two possible explanations are available. If the recharge 

is overpredicted, then the model would produce an unreasonable shift of the curve above the 

observed data. This is unlikely, considering that the same recharge has been applied to other well 

locations and this result is not observed. The second possible explanation may be that the 

influence of the conduit is overpredicted at Well 7. Based on the location of Well 7 with respect 

to the River Rise (Figure 2-2), this is possible if Well 7 is actually being influenced by the Santa 

Fe River at a location downstream of the River Rise; at this location head changes in response to 

storms may be less and thus we would expect the calculated transmissivity to also be less.  

 Comparing 1D model simulations with and without recharge indicates that the best fit 

transmissivity values are higher when the recharge is neglected. This result is seen in 10 out of 

12 model simulations, with the only exception being the matches possibly in error at Well 7 

(Table 4-6). These results suggest that in order to match observed and simulated curves, the 

calculated transmissivity must adjust for the lack of recharge by increasing. Therefore, the curve 

matching techniques which neglect the recharge component will overpredict transmissivity from 

storm events. For the storm events in this study, the transmissivity required to make up for the 

lack of recharge can be up to four times greater than when recharge is included in the calculation 

(e.g. Well 6 during the September 2004 event).  

 Consistent with results of the analytical method, results from both the 1D model with and 

without recharge indicate that calculated transmissivity can be one to two orders of magnitude 

higher for Well 1, Well 7, and Tower Well, than for wells closer to the conduit (Table 4-6). For 

example, model results at Well 7 for the September 2004 event are 300,000 m2/day, while the 
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highest transmissivity calculated from Wells 4 and 6 during all simulations was 3,000 m2/day. 

Both the model with and without recharge also show that the storm event with the highest change 

in head and most diffuse recharge (September 2004) produces higher calculated transmissivity 

values than the smaller events. For example, Wells 4 and 6 have a calculated transmissivity of 

3000 m2/day from the September 2004 event, while the transmissivity values calculated at these 

locations from the other events does not exceed 1000 m2/day.  

Sensitivity to Specific Yield 

For all the calculations performed to date, a specific yield of 0.2 was used as a best 

estimate for the highly karstic, unconfined Floridan Aquifer based on porosity estimates from 

Palmer (2002). If this is not an accurate estimate, then the calculated transmissivity values would 

also be in error. To test the effect of changing specific yield on the transmissivity calibration and 

to observe whether the specific yield value affects the quality of the curve match, the 1D model 

with recharge was simulated with a smaller specific yield of 0.1, and a larger specific yield of 

0.3. Including recharge in the solution allows us to separate transmissivity and specific yield. 

The best fit transmissivity was once again chosen from the root mean square error of the curve 

matching (Table 4-7).  

Decreasing the specific yield to a value of 0.1 results in significant changes to the 

calculated transmissivity from all four storm events (Table 4-7). For example, calculated 

transmissivity between the conduit and Well 4 during the March 2003 storm event is three times 

as much with the lower specific yield, while during the March 2005 event the transmissivity to 

Well 4 is about four times less. However, more important than the change in transmissivity is 

that decreasing the specific yield to 0.1 significantly increases the root mean square errors for all 

model simulations. This indicates that the specific yield of 0.2 yields a better fit to the data than a 

lower specific yield of 0.1. Results are perhaps more interesting when increasing the specific 
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yield to a value of 0.3. For almost half of the simulations, the root mean square errors decrease as 

specific yield is increased from 0.2 to 0.3. These results suggest that specific yield might vary 

between the conduit and the various well locations. For the purpose of calculations at this scale, 

the model results generally confirm that the original assumption of an average specific yield of 

0.2 is reasonable. Ideally, a sample set of more well locations spaced at various points 

throughout the matrix would provide a better estimate of how specific yield varies across the 

study area. Finer sensitivity analysis would help pin down a more exact estimate of the specific 

yield at these locations.  

Recession Curve Analysis  

 Unlike the Pinder et al. (1969) analytical curve matching technique and the 1-

dimensional model with recharge, the recession curve analysis method does not require a conduit 

signal as an input. Therefore, the benefit of this method is that it can be applied to calculate 

transmissivity at all well locations where an uninterrupted well hydrograph recession curve is 

available. However, it is also important to note that this method is used to calculate “matrix 

transmissivity” or what is described by Shevenell (1996) as the slower hydrologic response of 

the intergranular porosity. This transmissivity is mainly derived from the third, and broadest 

sloped, segment of the recession curve. Therefore, these values do not necessarily indicate flow 

through all of the preferential flow paths, and therefore do not represent transmissivity on the 

formation scale.  

 For this study, 14 segments from various recession curves were available for analysis. 

These recession curves spanned all four storm events since 2003 (Table 4-6). Length of recession 

varied for the different storm events, with the shortest recessions coming after the March 2003 

event (~40 days), and the longest recessions coming after the December 2005 event (~55 days). 

A specific yield of 0.2 was used for all of the calculations. Inflection points were chosen visually 
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on the recession curve at the first and second noticeable change of slope (Figures 4-41 - 4-44). 

Finding the inflection points was difficult for the March 2005 event, where a few small rainfall 

events caused slight perturbations in the recession curve (Figure 4-43).  

Results show that calculated transmissivity varies per storm event, with the highest 

transmissivity values being calculated for the larger 2003 and 2004 events (Table 4-6). The 

transmissivity calculated for the larger events is on average twice the transmissivity calculated 

for the two events in 2005. This is similar to what is observed with the 1D model with recharge, 

where transmissivity values calculated from the September 2004 storm event were greater than 

the other three events. Perhaps more interesting is that transmissivity is generally consistent at all 

the well locations on a per storm event basis. For example, results do not show a transmissivity 

at Well 7 that is orders of magnitude larger than at Wells 4 and 6, as observed in the previous 

analyses. This is likely a result of the method used, as the recession curve values are only 

indicative of the matrix transmissivity, as opposed to the effective transmissivity of the entire 

formation between the conduit and well.  

Basin Area Calculations 

 Recession curves were also used in this study to estimate the aquifer surface area 

upgradient of the River Rise which contributes to the discharge of the Santa Fe River Sink-Rise 

system. This has previously been a difficult value to assess because groundwater divides are not 

clearly defined by water table mapping in this area. Knowing the surface area of the groundwater 

basin that discharges to the River Rise is valuable because it allows quantification of a 

volumetric input to the system via the diffuse recharge component. These values can then be 

compared to the volume that the aquifer receives from conduit losses during storm events. For 

these calculations, recharge to the confined portion of the Floridan aquifer within the basin is 

neglected because all calculations are made using the assumed specific yield value of 0.2 for the 
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unconfined aquifer. Making this assumption underestimates overall area because the confined 

region will have a specific yield that is much smaller than the unconfined region. However, this 

assumption is acceptable in this study because we are only concerned with recharge to the 

unconfined portion of the aquifer.  

 Recession curves following the storm events in March 2005 and December 2005 were 

used for the calculations. The time periods used for the analyses are November through 

December 2005 and March through December 2006. The recession curves following the 

September 2004 event were not used because of the possible error caused by the warpage of the 

River Rise water level gauge. The slopes of the recession curves were determined by finding the 

change in head per number of days of recession. For the recession curves occurring as a result of 

the December 2005 storm event, the curves was broken into segments which clearly varied in 

slope (Figure 4-45). The average slope of all the recession segments was 0.0078 m/day, and 

ranged from 0.0053 m/day to 0.0116 m/day depending on the storm event and the segment of the 

curve. In total there were 14 recession segments available to calculate area. Change in volume 

per day of the recession was calculated by taking the daily difference between the Rise and Sink 

discharge. Basin area was calculated using the equation: 

  Basin area = ΔV / SyΔh 
 
  ΔV = Change in volume (m3) 
  Sy = Specific Yield 
  Δh = Change in head (m)  
 

The surface area draining to the River Rise calculated from the average of 14 recession 

segments is 4.44 x 108 m2 or 444 km2 (Table 4-8). For the recession curves resulting from the 

December 2005 event, the calculated area varied for the upper and lower portions of the 

recession curves. The first portion (upper half before first inflection point) of the recession 
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curves yielded calculated areas that were less than the second portion (lower half after first 

inflection point). The average area for the first portion of the curves was 356 km2, while the 

average area for the second portion of the curves was 547 km2. A possible explanation for this 

result is that the specific yield is changing as the saturated thickness of the aquifer decreases 

during recession. During storm events, the water level reaches well into the surficial sediments. 

If these sediments have a different specific yield than the carbonate aquifer, then using a value of 

0.2 for specific yield for both the upper and lower portions of the curve would result in the 

apparent difference in area. If the inferred change in area is due to changes in specific yield, we 

should see the curve inflection point occur at the same water level for each respective well 

location. However, this is not the case, as the inflection points occur at different water levels 

after each storm event. Another possible explanation for the changing area is that there is a non-

stationary groundwater divide. If the groundwater divide moves away from the discharge point 

as the curve recedes, then we would see the increased area from the lower portion of the 

recession curves.  

 The area calculations are sensitive to the accuracy of the discharge measurement. If the 

stage at the River Rise is incorrect, the resulting discharge and calculated area would change. To 

estimate a possible range of error in the area calculation due to suspected problems with the rise 

gauge, a calculation was made to see how the area changes if the stage at the River Rise was 

overestimated by 0.3 ft. Calculations show that a decrease of 0.3 ft decreases the average 

discharge at the Rise and thus increases the difference between the Sink and Rise discharge. This 

only has a small effect on the calculated area, which would be 3.35 x 108 m2 or 335 km2. If some 

of the error is due to changes at the River Sink, we would expect a similar affect. Increasing the 

River Sink stage by .3 ft would result in a calculated area of 3.25 x 108 m2, or 325 km2. 
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Figure 4-1. Daily precipitation records from O’Leno State Park during this study. Three storm events are highlighted. 
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Figure 4-2. Daily calculated evapotranspiration during this study using the Penman-Monteith Model. Spaces in the data indicate a 
value of zero.  
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Figure 4-3. Monthly calculated potential evapotranspiration using the Thornthwaite method and monthly actual evapotranspiration 
using the Penman-Monteith method  
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Figure 4-4. Long term record of River Rise water levels. Storm events that have been cited in previous work and in this study are 
highlighted.  
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Figure 4-5. Water levels of various monitoring wells during this study and River Rise water level for comparison. Three storm events 
are highlighted.  
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Figure 4-6. River Sink and River Rise discharge during this study. Three storm events resulting in increased discharge are highlighted. 

The time period where the River Rise gauge was warped is represented with the blue highlight.  
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Figure 4-7. Daily calculated diffuse recharge during this study using the water budget method. Recharges associated with the three 
major storm events are highlighted.  
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Figure 4-8. Precipitation and calculated diffuse recharge with the water budget method for the small event in June 2006.  
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Figure 4-9. Precipitation and calculated diffuse recharge with the water budget method for the small event in July 2006. 
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Figure 4-10. River Rise water level during summer 2006. Small events in June and July are 
highlighted.  
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Figure 4-11. Water level perturbation at Well 5a after a small rain event in June 2006 with 

recession curve projected. 

 
 
 
 

 88



 

9.86

9.88

9.9

9.92

9.94

9.96

9.98

10

6/6/06 6/9/06 6/12/06 6/15/06 6/18/06 6/21/06 6/24/06

Well 6a June 2006
W

at
er

 L
ev

el
 (m

as
l)

Date 

 
Figure 4-12. Water level perturbation at Well 6a after a small rain event in June 2006 with 

recession curve predicted. 
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Figure 4-13. Water level perturbation at Well 7a after a small rain event in June 2006 with 
recession curve projected. 
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Figure 4-14. Water level perturbation at Well 5a after a small rain event in July 2006 with 

recession curve projected.  
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Figure 4-15. Water level perturbation at Well 6a after a small rain event in July 2006 with 

recession curve projected.  
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Figure 4-16. Water level perturbation at Well 7a after a small rain event in July 2006 with 

recession curve projected.  
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Figure 4-17. Curve matching results at Well 4 for the September 2004 storm event using the 

Pinder et al. (1969) method.  
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Figure 4-18. Curve matching results at Well 6 for the September 2004 storm event using the 

Pinder et al. (1969) method. 
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Figure 4-19. Curve matching results at Well 7 for the September 2004 storm event using the 

Pinder et al. (1969) method. 
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Figure 4-20. Curve matching results at Well 4 for the March 2005 storm event using the Pinder 

et al. (1969) method. 
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Figure 4-21. Curve matching results at Well 6 for the March 2005 storm event using the Pinder 

et al. (1969) method. 
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Figure 4-22. Curve matching results at Well 7 for the March 2005 storm event using the Pinder 

et al. (1969) method. 
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Figure 4-23. Curve matching results at Well 4 for the December 2005 storm event using the 

Pinder et al. (1969) method. 
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Figure 4-24. Curve matching results at Well 6 for the December 2005 storm event using the 

Pinder et al. (1969) method. 
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Figure 4-25. Curve matching results at Well 7 for the December 2005 storm event using the 
Pinder et al. (1969) method. 
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Observation Wells:    tower   7     1    6      4 
Conduit water 

level No flow boundary 

Figure 4-26. 1-Dimensional model with recharge grid 
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Figure 4-27. Results from of the Pinder et al (1969) analytical solution without recharge and the 
1D model without recharge for a hypothetical storm event  
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Figure 4-28. Curve matching results at Well 4 for the March 2003 storm event using the 1D 

model with measured precipitation and calculated diffuse recharge for reference. 

 101



 

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50

Well 6 observed
Well 6 with recharge (T=250)
Well 6 without recharge (T=1300)

C
ha

ng
e 

in
 H

ea
d 

(m
)

Day
 

0

0.05

0.1

0.15

0.2

0.25

Precipitation (m)
Calculated recharge (m )

 
Figure 4-29. Curve matching results at Well 6 for the March 2003 storm event using the 1D 

model with measured precipitation and calculated diffuse recharge for reference  
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Figure 4-30. Curve matching results at Tower Well for the March 2003 storm event using the 1D 

model with measured precipitation and calculated diffuse recharge for reference 
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Figure 4-31. Curve matching results at Well 1 for the March 2003 storm event using the 1D 

model with measured precipitation and calculated diffuse recharge for reference 
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Figure 4-32. Curve matching results at Well 4 for the September 2004 storm event using the 1D 

model with measured precipitation and calculated diffuse recharge for reference 
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Figure 4-33. Curve matching results at Well 6 for the September 2004 storm event using the 1D 

model with measured precipitation and calculated diffuse recharge for reference 
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Figure 4-34. Curve matching results at Well 7 for the September 2004 storm event using the 1D 

model with measured precipitation and calculated diffuse recharge for reference 
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Figure 4-35. Curve matching results at Well 4 for the March 2005 storm event using the 1D 

model with measured precipitation and calculated diffuse recharge for reference 
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Figure 4-36. Curve matching results at Well 6 for the March 2005 storm event using the 1D 

model with measured precipitation and calculated diffuse recharge for reference 
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Figure 4-37. Curve matching results at Well 7 for the March 2005 storm event using the 1D 

model with measured precipitation and calculated diffuse recharge for reference 
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Figure 4-38. Curve matching results at Well 4 for the December 2005 storm event using the 1D 

model with measured precipitation and calculated diffuse recharge for reference 
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Figure 4-39. Curve matching results at Well 6 for the December 2005 storm event using the 1D 

model with measured precipitation and calculated diffuse recharge for reference 
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Figure 4-40. Curve matching results at Well 7 for the December 2005 storm event using the 1D 

model with measured precipitation and calculated diffuse recharge for reference 
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Figure 4-41. Recession curve breakdown at Well 4 for the hydrograph produced by the March 

2003 storm event 
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Figure 4-42. Recession curve breakdown at Well 4 for the hydrograph produced by the 

September 2004 storm event 
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Figure 4-43. Recession curve breakdown at Well 4 for the hydrograph produced by the March 

2005 storm event 
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Figure 4-44. Recession curve breakdown at Well 4 for the hydrograph produced by the 

December 2005 storm event 
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Figure 4-45. Example of using two portions of the recession curve that results from the 

December 2005 event at Well 6 to calculate basin area 
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Table 4-1. Annual precipitation, annual evapotranspiration, and annual calculated recharge from 

2002 through 2006 
Year Precipitation 

(cm) 
Evapotranspiration 

(cm) 
Diffuse Recharge 

(cm) 
2002 124.7 81.6 38.8 
2003 142.1 65.9 81.2 
2004 187.4 81.0 102.3 
2005 132.7 84.8 47.8 
2006 84.1 66.7 17.8 

 
 
Table 4-2. Precipitation, potential evapotranspiration, and calculated recharge for three large 

storm events  
Storm Event Dates Precipitation 

(cm) 
Evapotranspiration 

(cm) 
Diffuse Recharge 

(cm) 
2/5/2003 – 3/26/2003 31.5 3.3 26.9 
9/2/2004 – 9/25/2004 44.5 6.2 41.0 
3/24/2005 – 4/21/2005 15.4 8.4 9.6 

 12/14/2005 – 1/24/2006 28.6 4.6 24.2 
 
 

Table 4-3. Chloride concentrations in shallow wells from various sampling trips 
Sample Date Cl- concentration 

Well 4a (mg/L) 
Cl- concentration 
Well 5a (mg/L) 

Cl- concentration 
Well 6a (mg/L) 

Cl- concentration 
Well 7a (mg/L) 

4/11/2006 11.7 12.8 6.5 9.7 
6/15/2006 12.1 12.7 6.2 9.2 
7/12/2006 10.0 11.0 6.0 7.0 
8/28/2006 12.2 12.0 7.4 8.0 
10/12/2006 12.0 12.0 8.0 8.0 
1/17/2007 12.0 12.0 7.0 7.0 
Average 11.7 12.1 6.9 8.2 

 
 
Table 4-4. Recharge results for 2006 using chloride concentration factors 

 Well 4a Well 5a Well 6a Well 7a 
Concentration Factor .914 .917 .854 .877 

Evapotranspiration (cm) 76.9 77.1 71.8 73.8 
Recharge (cm) 7.2 7.0 12.3 10.3 

 
 
 
 



 

Table 4-5. Calculated diffuse recharge for two non-conduit influenced events using the water budget and water table fluctuation 
methods 

Date Well #    
Precipitation 

(cm) 
Calculated 
ET (cm) 

Amount that enters 
soil moisture (cm) 

Recharge water budget 
method (cm) 

Change in 
head (cm) 

Specific 
yield 

Recharge water table 
fluctuation (cm) 

6/12/2006 - 6/14/2006  5a 12.3 0.4 8.7 3.2 2.2 0.2 0.4 
6/12/2006 - 6/14/2006  6a 12.3 0.4 8.7 3.2 2.8 0.2 0.6 
6/12/2006 - 6/14/2006  7a 12.3 0.4 8.7 3.2 7.4 0.2 1.5 

                  
7/22/2006 - 7/25/2006  5a 7.8 1.4 6.4 0.0 2.2 0.2 0.4 
7/22/2006 - 7/25/2006  6a 7.8 1.4 6.4 0.0 1.9 0.2 0.4 
7/22/2006 - 7/25/2006  7a 7.8 1.4 6.4 0.0 2.4 0.2 0.5 
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Table 4-6. Summary of calculated transmissivities (m2/day) with different methods in the Santa Fe Sink-Rise System. Root mean 
square errors associated with model simulations are included. A value of (-) indicates no data was available for 
calculations. Results for March 2003 analytical method are from Martin (2003).  

Storm event Well # Distance 
to well 

(m) 

Pinder et al. 
(1969) 

analytical 
time lag 
match 

Pinder et al. 
(1969) 

analytical 
amplitude 

match 

1D model 
without 

recharge in 
MODFLOW 

Root mean 
square error 
for model 

w/o recharge 

1D model 
with 

recharge in 
MODFLOW 

Root mean 
square error 
for model w/ 

recharge 

Recession 
curve 

analysis 

March 2003 1 470 97,000 97,000 90,000 - 50,000 - - 
March 2003 2 1050 - - - - - - 1,898 
March 2003 4 110 950 950 450 0.060 150 0.173 2,646 
March 2003 6 140 900 - 1,300 - 250 - - 
March 2003 Tower 3750 120,000 550,000 330,000 0.069 60,000 0.187 - 

          
September 2004 4 110 800 10,000 9,000 0.330 3,000 0.205 2,102 
September 2004 6 140 1,200 16,000 12,000 0.432 3,000 0.256 2,233 
September 2004 7 1020 150,000 350,000 300,000 0.176 300,000 0.356 2,013 

          
March 2005 2 1050 - - - - - - 991 
March 2005 4 110 500 800 900 0.124 450 0.090 1,234 
March 2005 6 140 600 800 1,300 0.123 650 0.089 966 
March 2005 7 1020 25,000 26,000 30,500 0.056 13,500 0.076 616 

          
December 2005 1 470 - - - - - - 1,635 
December 2005 2 1050 - - - - - - 1,035 
December 2005 4 110 700 2,200 2,500 0.274 200 0.114 1,211 
December 2005 6 140 1,100 2,200 4,000 0.183 1,000 0.062 1,011 
December 2005 7 1020 40,000 40,000 62,500 0.074 125,000 0.266 1,034 
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Table 4.7. Sensitivity of 1D model results to specific yield 

Sy = .1 Sy = .2   Sy = .3   

 
Best match 

Transmissivity (m2/day)  
root mean 

square error 
Best match 

Transmissivity (m2/day)  
root mean 

square error 
Best match 

Transmissivity (m2/day)  
root mean 

square error 
       

M   arch 2003

arch 2005

      
Well 4 450 0.472 150 0.173 75 0.105 
Tower Well 540,000 0.603 60,000 0.187 195,000 0.115 
       
September 2004       
Well 4 9,000 0.324 3,000 0.205 4,500 0.216 
Well 6 7,500 0.338 3,000 0.256 6,000 0.305 
Well 7 1,500,000 0.440 300,000 0.356 300,000 0.270 
       
M         
Well 4 90 0.140 450 0.090 900 0.097 
Well 6 130 0.143 650 0.089 1,300 0.096 
Well 7 675 0.137 13,500 0.076 27,000 0.061 
       
December 2005       
Well 4 1,600 0.262 200 0.114 600 0.158 
Well 6 10,000 0.244 1,000 0.062 1,100 0.062 
Well 7 1,500,000 0.323 125,000 0.266 37,500 0.157 
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Table 4-8. Area calculations using recession curves 

Date range  
Well 

# 
# of 
Days 

Head 
(max) 

Head 
(min) Δh (m) 

Slope 
(Δh/day) Sy 

Average Q 
(m3/day) Area (m2) 

Average Q (-0.09m) 
correction (m3/day) Area (m2) 

10/17/05 - 11/19/05 1 33 10.40 10.18 0.22 0.0067 0.2 5.99 x 105 4.50 x 108 4.42 x 105 3.31 x 108 
10/12/05 - 11/20/05 2 40 10.52 10.28 0.24 0.006 0.2 5.84 x 105 4.87 x 108 4.24 x 105 3.53 x 108 
10/12/05 - 11/25/05 4 45 10.42 9.99 0.43 0.0096 0.2 5.86 x 105 4.55 x 108 4.24 x 105 3.29 x 108 
10/12/05 - 11/25/05 6 45 10.36 10.07 0.29 0.0064 0.2 5.86 x 105 3.07 x 108 4.24 x 105 2.21 x 108 
10/12/05 - 11/25/05 7 45 10.20 9.96 0.24 0.0053 0.2 5.86 x 105 5.49 x 108 4.24 x 105 3.97 x 108 

                        
3/22/06 - 4/12/06 1 22 10.50 10.31 0.19 0.0086 0.2 6.92 x 105 4.00 x 108 5.24 x 105 3.04 x 108 
3/17/06 - 4/23/06 2 38 10.82 10.42 0.40 0.0105 0.2 6.98 x 105 3.31 x 108 5.31 x 105 2.52 x 108 
3/17/06 - 4/23/06 4 38 10.59 10.23 0.36 0.0095 0.2 6.98 x 105 3.02 x 108 5.31 x 105 2.29 x 108 
3/17/06 - 4/23/06 6 38 10.63 10.19 0.44 0.0116 0.2 6. 98 x 105 3.69 x 108 5.31 x 105 2.80 x 108 
3/17/06 - 4/23/06 7 38 10.43 10.08 0.35 0.0092 0.2 6. 98 x 105 3.79 x 108 5.31 x 105 2.88 x 108 

                        
4/23/06 - 5/15/06 2 23 10.42 10.27 0.15 0.0065 0.2 6. 80 x 105 5.22 x 108 5.26 x 105 4.03 x 108 
4/23/06 - 5/11/06 4 19 10.23 10.11 0.12 0.0063 0.2 6.77 x 105 5.29 x 108 5.53 x 105 4.15 x 108 
4/23/06 - 6/9/06 6 48 10.19 9.87 0.32 0.0067 0.2 7.05 x 105 5.36 x 108 5.23 x 105 4.14 x 108 

4/23/06 - 5/15/06 7 23 10.08 9.95 0.13 0.0057 0.2 6.80 x 105 6.02 x 108 5.26 x 105 4.65 x 108 
                        

                Average = 
4.44 x 108 

m2 Average = 
3.35 x 108 

m2 
 



 

CHAPTER 5 
DISCUSSION  

Applicability of Different Recharge Calculation Methods and Effect of Conduit Boundaries 

 Calculated recharge values for the small June 2006 event using the water table fluctuation 

method at wells 5a, 6a, and 7a are 0.4 cm, 0.6 cm, and 1.5 cm respectively. Water table 

fluctuation calculations at all three locations predict less recharge than the 3.2 cm calculated with 

the water budget method. These results may have occurred if the water budget method is 

overpredicting the amount of water that actually makes it to the water table. In a highly karstic 

aquifer, it is possible that water making it past the root zone and soil moisture storage may flow 

laterally in the unsaturated zone before recharging the water table. If water were to flow laterally 

at a similar time scale to which recharge enters the vadose zone, then perhaps we are not seeing 

the full recharge pulse in the water table fluctuation at the wells. Instead the water will flow 

towards the conduit location and recharge at some point along the way.  

It is also possible that since the volume of recharge is small, the loss of water to the 

conduit may occur in the saturated zone on a similar time scale as the recharge is raising the 

water table. The effect that fluctuations of water level in the conduit boundary has on the water 

level change at matrix monitoring wells has been difficult to assess. The most apparent effect 

from the conduit boundary comes after significant changes in conduit water level related to large 

storm events. It is during these times that the water table fluctuation method is least applicable; 

this is because it does not differentiate between sources of water and therefore during large storm 

events the water table method would overestimate the amount of diffuse recharge. However 

during small events, where the changes in head at both the wells and the boundary are small, the 

effect of the conduit is less obvious.  
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In the case of the June 2006 small event, the River Rise water level does increase very 

slightly (~0.005 m), suggesting that there may be some conduit influence contributing to the 

fluctuation of the water table. To test the conduit influence, the analytical solution was used by 

substituting the 0.005 m change in head at the conduit over a three day period and observing if 

this can cause changes in head in the observation wells. Transmissivity values determined from 

model results at the different wells were used for their respective well locations. The calculated 

effect of the conduit is less than .00001 m at all three observation well locations, which is 

significantly less than the change in head observed at these locations during the small event. 

Therefore, we are confident that the change at the observation well during the small events is 

primarily related to diffuse recharge arriving at the water table.  

The change in head at the observation well during the small events may actually be 

underpredicted if water is flowing away from the well towards the conduit at the same rate as 

water is arriving at the water table. We can assess this situation in the same way as we 

approached the effect of the conduit on the wells. An average head change of 0.022 m was 

observed at shallow Wells 4 and 6 during these two storm events. Applying this head change 

over the same three day period, and using a transmissivity value of 500 m2/day, the distance the 

conduit would need to be away from the well before it would stop having an effect is ~200 m. 

This result suggests that Wells 4 and 6 can potentially be losing some amount of recharge to 

lateral flow towards the conduit. This would explain why the water table fluctuation method 

predicts less recharge during the small events when compared with the water budget method.  

 Risser et al (2005) discussed the effect of proximity to a stream boundary on the water 

table fluctuation method applied in a small watershed of eastern Pennsylvania. Risser et al 

(2005) used a 1D model in MODFLOW to simulate changes in head at observation wells as a 
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result of diffuse recharge. Three observation wells were simulated which are located at three 

different distances away from a stream boundary. The result was that the observation well 

furthest from the stream boundary produced the greatest change in head after the diffuse recharge 

was applied. The observation well that was closest to the stream boundary produced a head 

change that was only 20% of what was observed at the furthest well. Results from the study by 

Risser et al (2005) and from this study indicate that the accuracy of the water table fluctuation 

method will be compromised in regions where hydrologic boundaries may influence the results.  

 The small event that occurred in July of 2006 was similar to the June event in that it 

lasted only four days and the soil moisture storage was minimal at the beginning of the storm. 

However, in contrast to the June 2006 event, we see the opposite results for the two recharge 

methods applied to the July 2006 event. For this storm, the water budget method predicts zero 

recharge, while the water table fluctuation predicts a small amount of recharge (<0.5 cm) at all of 

the well locations. We can be confident that water is arriving to the water table, based on the 

increase in the well hydrograph. We can also be confident that water is not arriving from the 

conduit because there is no increase in the River Rise water level. A possible explanation for 

why the water budget method does not predict any recharge is that the soil moisture storage 

capacity may have been over predicted. When the soil moisture has reached its wilting point (i.e. 

the point when soil moisture content is so low that the surface tension of the soil-water interface 

exceeds the osmotic pressure of the roots and water will no longer enter the roots (Fetter, 1994)), 

then the estimated 10 cm of precipitation is needed before any recharge can occur. The July 2006 

event resulted in a little less than 8 cm of recharge, thus was not able to account for the soil 

moisture storage. If the storage capacity is actually closer to 8 cm, then we would see the small 

recharge observed in the water level. Another possible explanation to consider is that since the 
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amount of recharge calculated with the water table fluctuation is so small, it is possible that a 

small amount of water might bypass the soil moisture storage. This could happen if some 

recharge were to hit a fast flow path (fracture) which allows it to move quickly through the 

unsaturated zone, and thus avoiding the soil moisture storage. This amount of water could be 

affected by the intensity of the rainfall. For example, if all the rain falls within a ten minute 

period, it is more likely that some might bypass the storage as opposed to a slow and steady 

rainfall over the course of a three day period. Because precipitation was recorded on a daily basis 

during this study, the differences in intensity can not be evaluated. 

 In the case of these small summer events, it is difficult to assess the accuracy of the water 

table fluctuation method. If the conduit is truly not contributing any water, as demonstrated by 

the receding trend in water level at the River Rise (Figure 4-10) and the calculations of conduit 

effect, then we know that the slight change in water level must be a result of water arriving from 

the diffuse component. If water is arriving from any other sources, then the diffuse recharge 

portion of the head change will be over predicted using the water table fluctuation. However, if 

water is flowing away from the well location to the conduit at the same rate that it is recharging 

the water table, then the water table fluctuation results may be an under estimate. Fluctuations in 

the water table can be potentially valuable in this system for seeing the timing of recharge; 

however, a calculation of the effect of a nearby boundary (such as a stream or a conduit) should 

be considered before applying the water table fluctuation method to estimate volumes of diffuse 

recharge. In this study area, there are no wells that are far enough away from a boundary 

condition that we can be totally confident in the water table fluctuation method.  

 The chloride method provides an alternative long term method for quantifying recharge. 

This method is valuable in systems where there is only once source of chloride and where 
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evapotranspiration is abundant. This method works well in dry years (e.g. 2006) in the 

unconfined Santa Fe River basin because diffuse recharge and the conduit component are not 

constantly diluting the chlorine concentrations. Since the concentrations are dependent on the 

precipitation and evapotranspiration, the more measurements of chloride concentrations that can 

be made will result in the most accurate calculation of recharge. The chloride concentration is 

also good as a method to determine the long term differences in recharge at the various well 

locations.  

Daily Versus Monthly Recharge and Evapotranspiration Calculations  

 Because precipitation records are readily available and usually easily accessible, they are 

often used as a substitute to approximate recharge, rather than calculating recharge on a daily 

basis. Daily recharge calculations require determining soil moisture storage and adjusting for 

daily evapotranspiration, and thus require significantly more time and effort. However, results 

from this study indicate that in this study area daily precipitation (Figure 4-1) and daily recharge 

records (Figure 4-7) differ tremendously. It is not uncommon for an afternoon thunderstorm in 

the summer to supply more than 5 cm of precipitation, yet none of that water is calculated to 

become recharge. For example, this happens after the small storm in July of 2006 when there 

was 8 cm of precipitation, but no calculated recharge. The recharge does not exactly mimic 

precipitation because so much water is either stored in soil moisture, or is evapotranspired back 

to the atmosphere; this result would be expected in any region with a high soil moisture capacity 

and high evapotranspiration rates.  

 The recharge values calculated on a daily basis were especially important to this study 

because they were calculated on the same time scale as the 1-dimensional model. Daily recharge 

calculations allowed for calculation of recharge for any time-step of the model. If the recharge 

 126



 

could be calculated on even a finer time scale, we could reduce the time step of the model, and 

this may improve the calculated transmissivity results. 

 Potential evapotranspiration is commonly calculated on a monthly basis to emphasize the 

seasonal differences throughout a year. This is a relatively easy calculation with very few inputs 

using the standard Thornthwaite method (Schwartz and Zhang, 2003). In this study, 

evapotranspiration was calculated on a daily basis with the much more detailed Penman-

Monteith equation. The monthly calculated values of evapotranspiration tend to be consistent 

with the summed daily calculations (Figures 4-2 and 4-3). Although this Penman- Monteith 

method requires more data input and some assumptions, the daily evapotranspiration calculations 

are very valuable. For example, more than half of the precipitation that falls in this region every 

year is lost to evapotranspiration, and therefore daily values of evapotranspiration are necessary 

to produce an accurate daily recharge calculation. Daily values can also be used to indicate dry 

times in the record, as can be seen by the periods of zero calculated evapotranspiration in figure 

4-2. In this study area, this commonly happens during the month of May, when there is not 

enough precipitation to produce recharge.  

Transmissivity 

Influence of Diffuse Recharge on Storm Event Hydrographs and Transmissivity 
Calculations 

 Comparing results of the 1D model with and without recharge showed that including 

diffuse recharge in the solution will significantly change the predicted transmissivity. These 

results suggest that transmissivity may be overpredicted with the methods that do not include the 

diffuse recharge. This happens because an artificially high transmissivity is needed to create a 

good match in methods that disregard diffuse input. This was the case in Martin et al. (2006), 

where transmissivities were calculated using only the Pinder et al. (1969) analytical solution 
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which disregards the diffuse component. Calculated transmissivity values from the same storm 

were three times more when calculated with the 1D model without recharge. This suggests that 

choosing a method which does not include recharge is a crucial omission when using a large 

scale natural event to estimate transmissivity through passive monitoring. In local karst regions, 

dissolution of the landscape leads to high susceptibility to pollution via groundwater recharge. 

Overpredicted transmissivity values suggest faster movement of pollutants through the system 

than what may actually be observed.  

Although the inclusion of diffuse recharge changes the calculated transmissivity values, it 

is important to point out the difficulties that go along with including the recharge. Three of the 

four model simulations including the diffuse recharge component result in predicted curves that 

are unrealistically pointed and jagged when compared to the smooth curves that are produced in 

the observed data (Figures 27-30, 35-40) . This effect is most noticeable during the small 

December 2005 event, and is not seen in the large September 2004 event. Assuming the total 

amount of calculated recharge per storm event is correct, then the jagged predicted curves may 

be displaying a lag time effect.  This happens if the full amount of the calculated recharge per 

day did not fully reach the well during that same calculated day. Rather, the recharge actually 

reaches the aquifer slowly over the course of a few days after the rain event. To correct for this in 

the model, recharge would have to be spread across the time steps in varying amounts. 

Determining how to spread the recharge across the model is difficult because the excess 

precipitation calculation can not be refined to better than a daily time scale. It is also difficult 

because the influence that the diffuse recharge has on the hydrograph varies per storm event. For 

example, the jaggedness of the predicted curves during the March 2005 storm event is much 

more apparent than during the September 2004 storm event. This may be a result of most of the 
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recharge (>30 cm) occuring over a short two day period. In contrast, the other storms have 

recharge occur sporadically throughout the course of the event. The heavily focused recharge 

coincides with the large storm pulse arriving via the conduit during the September 2004 event, 

and results in a quick, sharp increase in the storm hydrograph (3.5 m in 10 days). This helps 

mask the effect of the diffuse recharge component, as a smooth hydrograph is predicted. The 

time lag of diffuse recharge to the water table is influenced by the location of the water table as 

compared to the surface during the various storm events. During larger events like in September 

2004, the water table came extremely close to the surface (Table 5-1), and thus it is expected that 

recharge occurs quickly. In smaller events like March 2005 and December 2005 the water table 

starts low and does not increase too far into the surficial sediment (Table 5-1); the greater depths 

to the water table would result in greater amount of time for recharge to reach the water table as 

compared to the September event. The time lag of the diffuse recharge is also affected by the 

storage that occurs in the unsaturated zone. The ability to temporarily store more water in this 

area will increase the time it takes for recharge to reach the water table.  

 Choosing one pattern of water table response to rainfall would also be difficult in this 

region because of the varying flow that may occur in the unsaturated zone produced by different 

magnitude storms. When soil is not saturated, soil moisture flows downward by gravity flow 

through interconnected pores (Fetter, 1994). With increasing water content, more pores will fill 

and the rate of downward water movement increases (Fetter, 1994). Because the vertical 

unsaturated hydraulic conductivity is not constant, the rate of flow will be affected by the amount 

of diffuse recharge entering the unsaturated zone. This amount varies with intensity of the storm.  

Influence of Scale Effects on Transmissivity Calculations 

Both the analytical method without recharge and the 1D model simulations show the effect 

that scale has on the transmissivity calculation. It has been noted in previous work on karst 
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aquifers (e.g., Bradbury and Muldoon, 1990; Rovey, 1994; Martin et al, 2006) that when 

increasing scale, preferential pathways tend to dominate a larger percentage of groundwater 

flow, thus increasing transmissivity. This seems to be the case around the Santa Fe Sink-Rise 

system, where transmissivity to the wells furthest from the mapped or inferred conduit (Well 1, 

Tower Well, and possibly Well 7) are two to three orders of magnitude greater than 

transmissivity of wells near the mapped conduit (Well 4 and Well 6). The scale effect is seen 

with all four storm events since 2003. The fact that transmissivity increases so much with 

increasing distance away from the river supports the idea that the preferential flow paths exist, 

and thus the karstic limestone of the Floridan aquifer is highly heterogeneous in nature.  

In contrast to both of the curve matching techniques, the recession curve analysis does not 

show the scaling effect. However, the recession curve analysis results should be interpreted in a 

different manner than results produced by the two curve matching methods. The recession 

analysis method yields insight into the transmissivity of the intergranular, matrix rock. This does 

not include the conduit and fracture zones that make up the preferential flow paths in the highly 

karstic parts of the Floridan aquifer. This is most obvious for locations at a far distance away 

from the conduit (Well 1, Well 2, and Well 7) where the recession curve transmissivities are 

significantly lower than those calculated by the analytical solution and model (Table 4-6). 

Transmissivity calculated with the recession curve analysis at well locations that are close to the 

conduit (Well 4 and Well 6) yield very similar results to those calculated with the other methods. 

This is most likely because the amount of preferential flow paths encountered in the short 

distance between the wells and conduit is much less than over the whole formation, so therefore 

the transmissivity of the formation between these points mimic the matrix transmissivity around 

the wells. These results suggest that the analytical solution without recharge and 1-dimensional 
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model with recharge are more useful for predicting how the system will respond to a storm pulse 

arriving from the conduit location, while the recession curve analysis is better for understanding 

how a particular well responds after the storm pulse. For example, if the goal was to understand 

how a contaminant will move from the conduit to the matrix during a storm event, then one 

would be more concerned with the understanding the maximum transmissivity of the whole rock 

formation. In contrast, if a contaminant was dumped at a point source (e.g. near an observation 

well), one might be concerned with how that contaminant will move near the region in which it 

was dumped.  

Prior to this study, air permeability tests were performed on cores recovered from Well 5 in 

the O’Leno State Park study area. In regions where at least 50% of the core was recovered, 

permeabilities averaged about .4 darcys, which is equivalent to a hydraulic conductivity of about 

.297 m/day (Moore and Florea, unpublished data). Slug tests were also preformed in this study 

area at well locations 3, 4, 5, 6 and 7 by Hamilton (unpublished data) and Langston (unpublished 

data). Slug test results analyzed using the Bouwer and Rice Slug Test Method yielded average 

hydraulic conductivity values between 0.864 m/day and 3.89 m/day at the six well locations 

(Hamilton, unpublished data). Average hydraulic conductivity values from this study ranged 

from 1.5 m/day at Well 4 during the March 2003 event to 3000 m/day at Well 7 during the 

September 2004 event. These values are greater than those calculated from permeability and slug 

tests, which is a common result in hydraulic conductivity determined from laboratory and well 

tests as compared to those determined from passive monitoring. These values further support the 

scale effect in this region.  

Influence of Storm Event Magnitude on Transmissivity Calculations 

The September 2004 storm event was the largest event recorded during this study, with 

head changes greater than 3.5 m at the monitoring wells. Calculated transmissivity values from 
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the September 2004 storm pulse are significantly greater than calculated transmissivity values 

from the other three storm events. For example, transmissivity values from Wells 4 and 6 using 

the September event were 3000 m2/day, while calculated transmissivity did not exceed 1000 

m2/day from the other storm events. Transmissivity for the September 2004 event at Well 7 was 

300,000 m2/day, which is about 20 times greater than the transmissivity of 13,500 m2/day 

calculated from Well 7 during the March 2005 event.  

In an unconfined aquifer, the level of saturation rises or falls with the amount of water that 

is in storage (Fetter, 1994). One possible explanation for the higher calculated transmissivity 

values is that the amount of preferential flow paths encountered by the storm pulse is increasing 

as the saturated thickness of the unconfined aquifer increases into the surficial sediments during 

a storm event. This can also happen if the permeability of surficial sediments in this region are 

higher than the limestone. Based on descriptive analysis of a core taken during the installation of 

well location 5, surficial sediment to depths of about 2 m are lightly consolidated fine to coarse 

sands with interspersed chunks of gravel. During the September 2004 storm event, water levels 

were less than 2 m below the surface on average at wells 4, 6, and 7, and were as little as 0.1 m 

from the surface at Well 6 specifically (Table 5-1). This indicates that water was almost 

completely saturating the surficial sediments in some areas. In contrast, water levels at Wells 4, 

6, and 7 were greater than 3 m below the surface on average during the March 2003 event and 

greater than 4 m below the surface during the other two storm events (Table 5-1).  Since the 

boundary between the limestone bedrock and surficial sediments lies at about 3 - 4 m below the 

surface on average, during the small events the groundwater levels rarely reach above the 

limestone. If the saturated thickness of the aquifer increases above the limestone/surficial 
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sediment boundary, then the calculated transmissivity may increase as a result of flow through 

this zone of higher porosity.  

If it is true that transmissivity can change relative to the increasing storm size, then 

determining the maximum transmissivity of this system requires a storm event that fully 

saturates the system. The storm event in September 2004 is represents this scenario, as water 

levels were at or near the surface. One interesting point to note is that overland flow was 

observed in some areas at the O’Leno field site during the September 2004 event (Moore, 

personal communication).  Overland flow might induce an artificially high calculation of 

transmissivity if water were to flow faster overland and infiltrate downward into the wells. This 

happens because overland flow decreases the distance from the conduit to the monitoring wells. 

Overland flow may have occurred near Well 6 during this storm, as can be seen by the water 

level being extremely close to the surface. However, overland flow is not likely at Wells 4 and 7, 

which still had water levels about 2 m below the surface at the peak of the event. Overland flow 

could potentially be a possible source of error in any passive monitoring calculation of 

transmissivity, and should be noted during large events where it may occur.  

Choosing the Appropriate Method to Calculate Transmissivity 

 Three methods were used to calculate transmissivity throughout this study. The most 

important differences between the three methods are whether the recharge is included in the 

method and the type of transmissivity that is being calculated (i.e. matrix versus whole rock 

formation). Because of these differences, comparison between methods should be approached 

with caution.  

As previously discussed, the 1-dimensional model without recharge and the Pinder et al. 

(1969) analytical method without recharge essentially produce the same results (Figure 4-27). 

The only real difference between the two methods in this study is the way in which curve 
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matching was performed. With the analytical method, curves are matched visually by time-lag or 

by amplitude. In the model, the curves are calibrated numerically from deviation between 

predicted and observed curves via root mean square error. The difference that this has on the 

calculation of transmissivity in some cases can be significant (Table 4-6). The model is most 

likely more accurate because the best fit curve is determined numerically as opposed to making a 

visual estimate. Methods like these that neglect the diffuse recharge component are adequate to 

use in regions where little diffuse recharge occurs, such as a confined karst aquifer.  

The 1-dimensional model with recharge is useful in regions similar to the unconfined Santa 

Fe River basin, where diffuse recharge is significant. The model used in this study maximizes the 

effect of incorporating recharge by assuming that all of the calculated excess precipitation arrives 

as recharge to the water table on the same day it was calculated for. Results show that 

disregarding the diffuse component in such regions can lead to overpredicted transmissivity 

values. Creation of the very basic 1-dimensional numerical model used in this study is a similar 

amount of work compared to the computing iterations involved with solving the analytical 

solution. Therefore, it would be hard to argue that the analytical solution is any easier to apply. 

Also, the modeling allows for simple calibration of various parameters with numerical based 

sensitivity analysis of those parameters.  

Diffuse Recharge Component and Possible Implications for Dissolution 

An important part of understanding the potential karstification of the unconfined Floridan 

aquifer region in response to storm events is being able to accurately make water budget 

calculations. This requires quantification of the volumetric inputs and outputs of the system; 

most importantly the volume contributed by diffuse recharge in comparison to the volume of 

water received from the conduit. Previously, quantifying the diffuse recharge input had been a 

challenge in this study area because the basin area contributing to the system had been difficult 
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to assess. However, using the area estimates made from recession curves in this study (Table 4-

8) we now have the ability to make some comparisons between these two components. Possible 

sources of error to the overall budget include if there are other inputs and outputs to the system. 

Besides the Sink and the diffuse recharge, a third possible input to the system may be from a 

feeder conduit that has been mapped to the east of the O’Leno State Park study area (Figure 2-2). 

Other possible inputs include at Vinzant’s landing just north of the River Sink, and any recharge 

that might occur to the confined Floridan aquifer. Other possible outputs include springs that are 

located downstream of the River Rise.  

Screaton et al. (2004) discuss possible local karstification in the Santa Fe River system 

resulting from inflow of conduit water to the aquifer after a storm event. A small storm event 

from late September 2001 was used (Figure 4-4), which produced a little more than seven cm of 

precipitation over 16 days. The amount of water lost to the matrix during this time was 2.2 x 106 

m3, calculated from the difference between River Sink and River Rise daily discharges. The 

degree of undersaturation was estimated from chemistry data collected in 1998 at the River Sink, 

for a stage similar to the stage recorded during the 2001 event. Because the residence time of the 

conduit water in the matrix was not known, the calculation was simplified by assuming all the 

water lost from the conduit remains in the matrix rock sufficient time to reach equilibrium. It was 

calculated that the volume of rock needed to dissolve in order to bring the calcium concentration 

back to equilibrium was 1.06 x 104 m3. An estimated area of dissolution surrounding the conduit 

of 3.0 x 107 m2 was used, which implied regional dissolution of 4.6 x 10-4 m. This regional 

dissolution rate was an order of magnitude greater than rates of 2.63 x 10-5 m reported by 

Opdyke et al (1984) from measurements of dissolved calcium in Florida’s springs.  
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The calculations of possible dissolution in Screaton et al. (2004) do not account for 

dissolution occurring from diffuse recharge. Using the calculated basin area of 4.44 x 108 m2 

from above, we can now calculate the total volume of water that enters the matrix via diffuse 

recharge. For the same 2001 storm event, assuming that precipitation recharges evenly across the 

entire basin area, this volume would be equal to 3.20 x 107 m3. If we use the low end of the 

calculated basin area of 3.35 x 108 m2, than this volume of water would be equal to 2.38 x 107 

m3. These calculated volumes of diffuse recharge are an order of magnitude higher than the 

volume contributed to the system by the conduit. Determining the dissolution caused by this 

volume will be possible once chemistry data from precipitation in the study area is determined. 

However, the fact that the total volume of water input from the diffuse recharge during this small 

event is much larger than the conduit input, suggests that dissolution will actually be greater than 

calculated by Screaton et al. (2004).  

 With the addition of more storm event data since the original calculations in Screaton et 

al. (2004) were performed for the 2001 event, it is now possible to make a similar calculation of 

dissolution for a larger event. The March 2003 event discussed in Martin et al (2006) had a head 

increase of near three meters, and a full record of daily discharge values. During the 19 days of 

this storm event, the conduit lost 2.83 x 107 m3 of water to the matrix based on the Sink and Rise 

daily discharges. This volume is an order of magnitude higher than the amount of water lost to 

the matrix during the smaller 2001 event. Using the same chemical data from the River Sink 

collected in 1998 (Screaton et al, 2004), .3 moles of calcite per liter of water is needed to 

dissolve in order to reach equilibrium at a River Sink stage of 13.43 meters. This would equal a 

dissolved rock volume of 3.13 x 105 m3 from the conduit component. These results can be 

converted to regional denudation rates using the same estimated area of 3.0 x 107 m2. The 
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regional denudation resulting from this storm would be 1.04 x 10-2 m, which is two to three 

orders of magnitude higher than the original reports of 4 x 10-5 m/yr by Opdyke et. al (1984) and 

4.60 x 10-4 m by Screaton et al (2004) for the smaller 2001 event.  

During this same large 2003 storm event there was 12 cm of diffuse recharge. This would 

equal a total diffuse recharge input of 5.33 x 107 m3 of water into the matrix using an area of 4.44 

x 108 m2, and an diffuse recharge input of 4.02 x 107 m3 using an area of 3.35 x 108 m2. Even if 

we assume the lower calculated value for diffuse input is correct, this is still much greater than 

the total amount contributed by the conduit during the storm. This would increase the estimated 

dissolution over the entire basin area.  
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Table 5-1. Elevations of the ground surface, top of limestone bedrock, and water table before and at the peak of various large storm 
events at different well locations (in meters above sea level) 

Well 
#     Surface  

limestone 
bedrock 

Water Table 
before 

March 2003 
event  

Water Table 
at peak of 

March 2003 
event  

Water Table 
before 

September 2004 
event  

Water Table at 
peak of 

September 2004 
event 

Water Table 
before 

March 2005 
event  

Water Table 
at peak of 

March 2005 
event 

Water Table 
before 

December 2005 
event  

Water Table at 
peak of 

December 2005 
event 

1 14.45 -2.62 10.17 13.81 - - 10.50 13.25 10.25 12.10 
4 17.89 13.32 10.17 12.23 9.85 13.13 10.56 11.89 9.94 11.28 
6 13.51 8.64 - - 10.11 13.38 10.57 11.89 10.07 11.28 
7 15.22 9.73 - - 9.97 13.05 10.41 11.46 9.98 10.95 

 



 

CHAPTER 6 
SUMMARY 

 Understanding aquifer parameters in karst regions is an important concern 

because of the reliance on these regions for potable water and because of the possibility 

for contamination across these landscapes. There are many methods available to evaluate 

aquifer parameters, including laboratory tests and aquifer tests. However, these methods 

are difficult to apply in karst regions because the small scale often neglects to incorporate 

the heterogeneous nature of the whole rock formation. In this study, passive monitoring 

of water levels was used as a method to evaluate transmissivity between a conduit 

location and observation wells at varying distances away from the conduit.  

 The Pinder et al. (1969) analytical solution was first applied in this study area by 

Martin et al. (2006) to storm event data from 2003. This method predicts water levels at 

observation wells based on response in a nearby boundary (conduit) location, but does 

not include a recharge component in the solution. Results indicated that transmissivity 

values range based on vicinity to the conduit location, with wells at a further distance 

away having the highest calculated transmissivity values. These scale effects were 

consistent with results in this study using the Pinder et al. (1969) analytical method 

applied to three more storm events occurring after 2003.  

 Three methods including a water budget, chloride concentrations, and water table 

fluctuation were used to calculate diffuse recharge in the study area. Results indicate that 

diffuse recharge is quantifiable and especially significant during large storm events, and 

thus should not be neglected in the transmissivity calculation. A 1-dimensional model in 

MODFLOW was created to test the influence of diffuse recharge on the transmissivity 

calculation. Like the analytical solution, the model predicts water levels in observation 
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wells based on change in nearby boundary conditions; however, the model also allows for 

recharge to be entered for any time step. Calculated recharges using the water budget 

were entered into the model on the day of occurrence. Models were calibrated to 

observed data and a best fit transmissivity was determined using root mean square error 

as the criteria for fit. Results indicated that neglecting to include diffuse recharge will 

result in overpredicted calculated transmissivity. Results also showed some difficulties 

with adding recharge to the model. These include the possibility that a lag time may exist 

from when the initial portion of diffuse recharge reaches the water table to the final total 

amount of diffuse recharge, and also that the effect of recharge on the observed 

hydrograph may be influenced by the storm event magnitude.   

 Calculation of the basin area contributing to the discharge of the Santa Fe River 

Basin upstream of the River Rise, in combination with quantifying the diffuse recharge, 

allows for comparing the components of the water budget in the system. Results show 

that the total input of diffuse recharge during a storm event, as compared to input from 

the conduit boundary, will vary based on the magnitude of the storm. Diffuse recharge 

should be an important part of the potential dissolution of limestone in this study area, 

and should be included in future calculations when chemistry data become available.  
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