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Introduction 
This report presents the findings of dye tracing that was conducted in 2018 in southern Olmsted County, Minnesota. 
Previous dye tracing in southern and east central Olmsted County has been completed over the last two decades in 
support of water resource management and springshed mapping (Larsen and others, 2016; Johnson and others, 2014; 
Eagle and Alexander, 2007). 

Collaboration between the Minnesota Department of Natural Resources, University of Minnesota Department of Earth 
and Environmental Sciences, Minnesota Department of Agriculture, and Soil & Water Conservation Districts (SWCD) has 
led to many dye tracing investigations in southeastern Minnesota. The results of these investigations are available through 
an online Minnesota Groundwater Tracing Database application developed by the Minnesota Department of Natural 
Resources. The application allows users to view the content in the figures below at different scales and to access data 
associated with this and other trace investigations. 

Dye tracing and spring chemistry are used to understand groundwater recharge characteristics, groundwater flow 
direction and velocity, and to assist in determining the size and areal extent of the groundwater springsheds that supply 
perennial groundwater discharge to springs.  

 

Figure 1. Location map of the Orion Sinkhole Plain study area. Geology base map unit colors correspond with colors used in the 
Formation column of Figure 2. 

https://www.dnr.state.mn.us/waters/programs/gw_section/springs/dtr-list.html
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Area Geology and Hydrogeology 
Underlying the relatively thin veneer of unconsolidated sediments in Olmsted County, such as glacial till, loess, sand, and 
colluvium, is a thick stack of Paleozoic bedrock units that range from middle Ordovician to Cambrian in age (Olsen, 1988). 
Ordovician rocks are generally dominated by carbonates, whereas the Cambrian rocks are generally siliciclastic (Figure 2).  

 
Figure 2. Geologic and hydrogeologic attributes of Paleozoic rocks 
in southeastern Minnesota. Modified from Runkel and others, 
2013. 

A generalized stratigraphic column for Olmsted 
County (Figure 2) shows lithostratigraphic and 
generalized hydrostratigraphic properties (modified 
from Runkel and others, 2013). Hydrostratigraphic 
attributes have been generalized into either aquifer 
or aquitard based on their relative permeability. 
Layers assigned as aquifers are permeable and easily 
transmit water through porous media, fractures or 
conduits. Layers assigned as aquitards have lower 
permeability that vertically retards flow, hydraulically 
separating aquifer layers. However, layers designated 
as aquitards may contain high permeability bedding 
plane partings conductive enough to yield large 
quantities of water 

In southeast Minnesota, springs and groundwater 
seepage frequently occurs at the toe of bluff slopes 
and at specific hydrostratigraphic intervals. Common 
intervals include near the geologic contact of the 
Maquoketa-Dubuque, Dubuque-Stewartville, 
Stewartville-Prosser, Prosser-Cummingsville, 
Decorah-Platteville, St. Peter-Shakopee, Shakopee-
Oneota, and Jordan-St. Lawrence (Steenberg and 
Runkel, 2018). 

A hydrogeologic framework that describes prominent 
karst systems for southeastern Minnesota (Runkel 
and others, 2013) is based largely on the work of 
Alexander and Lively (1995), Alexander and others, 
(1996), and Green and others (1997, 2002). The 
systems described in this framework include the 
Devonian Cedar Valley, the Upper Ordovician Galena-
Spillville, the Upper Ordovician Platteville Formation, 
and the Lower Ordovician Prairie du Chien Group. 
Karst characterization and sinkhole mapping in 
Olmsted County has delineated areas of active karst 
processes and high sinkhole probability (Alexander 
and Maki, 1988). 

The dye tracing presented in this report occurred in 
the Prosser Formation of the Galena-Spillville karst, 
where groundwater rates can reach up to 1-3 
miles/day (Green and others, 2014).  
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Dye Tracing Methods 
Dye tracing is a technique used to characterize the groundwater flow system to determine groundwater flow directions 
and rates. Traces are designed to establish connections between recharge points (sinkholes and stream sinks) and 
discharge points (springs and streams). Multiple traces are necessary to delineate the boundaries of a springshed. Dye 
tracing is accomplished using fluorescent dyes that travel at approximately the same velocity as water and are not lost to 
chemical or physical processes (conservative tracers). Fluorescent dyes used in tracing are non-toxic, simple to analyze, 
detectable at very low concentrations, and not naturally present in groundwater. 

To detect the presence or absence of dye at springs and other monitoring locations, passive charcoal detectors were used. 
These detectors, often referred to as “bugs”, were deployed prior to introducing dye to determine background levels of 
fluorescence in the groundwater. After dyes were introduced, the bugs were changed periodically by Olmsted SWCD and 
Minnesota DNR staff until the trace was terminated. The time resolution of the dye arrival at the monitored points is 
limited to how long the charcoal packets were left in the water before being analyzed. Appendix A summarizes the 
monitoring locations and how frequently the passive detectors were changed. 

Passive dye detectors were sent to the University of Minnesota, Department of Earth Sciences for analysis. Bugs were 
analyzed by extracting the dyes with an extract of water, sodium hydroxide and isopropanol. The solution was then 
analyzed using a Shimadzu RF5000 scanning spectrofluorophotometer and the resultant dye peaks were analyzed with a 
non-linear curve-fitting software and summarized into a table (Appendix A).  

Project Area and Trace Background 
The project area, located approximately 6 miles north-northwest of Chatfield, Minnesota, is an active karst landscape 
where groundwater flow is partially governed by conduits and large solution-enhanced fractures. The trace occurred in 
an area with abundant sinkholes located east of Kinney Creek and north of the North Branch Root River (Figure 3). 

 

Figure 3. Dye input and monitoring locations of the 2018 trace. 
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The Orion Sinkhole Plain - Devil’s Den traces were designed to establish connections between overland recharge points, 
the sinkholes located in the uplands, and springs. Three tightly spaced sinkholes on a bedrock peninsula were chosen to 
refine springshed boundaries and learn more about groundwater flow in this landscape setting (Figure 3). Property access, 
permission, and sampling was coordinated by Martin Larsen of the Olmsted SWCD.  

The three dye introduction points were sinkholes which were receiving springtime snowmelt runoff. These traces were 
completed near the end of the snowmelt; therefore, runoff rates were less than 1 liter/minute. All three dyes were poured 
on 4/22/2018 at the sinkhole locations summarized in Table 1.   

Table 1. Summary of pour locations, dye types, and masses. 

Trace Results 
Inferred Groundwater Flow Direction and Springshed Delineation 

Two of the three dyes used were detected in neighboring 
springs. Rhodamine WT was detected in 55A124 (Billy’s 
East spring). Eosine was detected at 55A124 (Billy’s East 
spring), 55A123 (Billy’s West Spring), 55A624 (Hidden 
Spring), and 55A118 (Devil’s Den Box spring).  

In addition to refining the shape and areal extent of the 
Devil’s Den and Billy’s Springsheds, these traces also 
delineated an area between the springsheds where 
groundwater can flow to either. Water entering the 
sinkholes in this area can split and flow (contribute) to 
two or more springsheds. This area is denoted as an 
Interbasin Area in Figure 5. 

Eosine was also detected at a bug placed approximately 
2200 feet downstream of Billy’s East Spring in the spring 
run at 55X010. Dye detection at this location is consistent 
with the dye traveling in the surface water of the spring 
run. The uranine HS dye was not detected at any of the 
springs or stream monitoring locations. 

 

Figure 4. Rhodamine WT dye visible to the unaided eye at Billy’s 
East Spring (55A124). (photo by M. Larsen) 

 

* The Karst Feature Database (KFD - sinkholes and sampling locations) and the Minnesota Spring Inventory (MSI - spring locations) both identify 
features with TEN digit Relate ID numbers which are unique to each feature. This report condenses the KFD and MSI Relate ID numbers by removing 
the place holding zeros -- to simplify the figures, tables and text. (e.g., KFD sinkhole 55D0000407 condenses to 55D407, KFD sampling location 
55X0000010 becomes 55X10 and MSI spring 55A0000118 becomes 55A118). Some of these features are also named, for instance feature 55A118 is 
named "Devil's Den Box Spring". 
 

Date of Dye Input Location 
(KFD number)* Dye Type Mass (grams) 

4/22/2018 55D407 eosine 
solution 575.81 

4/22/2018 
 55D975 rhodamine WT 

 solution 627.12 

4/22/2018 
 55D416 uranine HS 

solution 598.75 
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Figure 5. Inferred groundwater flow paths and aerial extent of springsheds in the vicinity of the Devil’s Den Spring complex. Previous 
inferred flow paths described in Larsen and others, 2016.  

Groundwater Time of Travel 

Groundwater time of travel in the Galena group in Olmsted and Fillmore counties, determined from decades of dye 
tracing, is typically very rapid and conduit pathways are known to extend for miles. Large conduit systems in the Galena 
Group have been encountered throughout Fillmore County (county located directly south of Olmsted).  One large cave 
system, Spring Valley Caverns, is located just over 5 miles to the south-southwest of Orion Sinkhole Plain. 

Dye-breakthrough time of travel for this trace was calculated using the straight line distance from the dye injection points, 
divided by the time elapsed before the dye was detected in passive charcoal detectors from the spring monitoring 
locations. The straight-line distances were multiplied by 1.5 to include the tortuosity of the actual paths (Fields and Nash, 
1997) and divided by the arrival time “window” (Table 2). Using this approach creates some uncertainty, as the dye arrived 
sometime between the detector installation and removal dates.   Since the removal dates were twenty-four days after the 
introduction of the dye, the calculated late arrival rates are much lower than previous rates calculated for the Galena 
Group in southeastern Minnesota.  
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Table 2. Summary of groundwater time of travel calculations. 

Pour Date Sinkhole Spring 
Detect 

Dye 
Detected 

Straight-line 
Distance 

(ft.) 

Straight-line 
Distance 
X 1.5 (ft.) 

Earliest 
Arrival 
Date  

Latest 
Arrival 
Date  

Arrival 
Days 

(early) 

Arrival 
Days 
(late) 

Rate 
Early 

(ft./day) 

Rate 
Late 

(ft./day) 

4/22/2018 55D975 55A124 Rhodamine 
WT 1569 2354 4/25/2018 5/16/2018 3 24 785 98 

4/22/2018 55D407 55A123 eosine 1770 2655 4/25/2018 5/16/2018 3 24 885 111 

4/22/2018 55D407 55A124 eosine 1663 2495 4/25/2018 5/16/2018 3 24 832 104 

4/22/2018 55D407 55A624 eosine 697 1046 4/25/2018 5/16/2018 3 24 349 44 

4/22/2018 55D407 55A118 eosine 1182 1773 4/25/2018 5/16/2018 3 24 591 74 

 
The rhodamine WT time of travel to Billy’s East spring was a minimum of 98 to 785 feet/day. The low rate is atypical of 
previously observed time of travel in the shallow Galena Group and is very likely an artifact of the long window of time 
before the detector was changed (24 days). The eosine time of travel to Billy’s east and west springs was approximately 
100 to 860 feet/day. Again, the low travel rates are atypical of previously observed rates and are likely an artifact of the 
timing of detector replacements.  

The breakthrough time of travel for the eosine detects at 55A118, Devil’s Den Box spring, was between 74 and 591 
feet/day.  Breakthrough time of travel for 55A624, Hidden Spring, was between 44 and 349 feet/day. The calculated low 
rates are inconsistent with previously observed time of travel values for the Galena group karst and are also likely 
influenced by the frequency of detector replacements. 

Sulforhodamine B was detected at monitoring location 55X10 during the interval from April 22, 2018 to April 25, 2018 
(Appendix A). Sulforhodamine B has not been poured in the vicinity of the project area since 2004, when it was poured 
into sinkhole 55D369 located roughly 1 mile north of the Devil’s Den complex. Its detection may represent slow flow from 
that trace or may have come from an unknown source. Rhodamine dyes are used in agricultural and consumer products. 
Their widespread use is a major reason why dye traces always incorporate a background sample to determine if dye is 
already present in the system. 

Conclusion 

These traces were completed to refine the boundaries between Billy’s Springshed and the Devil’s Den springshed and to 
investigate flow paths at three tightly spaced sinkholes on a bedrock peninsula. The rhodamine WT poured into sinkhole 
D975 traveled 1569 feet  west-southwest to Billy’s Spring East. This flow direction is another example of groundwater flow 
direction in shallow karst not following surface watershed boundaries. If the dye followed surface watershed dynamics, 
the dye would have traveled east to Hidden Spring (55A624), which is 697 linear feet from D975.  

The low end breakthrough time of travel values are inconsistent with previous tracing results in the Galena Group and are 
likely due to the long duration of time that elapsed before the passive detectors were replaced. Additionally, these traces 
were completed near the very end of the snowmelt event. There was no snow or overland runoff on the fields surrounding 
the sinkholes. The only snow left on the landscape was in small, scattered drifts within the sinkholes. The field notes taken 
on April 22, 2018 describe the surface water flow from these drifts as “minimal” and “dripping”. The minimal surface water 
flow could also explain the anomalous low end time of travel values and the failure to detect the uranine dye.  
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Appendix A. Devil’s Den-OSP- 2018 Dye detection summary table.  
Table 3. Devil’s Den-OSP- 2018 Dye detection summary table -  Burnap’s area. 

Bug Name Type KFD # 18 Apr 2018   
22 Apr 2018 

22 Apr 2018  
25 Apr 2018 

25 Apr 2018  
16 May 2018 

16 May 2018 
6 Jun 2018 

Hidden Spring Spring 55A624 --- nd EOS EOS 

Devil's Den Spring Spring 55A16 nd nd nd nd 

D.D. Box Spring Spring 55A118 --- nd EOS EOS 

D.D. Falls Spring Spring 55A117 --- nd nd nd 

Billy's East Spring 55A124 --- --- EOS & SrhB EOS & RhWT 

Billy's West Spring 55A123 --- --- EOS EOS 

Chance Hollow Stream 55X27 nd nd nd nd 

Billy's Background Stream 55X10 nd  EOS & SrhB --- --- 

 

nd =  no dye detected from this bug  

"---" =  no bug from this location during this time interval     

EOS = eosin dye detected.           

RhWT = Rhodamine WT dye detected 

SrhB = sulforhodamine B dye detected    -    
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