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Use of Dye Tracing To Determine Conduit Flow Paths Within Source-
Protection Areas of a Karst Spring and Wells in the Bear River Range, 
Northern Utah 
 
By Lawrence E. Spangler 
U.S. Geological Survey, 2329 Orton Circle, Salt Lake City, Utah 84119 
 
Abstract 
 

Drinking-water source-protection areas for wells and springs in fractured-rock terranes are often 
delineated by using analytical models and time-of-travel methods based on Darcian concepts. These 
methods, however, generally assume that the aquifers in these terranes behave as uniform, porous media 
at the scale of the study area. Source-protection areas and time-of-travel zones delineated for Dewitt 
Spring and two wells discharging from carbonate rocks in the Bear River Range in northern Utah were 
compared to results of dye tracing. Results of five tracer tests indicate that time of travel based on porous-
media concepts can be substantially overestimated in hydrogeologic terranes where conduit flow paths are 
present. Ground-water travel times of less than 8 days and average velocities of as much as 2,000 feet per 
day were documented within the delineated areas. Source-protection areas in these terranes also may be 
under or over estimated when surface-water divides are assumed to be ground-water divides. As a result, 
dye tracing can be used to help delineate areas that do not contribute to springs or wells, and thus, 
minimize the area that is necessary for source-protection management.  
 
INTRODUCTION     
 

The U.S. Environmental Protection Agency 
(EPA) established guidelines for the delineation 
of wellhead-protection areas in unconfined, 
porous, granular aquifers such as unconsolidated 
sand and gravel (U.S. Environmental Protection 
Agency, 1987). Methods for delineating 
wellhead-protection areas in these types of 
hydrogeologic settings generally assume porous-
media (Darcian) flow and are not intended to be 
applicable in ground-water systems in which 
water movement is mostly along fractures. 
Subsequently, the Wisconsin Geological and 
Natural History Survey (1991), in conjunction 
with the EPA, produced a document concerning 
the delineation of wellhead-protection areas in 
fractured rocks. Although the study sites 
included a carbonate (dolomite) aquifer, it was 
assumed that the flow systems functioned 
similar to those in a uniform, porous medium at 
the scale of the study area. Eckenfelder, Inc. 
(1996), again in conjunction with the EPA, pro-
duced a definitive document detailing guidelines 
for delineation of wellhead- and springhead-
protection areas in carbonate terranes, where 
nonporous-media flow  predominates.  

Drinking-water source-protection areas for 
wells in fractured-rock terranes are often 
delineated by using analytical models and time-
of-travel methods based on Darcy flow 
equations. Aquifers in these terranes, however, 
generally are assumed to behave as uniform, 
porous media at the scale of the study area. 
Fractured-rock aquifers that do not behave as 
porous media, such as those in carbonate (karst) 
terranes, generally cannot be studied with the 
same methods used to characterize porous-media 
aquifers. In these hydrogeologic settings, 
delineation of source-protection areas or zones 
of contribution for wells and particularly 
springs, often can be done only by integration of 
hydrogeologic mapping techniques such as 
water-level measurements, estimates of ground-
water basin size by comparison of normalized 
base flow of springs (discharge balancing), and 
dye-tracer tests (Eckenfelder, Inc., 1996). In 
addition, analysis of water chemistry can 
provide useful information with regard to 
sources of water and potential flow paths 
(Jensen and others, 1997). Dye tracing used in 
conjunction with water-table contour maps 
derived from water-level measurements have 
proven to be the most effective methods for 
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determining zones of contribution (recharge 
areas), general directions of ground-water flow, 
and residence times for water in fractured-rock 
aquifers that are characterized by nonporous-
media flow (Mull and others, 1988). 
 
Carbonate Aquifers 
 
Most aquifers in carbonate rocks (limestone and 
dolomite) consist of integrated components of 
both diffuse and conduit flow (Shuster and 
White, 1971 and table 1). Consequently, these 
aquifers are typically dual or triple porosity and 
include both discrete fracture as well as conduit 
(solutionally-enlarged fracture) flow paths. 
Diffuse-flow components may function very 
similar to porous-media flow on a regional scale, 
with ground-water movement typically along 
poorly integrated fractures and other pathways 
where movement is comparatively slow. 
Conduit-flow (karst) components are character-
ized by solutional enlargement of fractures and 
bedding-plane partings, promoting rapid ground-
water movement along complex pathways. As a 
result, porous-media concepts (Darcian flow) 
generally do not apply.  
 
Carbonate-rock aquifers generally are highly 
anisotropic, and hydraulic-conductivity values 
can range over several orders of magnitude 
(table 1). Thus, ground-water velocities and 
travel times can vary considerably. In addition, 
travel times typically decrease with increases in 
discharge. Although average values for 
hydraulic properties determined from well tests 
may be representative of carbonate aquifers on a 
regional scale, solutional enlargement of 
fractures and bedding-plane partings typically 
results in preferred pathways with increased 
ground-water velocity that need to be considered 
when source-protection areas are delineated. 
 
Delineation of Source-Protection 
Areas  
 
Dewitt Spring near Logan, Utah (fig. 1), 
provides an example of the use of dye tracing to 
determine conduit flow paths and recharge areas 
in comparison to source-protection areas 
delineated by methods based largely on porous-
media (Darcian) concepts. Dewitt Spring 

discharges from Paleozoic-age carbonate 
(limestone and dolomite) rocks to the Logan 
River, which is base level for ground water that 
discharges from this alpine region. Discharge 
from the spring ranges from a low flow of about 
10 cubic feet per second during the winter to a 
peak flow of as much as 35 cubic feet per 
second in late spring during snowmelt runoff 
(Dennis Corbridge, City of Logan, written 
commun., 1998). Dewitt Spring discharges 
along the axis of a regional syncline where the 
Logan River breaches the structure. On the basis 
of discharge variation, structural geology, and 
dye-tracing studies, ground-water flow to the 
spring is probably down dip to the axis of the 
syncline, along solutionally-enlarged bedding 
planes and fractures.  
 

The source-protection area for Dewitt 
Spring was delineated by using hydrogeologic 
mapping methods, including stratigraphic 
relations and structural geology (Eckoff, 
Watson, and Preator Engineering, 1996). Time-
of-travel zones determined from calculated 
average linear velocity and representing 250-day 
and 3-year ground-water travel times were 
established within the delineated area (State of 
Utah, 1995 and fig. 1). Time-of-travel distance 
to the spring within these zones was determined 
to be about 2,300 and 10,200 feet, respectively, 
based on an average linear velocity of about 9.3 
feet per day. Beyond the 3-year time-of-travel 
boundary and within the area delineated by 
hydrogeologic mapping, ground-water travel 
times were assumed to be as long as 15 years. 
Because time-of-travel methods are not 
applicable in this hydrogeologic setting, the 
source-protection area for Dewitt Spring was 
subsequently revised (1997) and all of the zones 
were combined into one zone delineated on the 
basis of hydrogeologic mapping (fig. 1). 

 
Subsequent dye tracing to the spring 

indicates flow paths with considerably faster 
travel times than those determined by time-of-
travel calculations. Maximum ground-water 
travel times ranging from 22 to almost 31 days 
were determined for losing stream reaches 3.0 to 
7.2 miles upgradient from Dewitt Spring (table 
2) and within the delineated source-protection 
area (fig. 1). These travel times also indicate that 
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Table 1. Hydrogeologic characteristics of diffuse- and conduit-flow components of carbonate aquifers 
 

Aquifer characteristic Diffuse flow Conduit flow 

Porosity Discrete fractures; macropores; intergranular Solutionally-enlarged fractures and partings 

Ground-water movement Dominantly laminar Dominantly turbulent 

Residence time Months to years Days to weeks 

Hydraulic conductivity 10-3 to 10 feet per day 102 to 104 feet per day 

Hydraulic gradient Moderate to high Low; typically nearly horizontal along principal 
flow paths 

Water table Can be similar to that in porous media, 
following surface topography 

Irregular; often poorly defined 

Storage Moderate to large Small; water levels can fluctuate rapidly over 
large range 

Discharge variability Generally low; springs may respond to 
seasonal effects 

High; springs respond rapidly to precipitation; 
peak flow typically 10 to 50 times base flow

Chemical variability Seasonal variations in pH, water temperature, 
and specific conductance; water often 
saturated with respect to calcite 

Variations in chemical parameters occur with  
changes in discharge; water generally 
unsaturated with respect to calcite 

Turbidity Generally low Can be high with increasing discharge 

Recharge Infiltration through soils and fractures Point-source recharge through sinkholes and 
sinking streams 

 
 
 

Table 2. Summary of dye traces to Dewitt Spring, Logan Canyon, northern Utah 
 
[ft/d, feet per day; ft3/s, cubic feet per second] 
 
Maximum travel time: Travel time calculated from initial dye recovery on activated charcoal; actual travel time probably substantially 

less. 
Linear distance: Straight-line distance between dye-injection and dye-recovery site; actual distance probably substantially greater. 
Minimum average velocity: Velocity determined from maximum travel time and linear distance; actual average velocity probably 

greater. 
Vertical distance: Difference between altitude of dye-injection and dye-recovery site. 
Spring discharge: Estimated/measured discharge of spring at time of dye injection. 

Dye-injection site 
Altitude 

(feet) 

Altitude of 
spring  
(feet) 

Date and time of  
dye injection 

Amount of 
fluorescein  

dye  
(pounds) 

South Fork, Cottonwood Canyon 7,160 5,040 09-15-1995 1700 2.4 
Upper Wood Camp Hollow 7,120 5,040 09-13-1996 1800 2.0 
Upper Cottonwood Canyon 7,920 5,040 07-05-1998 1800 4.4 
Water Canyon 6,320 5,040 11-11-1999 1500 2.0 
Green Canyon 6,560 5,040 05-18-2002 1830 2.5 

 

Dye-injection site 
Date and time of  

dye recovery 

Maxi-
mum 
travel 
time 

(days) 

Linear 
distance

(feet) 

Minimum 
average 
velocity 

(ft/d) 

Vertical 
dis-

tance 
(feet) 

 
Spring 

dis-
charge 
(ft3/s) 

South Fork, Cottonwood Canyon 10-09-1995 1745 24.0 29,550 1,230 2,120 25 
Upper Wood Camp Hollow 10-14-1996 1415 30.8 22,700 735 2,080 23 
Upper Cottonwood Canyon 07-27-1998 1740 22.0 38,200 1,740 2,880 28 
Water Canyon 11-19-1999 1500 8.0 15,840 1,980 1,280 20 
Green Canyon 06-17-2002 1935 30.0 15,940 530 1,520 33 
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Figure 1.  Source-protection areas for Dewitt Spring and Green Canyon wells and results of dye tracing.
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minimum average ground-water velocities 
ranged from about 530 to 1,740 feet per day 
(table 2). Because passive (cumulative 
adsorption) dye-tracing methods were used, 
however, ground-water travel times are probably 
substantially shorter and velocities are greater.  
 
Source-protection areas for two wells completed 
in fractured dolomite at the mouth of Green 
Canyon, near Logan, Utah (fig. 1), also were 
delineated on the basis of time-of-travel 
concepts (Eckoff, Watson, and Preator 
Engineering, 1999). The EPA semi-analytical 
Wellhead Protection Area (WHPA) model 
(Blandford and Huyakorn, 1991) was used to 
delineate three zones around the wells, 
representing 250-day, 3-year, and 15-year 
ground-water travel times (State of Utah, 1995 
and fig. 1). Time-of-travel zones for well 2 were 
delineated within the zone of contribution for 
well 1. This model assumes that the aquifer is 
homogenous, and therefore, approximates a 
uniform, porous medium. As in the case with 
Dewitt Spring, time of travel based on porous-
media assumptions is not applicable in this 
carbonate terrane, and the source-protection 
areas for the wells were revised (2000) and 
combined to include the entire Green Canyon 
watershed (fig. 1). The revised source-protection 
area for both wells was determined mostly by 
using topographic divides that correspond to a 
sixth level hydrologic unit (sub-watershed) 
boundary (Natural Resources Conservation 
Service, 2002). 
 
Dye tracing in the mapped zone of contribution 
for these wells indicates that ground water 
flows, in part, to the southeast away from the 
wells, and discharges at Dewitt Spring, in the 
adjacent surface-water basin (fig. 1). Results of 
dye tracing also show that a large part of the 
source-protection area delineated for the Green 
Canyon wells probably lies within the recharge 
area for Dewitt Spring. Maximum travel time of 
ground water to the spring from the Green 
Canyon area during base flow was less than 8 
days, with a minimum average velocity of 
almost 2,000 feet per day (table 2). 
 
 
 

 
CONCLUSIONS  
  

Dye tracing shows that time of travel based 
on porous-media (Darcian) concepts can be 
substantially overestimated in hydrogeologic 
settings where conduit flow paths are present. 
Although slower components of flow along 
diffuse pathways are present within the recharge 
(contributing) areas of the springs and wells and 
may simulate porous-media flow on a regional 
scale, recognition of conduit pathways is crucial 
in predicting the transport and fate of 
contaminants to public-water supplies developed 
in these settings. Further, source-protection areas 
for springs and wells in these terranes may be 
under or over estimated when ground- and 
surface-water divides are assumed to be the 
same. As a result, dye tracing can be used to 
help delineate areas that do not contribute to 
springs or wells, and thus, minimize the area that 
is necessary for source-protection management.  
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