Bonne Femme Watershed Project Dye Trace Final Report
INTRODUCTION
Groundwater recharge in karstic systems is highly vulnerable to pollution since there is little-to-no filtering of surface water as it enters subterranean conduits.  Nonpoint source (NPS) pollutants are transported to streams both in solution and bound to suspended sediments in surface runoff.  This pollution poses a special threat to karstic systems since it is spread throughout a watershed and therefore is harder to control.  Thus, it is important to know the recharge area (the sub-surface equivalent to a watershed) of a cave stream in order to determine the sources of water and their associated land-uses. Thus, delineating the recharge area of a cave system provides the basic information required to protect its aquatic resources.  Dye tracing is a method frequently used to determine hydrogeological flow characteristics of an area, and it is the primary tool available for delineating karst recharge areas.   
In November of 2003, a meeting was held between the Bonne Femme Watershed Project and Jim Vandike, a karst geology expert with Missouri Department of Natural Resources.  The possible dye traces to perform were discussed, taking into consideration the previous work done in the Watershed.  From this discussion, it was decided to perform two traces: the lower reach of Bonne Femme Creek; and Gans Creek.   

This report discusses these two dye trace experiments performed by the Bonne Femme Watershed Project.  The first dye trace, carried out during winter 2003-2004, confirmed that the reach of Bonne Femme Creek downstream of Highway 163 loses water to the Devils Icebox, down to the point where elevation precludes transmission of water to the cave (estimated to be 700 feet above sea level). This dye-trace added approximately 5.2 km2 (2.0 mi2) to the Devils Icebox recharge area.  The second dye trace, carried out in the summer of 2004, indicates that Gans Creek does not lose any water out of the stream channel.  


PREVIOUS KARST STUDIES
Devil’s Icebox Cave
Previous studies established the hydrologic links between the DI cave stream and upper Bonne Femme Creek (Crunkilton and Whitley, 1983; St. Ivany, 1988) and the Pierpont sinkhole plain (Deike et al., 1960; King and Hargrove, 1973). The work by St. Ivany (1988) showed that the reach of Bonne Femme Creek between Highways 63 and 163 loses water that flows to DI.  The water is lost via a swallow hole (a sinkhole located in the stream bed) and other fissures and cracks in the bedrock of the stream channel within this reach.  The ‘lost’ water flows through sub-surface conduits to DI.  The initial recharge area delineation for DI was based on these studies in combination with surface water drainage patterns and topography, giving an estimated area of 26.4 km2 (10.2 mi.2) (St. Ivany, 1988; Wicks, 1997). When one looks at a map, it appears there is a large distance between the losing reach of Bonne Femme Creek and the entrance to DI (Figure 1); however, once the approximate cave location is superimposed on the map (Figure 2), it is clear that the cave and the creek are not as distant as they appear upon first inspection.  
St. Ivany also performed hydrological analyses to determine which streams meet the state standards to be classified as losing (St. Ivany, 1988).  In these analyses, the quantity of flowing water in the stream is measured at different locations along a reach of the stream.   If the seven day average of a 10 year low flow (a.k.a. 7Q10) decreases by 30%, it is considered a losing stream according to the state standard.  The reason this determination is important is because there are restrictions by the Missouri Department of Natural Resources about discharge of wastewater to a losing stream.  In this manner, MDNR has given losing streams some extra protection from point source pollutants.  Bonne Femme Creek was found to meet the state standard to qualify as a losing stream (St. Ivany, 1988).
St. Ivany postulated that the reach of Bonne Femme Creek downstream of Highway 163 loses to DI because flow continued to decrease in the reach proceeding downstream from the Highway 163 bridge.  Its flow decreased enough to meet the standard for classifying it as a losing stream.  The drainage area of this section that could flow to DI, excluding the area upstream from the bridge, is approximately 5.2 km2 (2.0 mi.2) in size.  However, St. Ivany did not perform the dye tracing studies to confirm that this does flow to DI.

In addition to confirming that Bonne Femme Creek loses enough water to meet the state standards, Clear and Gans Creeks were confirmed to be gaining streams (and therefore are not losing to DI nor other cave systems).  A gaining stream’s flow increases when moving downstream due to small tributaries contributing flow, and shallow groundwater being added from the channel banks and channel bottom.  St. Ivany did note that Gans Creek seemed to lose approximately 15% of the 7Q10 in one reach, but he showed that this lost water remains in the stream valley.  The lost water flows down through the upper unit of the Burlington Limestone, then flows laterally when it reaches the middle unit of the Burlington Limestone to re-surface further downstream in Gans Creek and a spring that flows into Gans Creek.   
Hunter’s Cave

Although Hunters Cave (HC) is not directly related to the dye traces in this report, brief discussion of its study is warranted because it is in the Bonne Femme Watershed, and it is in close proximity to the traces.  Lerch et al. (2005) used dye tracing to delineate the HC recharge area.   Lerch et al. (2005) found that most of its recharge comes from Bass Creek.  The creek has a meander cutoff that loses to a lower section of HC (see fig. 3), with its water entering the cave at Angel Spring.  In addition, two tributaries to Turkey Creek on its south side were confirmed to lose to HC, although the main channel of Turkey does not (see fig. 4).  These two tributaries lose at a geologic fault along which HC is formed (see fig. 4). The contributing recharge area for HC is approximately 33.4 km2 (12.9 mi.2) and includes portions of the City of Ashland and the Columbia Regional Airport (see fig. 5).
METHODOLOGY
Both of the Bonne Femme Watershed Project dye traces used standard dye tracing techniques (Aley, 1999), involving the introduction of fluorescent dyes into stream channels and their subsequent sorption from the water by activated carbon samplers. These samplers contained approximately 4 g of activated carbon, derived from coconut shell charcoal, placed in a fiberglass screening with openings of 1.3 to 1.5 mm (Aley, 1999).  The samplers were secured within the flow of a stream by tying 17 gage electric fence wire around the samplers’ midsection.  This method of tying the wire to the sampler ensured the wire was well-secured to it, while allowing the charcoal good access to flowing water in order to sorb any dye dissolved in the water column.  The other end of the wire was tied to something that would not likely move in a flood event (either a tree root or a rock greater than 40cm in diameter).   A medium sized rock (i.e. approximately 20 cm diameter) was placed on top of the wire within 10 cm of the sampler to ensure the sampler would stay in flowing water. 
The Bonne Femme trace and Gans Creek trace samplers were placed at 3 and 5 locations, respectively. The specific location for dye injections, dye amounts and type, and locations of activated carbon samplers are given in Tables 1 and 2, Figure 6.  Samplers were placed downstream from all dye introduction points, and at lower elevations in other locations that could potentially have a hydrogeological connection (i.e. adjacent basins in order to assess the possibility of inter-basin transfer, and springs within the same subwatershed). 
Although there are no flow gages on the streams, flow was estimated to be moderately low for Bonne Femme Creek injection (i.e. 1-2 cfs), and low for the Gans Creek dye injection (i.e. 0.25-1.0 cfs). However, for Boone Femme Creek, flow would have increased significantly as 1.27 inches of rainfall were recorded within 24 hours of dye injection.
Table 1. Sampler locations.
	Station Number, Site Description, and Sampler Location

(UTM Coordinates; Zone 15; NAD83 Datum)
	Bonne Femme Dye Injection – 12/09/2003
563,292 m east; 4,302,452 m north
	Gans Dye Injection – 6/16/04

564,318 m east; 4,306,191 m north

	#1, Bonne Femme Creek, 

     562,034 m east; 4,300,330 m north
	x
	

	#2, Turkey Creek

560,344 m east; 4,298,657 m north
	                 x
	  

	#3, Devils Icebox Resurgence

558,414 m east; 4,302,688 m north
	x
	x

	#4a, Gans Creek spring, north fork
559,362 m east; 4,303,400 m north
	
	x

	#4b, Gans Creek spring, south fork

559,362 m east; 4,303,400 m north
	
	x

	#5, spring near Rock Bridge

558,572 m east; 4,302,761 m north
	
	x

	#6, Clear Creek @ Hwy. 163

558,417 m east; 4,303,538 m north
	
	x

	#7, Gans Creek @ Hwy. 163

558,715 m east; 4,303,177 m north
	
	x


Table 2. Dates, locations, amounts, and type of fluorescent dyes injected to delineate the Hunters Cave recharge area.

	Injection

Date
	Fluorescent

Dye
	Amount Injected (kg)
	Injection Location 

(UTM Coordinates; Zone 15; NAD83 Datum)
	Injection Location Name

	12/09/2003
	Fluorescein
	1.36
	563,292 m east; 4,302,452 m north
	Bonne Femme Creek at Highway 163

	6/16/2004
	Rhodamine WT
	1.36
	564,318 m east; 4,306,191 m north
	Gans Creek at Rolling Hills Road


Carbon samplers were in situ for 3-7 days prior to each injection in order to determine if there was already dye present in the system before doing the dye injection.  These background measurements are important in order to determine that any samplers that detected dye were not contaminated by pre-existing dye in the system.  Samplers were typically replaced at weekly intervals for up to 2 months following dye introduction. 
Dyes used in the traces included fluorescein (a.k.a. sodium fluorescein and Acid Yellow 73; CAS No. 518-47-8) in Bonne Femme Creek, and rhodamine WT (a.k.a. Acid Red 388; CAS No. 37299-86-8) in Gans Creek.  Dye analysis of the activated carbon samplers entailed elution of the dyes from the charcoal with 20-ml elutriant solution of 5% NH4OH (Ammonium Hydroxide) in C2H5OH (ethanol) for a period of one hour.  Dye concentrations were determined by fluorescence spectroscopy using a Hitachi F-4500 spectrofluorophotometer at the Missouri Water Tracing Laboratory (Price, 2005). Limits of detection for the charcoal eluants were 50 parts per trillion for both rhodamine WT and fluorescein.  
It should be noted that the Gans Creek trace location is similar to one completed by St. Ivany in May 1984 (St. Ivany, 1988).  It has the same injection point, but some samplers were located in different sites (see above, Table 2).  By having samplers in different locations, it tests to see if water loses to these areas.  In addition, flow conditions were likely different in the two traces.  The difference in flow can be significant as illustrated in the milk-jug theory.  This theory says that karst systems can act like a plastic milk-carton that has holes on different sides at various heights.  As the carton fills with water, it can flow out in different places. In a similar manner, karst systems can have water flow in different directions under differing flow conditions as karst conduit openings can be located at different elevations of the streambank.
RESULTS AND DISCUSSION
Bonne Femme Creek dye injection
In Bonne Femme Creek, the largest fluorescein peak appeared in the packet collected 3 days after injection (DAI), with a much smaller peak 17 DAI, and virtually no peak 30 DAI (see table 3 and Appendix A).  These results are expected since one would assume that under high flow conditions at least some water would stay in the main channel into which it was introduced.  The results also indicate the dye is flushed through the channel relatively quickly.  For DI, the sampler collected at 3 DAI was of a similar magnitude as that of the Bonne Femme Creek collected the same day.  However, the DI samplers collected at 7 and 17 DAI also had large peaks (approximately 1/5 of that from 3 DAI), in contrast to Bonne Femme Creek’s for the same DAI, which had only a small shoulder but no clearly discernable peak.   These elevated peaks indicate that the water moves through the DI quickly (as evidenced by the high peak at 3 DAI), but some of it is also moves through slowly (as evidenced by the somewhat high peaks at 7 and 17 DAI).  Turkey Creek samplers had no peaks.  None of the samplers detected rhodamine WT.
Table 3. Sampler locations and detection of injected dyes for Bonne Femme Creek trace, dye injection on 12-09-03.
	Station Number, Site Description, and Sampler Location

(UTM Coordinates; Zone 15; NAD83 Datum)
	12-12-03 (3 DAI)
	12-16-03 (7 DAI)
	12-26-03 (17 DAI)
	1-8-04 (30 DAI)

	#1, Bonne Femme Creek, 

     562,034 m east; 4,300,330 m north
	2041
	NS
	18.4
	ND

	#2, Turkey Creek

560,344 m east; 4,298,657 m north
	ND
	ND 
	ND
	ND

	#3, Devils Icebox Resurgence

558,414 m east; 4,302,688 m north
	1470
	270
	294
	SHD


#=maximum intensity of highest peak; FL(XXX)fluorescein detected at XXX intensity; RWT=Rhodamine WT; ND = not detected; NS = not sampled; SHD=shoulder, no well-defined peak significantly above background

Table 4. Sampler locations and summary of detection of injected dyes.
	Station Number, Site Description, and Sampler Location

(UTM Coordinates; Zone 15; NAD83 Datum)
	Dye Injection – 12/09/2003
563,292 m east; 4,302,452 m north
	Dye Injection – 6/16/04

564,318 m east; 4,306,191 m north

	
	Fluorescent Dye Detected
	Fluorescent Dye Detected

	
	Fluorescein
	Rhodamine WT
	Fluorescein
	Rhodamine WT

	#1, Bonne Femme Creek, 

     562,034 m east; 4,300,330 m north
	2041
	ND
	NS
	NS

	#2, Turkey Creek

560,344 m east; 4,298,657 m north
	ND
	ND
	NS
	NS

	#3, Devils Icebox Resurgence

558,414 m east; 4,302,688 m north
	1470
	ND
	ND
	ND

	#4a, Gans Creek spring, north fork
559,362 m east; 4,303,400 m north
	NS
	NS
	ND
	ND

	#4b, Gans Creek spring, south fork

559,362 m east; 4,303,400 m north
	NS
	NS
	ND
	ND

	#5, spring near Rock Bridge

558,572 m east; 4,302,761 m north
	NS
	NS
	ND
	ND

	#6, Clear Creek @ Hwy. 163

558,417 m east; 4,303,538 m north
	NS
	NS
	ND
	ND

	#7, Gans Creek @ Hwy. 163

558,715 m east; 4,303,177 m north
	NS
	NS
	ND
	SHD


#=maximum intensity of highest peak of all samplers for that station;  ND = not detected; NS = not sampled; SHD=shoulder, no well-defined peak significantly above background

The reach of Bonne Femme Creek downstream from Highway 163 is verified to lose to DI, thereby confirming what St. Ivany (1988) hypothesized was occurring within this reach.  The trace also indicates that there is no hydrogeological connection between this reach of Bonne Femme Creek and Turkey Creek.  
For delineating the recharge area, it is assumed that the creek loses to DI to the point (point X, Figure 7) where elevation precludes it, which is approximately 700 feet mean sea level (UTM 15, 562,336 m east; 4,300,622 m north NAD83). The drainage area that contributes to the losing section of Bonne Femme Creek confirmed in this trace is 5.2 km2 (2.0 mi.2) (Figure 7, area C).  The two recharge areas, Pierpont Sinkhole Plain (Fig. 7, area A), and the upper Bonne Femme Creek subwatershed (Fig. 7, area B) confirmed to be losing in previous studies (see above, PREVIOUS STUDIES) have areas of 7.1 km2 (2.7 mi.2) and 19.4 km2 (7.5 mi.2), respectively.  The total recharge area is approximately 31.6 km2 (12.2 mi.2).  It contains all of the recently-formed village of Pierpont, and portions of University of Missouri’s Bradford Research Farm, Rock Bridge Memorial State Park and Three Creeks Conservation Area.  
Gans Creek dye injection

The background samplers did not pick up any rhodamine WT dye.  However, they did pick up a significant amount of fluorescein dye in Clear and Gans Creeks, and the spring near Rock Bridge, in late February (see table 5).  For the samplers located at the spring near Rock Bridge and at Gans Creek, this could have been residual fluorescein from the other dye trace resulting from storage of fluorescein in the epikarst (i.e. voids in near surface bedrock). Dye stored in the epikarst was then transported to these two locations under high flow conditions.  It is unlikely that this is the case for Clear Creek as water would have had to flow under Gans Creek to reach Clear Creek, which seems highly improbable. It is also possible that contamination by fluorescein from another source was detected at these three sites, and this seems especially likely to have occurred at Clear Creek.  Anti-freeze is one common substance that contains fluorescein and can easily contaminate a stream, thereby giving a false detect when completing a dye trace.  The background packets picked up on June 15th (the day before the dye was injected) did not detect rhodamine WT nor fluorescein.

Gans Creek had only a weak detection of rhodamine WT dye, which occurred at 30 DAI; all of the other samplers had no detection of either dye (see table 5).  The fact that the only detect was for the period 14-30 DAI indicates water moved slowly through the system.  Its low peak means there was very little dye in the water column.  As dye was not found in any other locations (and therefore no dye was lost from the system), the weak detect suggests the dye was broken down by photolysis; this hypothesis is further supported by the long travel time, thereby allowing ample time for photolytic breakdown to occur.  Also, at this time of year, the days are long and the sun is at a high angle in the sky, giving more time and energy for photolysis to occur.  
The lack of any dye detection at Gans Creek spring (stations # 4a and 4b) runs counter to St. Ivany’s work.  He found that dye was detected there 3 weeks after injection, indicating a slow movement through the gravel in the alluvial plain, and possibly through a minor fracture in the bedrock.  His hypothesis was further supported by his observation that the spring stopped flowing when Gans Creek itself stopped flowing during summer months. The lack of detection is probably due to the low flow conditions causing a photolytic breakdown of dye.  In addition, it is possible flow in the creek was not high enough to allow water with dissolved dye to enter karst conduits that flow to the spring (see above reference to the milk-jug theory). 
Table 5. Sampler locations and detection of injected dyes for Gans Creek trace, injected on 6-16-04.
	Station Number, Site Description, and Sampler Location

(UTM Coordinates; Zone 15; NAD83 Datum)
	2-27-04/3-1-04
	6-14-04
	6-19-04 (3 DAI)
	6-24-04 (8 DAI)
	6-30-04 (14 DAI)
	7-14-04 (30 DAI)

	#1, Bonne Femme Creek, 

     562,034 m east; 4,300,330 m north
	ND
	NS
	NS
	NS
	NS
	NS

	#2, Turkey Creek

560,344 m east; 4,298,657 m north
	ND
	NS
	NS
	NS
	NS
	NS

	#3, Devils Icebox Resurgence

558,414 m east; 4,302,688 m north
	ND
	ND
	ND
	ND
	ND
	ND

	#4a, Gans Creek spring, north fork
559,362 m east; 4,303,400 m north
	ND
	ND
	ND
	ND
	ND
	ND

	#4b, Gans Creek spring, south fork

559,362 m east; 4,303,400 m north
	ND
	ND
	ND
	ND
	ND
	ND

	#5, spring near Rock Bridge

558,572 m east; 4,302,761 m north
	FL(SHD)
	ND
	ND
	ND
	ND
	ND

	#6, Clear Creek @ Hwy. 163

558,417 m east; 4,303,538 m north
	FL(160)
	ND
	ND
	ND
	ND
	ND

	#7, Gans Creek @ Hwy. 163

558,715 m east; 4,303,177 m north
	FL(279)
	ND
	ND
	ND
	ND
	RWT SHD


FL(XXX) fluorescein detected at XXX intensity; RWT=Rhodamine WT; ND = not detected; NS = not sampled; SHD=shoulder, no well-defined peak significantly above background
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