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ABSTRACT 
 

 

The midcontinent of the U.S. is heavily karstified containing well developed 

subsurface drainage systems that are covered by beds of coarse-grained, poorly sorted 

fluvial sediments, resembling those found in upland surface streams.  The movement of 

coarse sediment as bed load within karst streams has been considered negligible in the 

past as it was assumed that all karst is developed through dissolution rather than 

mechanical abrasion.  The frequency and magnitude of sediment transporting events in 

karst streams has implications for models of fluviokarst landscape development and the 

stability of aquatic ecosystems.   

Within Tumbling Creek Cave (TCC) in the Ozark Plateau of south-central 

Missouri, and Bear Cave Hollow (BCH), one of TCCôs surface drainage streams, bed 

load entrainment and transport dynamics of coarse-grained (16-180 mm), mainly 

siliciclastic material, was evaluated using hydrological measurements and 670 painted 

tracer particles.  Tracers are used in this research for the first time in a karst stream.  

Tracers are well suited for studying the stochastic and spatially variable nature of bed 

load transport because they reflect the movement of individual particles of known 

characteristics, and they are also inexpensive and simple to employ. 

Median surficial sediment grain size in the study reaches ranged from 39 to 71 mm 

in TCC, and from 24 to 37 mm in BCH with bed and/or water slopes ranging from 0.006 

to 0.077 in TCC and from 0.002 to 0.009 in BCH.  TCC is classified as a pool-riffle 

channel morphology type and BCH is classified as a plane-bed channel.  Preliminary data 

from surveys of the longitudinal (downstream) movement of tracers over a 10-month 

period indicate that minor amounts (0-13.2%) of coarse bed material in TCC are 

mobilized by relatively low flows (5-28% of bankfull) that recur somewhat frequently 

(less than 3.1 years).  BCH transports a higher percentage of material (0-59.1%) during 

similar flows (2-29% of bankfull) and frequencies (less than 3.59 years).  Bed load 

transport was observed to be in a state of partial transport for any one grain size class in 

TCC during the study, while the complete mobilization of tracer size classes was 
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observed in BCH at the highest observed flow, indicating ñphase 2ò transport and the 

break-up of the armor layer.  The differences are attributed to the wider observed range of 

grain sizes covering the bed in TCC compared to BCH. 

The use of the Shields (1936) criteria tends to over predict the critical shear stress 

required for entrainment of the largest mobilized grain size of individual tracers, while 

the empirical equation of Bagnold (1980) performs much better.  Thus, the Shields 

equation may be better suited as a gage for complete mobilization of a grain size class 

across a reach, while the Bagnold (1980) equation may be better suited for estimating 

entrainment of grains from patches of the bed. 
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Chapter 1 
 

 

 

Introduction  
           

The transport of coarse stream bed material during moderate to high flows can 

make up a large proportion of mass passing through fluviokarst watersheds (i.e., those 

having both subsurface and surface reach components) and can be a major process 

involved in the denudation of fluviokarst landscapes.  For instance, Worthington (1984) 

found that up to 95 to 98% of the mass transported through a fluviokarst system in West 

Virginia was fluvial sediments.  This has implications for models of landscape evolution 

and effects on the stability of aquatic ecosystems. 

Sediment transport studies in karst systems have been rare, with little quantitative 

work carried out (Bottrell et al., 1999; Dogwiler, 2002).  Comparatively, sediment 

transport has been studied extensively in non-karst fluvial systems over the past century 

(Gomez, 1991), as reflected by the numerous scientific publications written on the subject 

in many different disciplines, including aquatic ecology (e.g., Lorang and Hauer, 2003; 

Gordon et al., 2004; Schwendel et al., 2009), river engineering (e.g., Shields, 1936; 

Yalin, 1977; Aguirre-Pe et al., 2003), and fluvial geomorphology (e.g., Leopold et al., 

1964; Buffington and Montgomery, 1997; Nelson et al., 2003; Church, 2006).  Many 

karst streams and passages in temperate latitudes have beds covered by large quantities of 

coarse-grained, poorly sorted, sediment (White and White, 1968; Gillieson, 1996; 

Farrant, 2004), while the movement of which may occur more frequently than previously 

thought (Dogwiler and Wicks, 2004; Farrant, 2004).  In addition, bed load transport is the 

most complex sediment transport process in regards to its measurement and 

quantification (Beylich and Warburton, 2007), making observation of transport frequency 

a high priority in the field of karst geomorphology.  Furthermore, there is an urgent need 
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for detailed process-based research into the mechanisms of transport of cave sediments, 

especially during flood events (Gillieson, 1996).   

Past research on weathering and erosion in karst system development has 

appropriately focused on dissolution processes (e.g., White, 1988).  Yet, physical 

sediment transport may be an important component of the mechanical erosion process, 

and, in turn, to the development of cave passages (e.g., White and White, 1968; Newson, 

1971a, b).  However, it remains unclear whether or not clastic sediments ñact to enhance 

(through mechanical abrasion, Newson, 1971a) or hinder (by shielding the bedrock from 

dissolution, White and White, 1968; Renault, 1970) karst stream developmentò 

(Dogwiler, 2002).  Farrant (2004) argues that many caves are modified by the latter 

speleogenetic process, especially in low-gradient systems with an allochthonous sediment 

source.  In spite of this, the former explanation for mechanical abrasion as a 

speleogenetic process is apparent where siliciclastic units have been eroded.   

These hypotheses have a similar corollary with hypotheses about incision into 

bedrock channels.  As stated in Sklar and Dietrich (2001), Gilbert (1877) was the first to 

propose that the quantity of sediment supplied to the river should influence bedrock-

incision rates in two essential yet opposing ways: (1) by providing tools for abrasion of 

exposed bedrock, and (2) by limiting the extent of exposure of bedrock on the channel 

bed.  Therefore, the sediment transport rate, relative to the sediment transport capacity 

(and thus channel slope) plays a large role in whether or not abrasion is the dominant 

erosional process.  In addition, the size distribution of sediment grains supplied to the 

channel is likely to affect incision rates for two reasons: (1) the coarse fraction is capable 

of forming an alluvial cover in actively incising river channels, and (2) because the fine 

fraction is carried in suspension, and collisions with the bedrock are rare (Sklar and 

Dietrich, 2001). 
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Karst streams are believed to function similarly to their surface stream counterparts 

in their modes of clastic sedimentation and bed load transport (Gillieson, 1996), and have 

been shown to exhibit hydraulically controlled passage geometries, stream gradients and 

planforms, that are comparable with surface streams (White and Deike, 1989).  Because 

of this, studies from non-karst fluvial systems can be utilized to provide guidance for 

methodologies when studying sediment transport dynamics in karst or fluviokarst 

systems.  

The work carried out during this study extends past investigations of fluviokarst 

systems and their ability to transport coarse bed load material by Dogwiler (2002), and 

Dogwiler and Wicks (2004).  They provided estimates of the ability of karst stream 

reaches to erode bed material using both the median grain size diameter (D50), and the 

diameter of the grain size greater than 85% of the bed (D85), within two central U.S. 

systems.  Following Dingman (1984, p 156), they evaluated the possibility that erosion 

would occur based on a basal shear stress analysis, where the ratio of the bankfull shear 

stress to the critical shear stress is evaluated.  This type of approach, defined as a 

ósediment entrainment potentialô analysis, has recently been utilized by others 

investigators as well (e.g., Peterson et al., 2008; Davis, 2009).  The findings of Dogwiler 

and Wicks (2004) suggested that common flows recurring frequently (less than one year) 

are capable of mobilizing coarse stream bed material throughout much of the length of 

karst streams in the midcontinent of the U.S. and similar upland karst streams in the U.K.  

Furthermore, their work provided quantitative information about channel morphology, 

channel roughness, and dominant discharge, all of which are fundamental fluvial 

characteristics, and are crucial to the better understanding of bed load sediment transport 

dynamics in fluviokarst watersheds.     
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A magnitude-frequency approach to sediment transport provides information about 

the importance of the mechanical erosion process (compared to chemical erosion 

processes) in karst development, as it has been suggested that a greater frequency of 

sediment transporting events will result in higher erosion rates through abrasion (e.g., 

Whipple and Tucker, 2002).  Dogwiler and Wicks (2004) based their findings on surficial 

stream bed material size distributions, channel surveys of cross-section dimensions and 

channel slope, as well as continuous stage series data from one station, which led them to 

their conclusion that sediments, within cave stream channels, can be mobilized by 

bankfull flow conditions, and that bankfull flows recur about every 1.7 years.  While their 

research does not provide quantifiable sediment transport rates, their findings are in 

agreement with the widely accepted notion introduced by Wolman and Miller (1960) that 

the discharge most effective in the long-term transport of sediment (i.e., effective 

discharge) is a relatively frequent event occurring, on average, about once a year.  

However, it has been observed that the return period of the effective discharge is highly 

variable, ranging from one week to several decades (Nash, 1994).  It must also be noted 

that effective discharge and dominant discharge have two different meanings but are 

closely related (Wolman and Miller, 1960).  The effective discharge is the discharge that 

transports the most sediment, while the dominant discharge is considered a channel-

forming discharge.  Further, the bankfull discharge and recurrence interval is usually 

associated with the effective discharge, even though there is not a single recurrence 

interval for bankfull discharge because bankfull can be defined several different ways, 

including, for example, the lowest width-depth ratio at a cross-section, and the height of 

the lower limit of perennial vegetation (Williams, 1978).  Thus, further studies involving 

the recurrence interval of the effective discharge of coarse stream bed material is 

warranted.   
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Typically the effects of large storm events are rarely observed directly when large 

clast sizes are transported (Bosch and White, 2004).  However, direct observation of such 

flows would be extremely hazardous under those conditions (Van Gundy and White, 

2009).  Therefore, a study of the movement of cave sediments is well suited for the use of 

sediment tracing methods. 

This research uses natural painted tracer particles paired with continuous stream 

stage measurements (and calculated discharge) to determine the most appropriate 

functional relationships for estimating sediment entrainment, making it possible to more 

reliably predict when and why coarse sediment transport is occurring.  The field work is 

carried out within a small fluviokarst watershed in the Ozark Plateaus Physiographic 

Province (known locally as the Ozarks) of south-central Missouri.  Secondly, using a 

long record of rainfall from publically accessible weather station data, and correlations 

with stream discharge, this research provides estimates of the frequency of flow events 

that are capable of rearranging coarse stream bed material.  These two aspects of 

sediment transport are primarily important because of the influence that sediment 

transport mechanisms have on the structure of benthic communities (Schwendel et al., 

2009), especially important in biologically diverse fluviokarst systems.  Tracers are also 

used to estimate the short-term erosion rate for the fraction of eroded material traveling 

through the studied stream network as bed load.  This will make it possible for future 

researchers to develop estimates of denudation rates (when coupled with dissolved load 

and suspended sediment load measurements).   

    

Objectives 
 

The primary objective of this study is to quantify the grain-size specific critical 

entrainment thresholds of stream bed material found in surface and subsurface (cave) 
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reaches of a fluviokarst watershed.  Observed critical entrainment threshold values are 

assessed and compared against commonly employed predictive equations for entrainment 

thresholds developed in surface streams.  The analysis involves several different 

empirical expressions of three different hydrodynamic forces (hydraulic variables), 

including: shear stress, discharge and stream power.  This approach is consistent with the 

general acknowledgement that several approaches to bed load transport should be used so 

that the results can be compared (Petit et al., 2005).  An evaluation of bed load transport 

rate is also made, based on observed thresholds for entrainment and discharge data from 

both study reaches, as well as daily rainfall records from a nearby weather station.   

The results of this research provide a detailed analysis of sediment transport 

processes, specifically a flow competence analysis and a magnitude-frequency analysis 

from the use of painted tracer particles and hydrological measurements.  The primary 

hypothesis tested is that theoretical estimates for entrainment using a basal shear stress 

and traditional Shields (1936) criterion approach will yield lower frequencies of coarse 

bed load transporting events than those observed (because of relative size effects on 

heterogeneous beds and higher than predicted instantaneous shear stress fluctuations).  

This hypothesis is similar to findings by Buffington et al. (1992), and has implications for 

Wolman and Millerôs (1960) conclusion about the one year (average) recurrence interval 

of effective discharge.  A second hypothesis tested is that the critical entrainment 

threshold for coarse stream bed material will be similar, based on observed values, for 

surface fluvial stream reaches and subsurface karst stream reaches evaluated by grain size 

fractions (half-phi size class intervals; ïlog base 2 of the grain size in mm). 
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Field Site Description 

Study Locality 

The field study was conducted in Taney County in south-central Missouri, 

approximately 40 km east of the city of Branson within a stream reach of Tumbling 

Creek found within Tumbling Creek Cave (TCC), and one reach of Bear Cave Hollow 

(BCH).  TCC is a branchwork cave (after Palmer, 1991) composed of two interlocking 

passages, while BCH is a headwater ephemeral surface stream located in the southeast of, 

and entirely within, the TCC recharge area (Figures 1.1 and 1.2).  TCC has 2,788 m of 

surveyed passage (Aley and Thomson, 1971), 879 m of which is the length of Tumbling 

Creek.  BCH is a first-order stream with a length of 2,982 m (delineated using the Protem 

1:24,000 scale quadrangle map). 

BCH and other nearby surface drainage networks (Figure 1.1) are hydrologically 

connected with TCC.  Under flowing conditions water is pirated directly from lengthy 

segments of surface stream channels (i.e., water seeps beneath the stream bed to feed 

groundwater; losing stream reaches).  Water travels beneath surface drainage divides and 

ultimately passes through TCC.  Subterranean flow resurges at the TCC Spring (the only 

natural entrance to TCC; Figure 1.1) or any number of other springs (up to 20), 

depending on the flow conditions (Aley et al., 2007).  Peak flow within the cave stream is 

typically reached within a day of rainfall events, and responds only slightly slower than 

the nearby surface streams (Aley and Thomson, 1971).  During a dye injection study by 

Aley and Thomson (1971) within the upper reaches of BCH, flow recharging 

groundwater at the injection site accounted for about 4% of the flow in TCC.  The 

recharge area for TCC has been delineated based on 62 groundwater traces, conducted by 

the Ozark Underground Laboratory, Inc. (OUL) and encompasses an area of 

approximately 23.36 km
2
 (Aley et al., 2007).  The approximate drainage area of the BCH 

watershed is 1.94 km
2
, delineated from topographic boundaries.  Tumbling Creek has a  
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Figure 1.1.  Location and hydrologic setting of the Tumbling Creek Cave (TCC) recharge 

area, including Bear Cave Hollow (BCH) and its watershed boundaries.  The total 

recharge area for TCC is approximately 23.36 km
2 
(Aley et al., 2007), and the total area 

of the BCH watershed is approximately 1.94 km
2
.  Groundwater recharging TCC is 

pirated via scattered sinkholes and losing stream reaches underneath major surface 

drainage divides (indicated as black dotted lines).  Water emerges at the surface at Bear 

Cave spring (indicated as TCC Spring on the map).  When TCC is under high-flow 

conditions, discharge from the cave to the surface may occur at 15-20 different locations 

(Aley et al., 2007).  The TCC entrance is man-made.  Surface water leaving TCC and the 

BCH watershed enters Big Creek which flows south into Bull Shoals Lake.  [Modified 

from Elliott and Echols, 2007]. 
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Figure 1.2.   Location of study reaches within TCC and BCH, including BCH watershed 

boundaries.  Tumbling Creek flows perennially with a typical low flow discharge of 0.01 

to 0.06 m
3
s

-1
; peak discharge recorded during this study was 2.04 m

3
s

-1
.  The gauging 

station at the weir receives water from an area draining approximately 22.55 km
2
.  Stream 

flow within BCH is ephemeral, occurring only after relatively intense rainfall events; 

peak hydraulic (mean) depth recorded during this study was 0.42 m, with an estimated 

discharge of 2.53 m
3
s

-1
.  The gauging station receives surface runoff from an area 

draining approximately 1.41 km
2
.  [Imagery from MSDIS, http://msdis.missouri.edu; 

cave map modified from Elliott and Aley, 2005]. 

 

sinuosity (ratio of channel length to valley length) of 1.12 and BCH has a sinuosity of 

1.06.  The drainage density (ratio of total channel length to drainage area) for surface 

streams within the TCC recharge area is 1.31, while BCH has a drainage density of 1.54.   

The TCC recharge area has undergone various human-related disturbances (i.e., 

land-use changes) that may have slightly increased rates of erosion and somewhat altered 

stream sediment and flow regimes.  The introduction of pasture lands to the region are 

regarded as the primary reasons for increased sediment loading and turbidity within 
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Tumbling Creek (Neill et al., 2004).  Between 1961 and 1996, forested areas within the 

recharge area had decreased from 80% to 57% with the addition of livestock grazing 

lands.  However, a land management rehabilitation project (completed in 2004) has 

returned another 23.7% of riparian area within the recharge area back to forest (Neill et 

al., 2004).  Within the BCH watershed, little change had taken place during that same 

time period, while most of the watershed remained forested.  In 1973, the population of 

an endangered species of cavesnail living exclusively in Tumbling Creek (Tumbling 

Creek cavesnail, Antrobia culveri) was estimated at about 15,000 and had declined 

noticeably by 1991, probably a result of siltation which decreased the cavesnailôs health 

and habitable area (Elliott and Aley, 2005).  Yet, agriculture within the TCC recharge 

area is considered light. 

 

Geologic Setting 

Tumbling Creek Cave and its recharge area are located within the Salem Plateau, a 

karstified subprovince of the Ozark Plateaus Physiographic Province.  The Salem Plateau 

is composed of Cambrian and Ordivician age (440 to 530 million years old) nearly flat-

lying carbonaceous rocks exposed at the Earthôs surface covering parts of south-central 

Missouri and north-central Arkansas (Noltie and Wicks, 2001).  The TCC recharge area     

is entirely formed within the Cotter Formation (Aley et al., 2007), a lower Ordovician 

(Ibexian series) light brown to brown, medium to finely-crystalline, massive to thinly 

bedded dolomite interbedded with chert and minor local beds of thin sandstone, and 

quartz sand-rich dolomite beds (Thomson and Aley, 1971; Dodd and Dettman, 1996; 

Overstreet et al., 2003).  Elevations within the TCC recharge area range from 

approximately 205 to 410 m above sea level. 
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Climatic Setting 

Southern Missouri has a humid middle-latitude temperate climate.  In the summer 

months, mean temperature is 23.9°C, in the winter months it is 1.8°C, and it is 13.1°C 

annually.  During an average year, 59 days have a high temperature greater than 32°C 

and 114 days have lows of 0°C or less, but the record is highly variable (Figures 1.3 and 

1.4).  Rainfall is fairly heavy and well distributed throughout the year, and snow falls 

nearly every winter with cover lasting only a few days.  The months of January and 

February have minimum precipitation, while June and November have maximum 

precipitation (Figure 1.4).  Total annual precipitation is 1097 mm, 55% of which occurs 

in April through September
1
. 

 

Stream Reach Classification and Characteristics 

Stream channel reaches were classified based on the Montgomery and Buffington 

(1997) system as a means for communication and comparison with other studies, because 

qualitatively defined channel types and features have been shown to exhibit 

quantitatively distinguishable channel characteristics (Montgomery and Buffington, 

1997).  The choice of the classification system was influenced by its use in one other 

study of the fluvial geomorphology of karst systems in the central U.S. by Dogwiler and 

Wicks (2004).  While the use of classification systems in fluvial geomorphology is 

expanding, they must be used with caution as many (including the one used here for 

mountain channels) are not process-based, which diminishes their usefulness for 

assessing channel condition, response potential, and relations to ecological process 

(Montgomery and Buffington, 1997).  Also, reach morphology can be controlled by  

1
Temperature and precipitation values based on 1971-2000, and average annual high and low 

temperature duration values based on 1949-2008 daily summary observations at the Ozark 

Beach, MO weather station, U.S. Cooperative Network Station 236460. All data are available 

from the National Climatic Data Center.   
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Figure 1.3.   Temperature records in Taney Co showing the number of days per year in 

which minimum daily temperature values were below or equal to 0°C and maximum 

daily temperature values were above 32°C (including average and 5-year moving average 

values), during the period of 1949-2008.  Arrows indicate years with insufficient or 

missing data.  Data from the Ozark Beach weather station (U.S. Cooperative Network 

Station 236460). 
 

 

Figure 1.4.   Summary of mean annual temperature and mean monthly precipitation in 

Taney Co from 1971-2000.  Southern Missouri is characterized by mild winters, warm 

summers, and a relatively even distribution of precipitation throughout the year.  Data are 

from the Ozark Beach weather station (U.S. Cooperative Network Station 236460).  
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lithology, which influences the amount, size and shape of material supplied to streams 

(Thompson and Croke, 2008).  Within both the cave and surface streams of the TCC 

recharge area, the alluvial beds are covered primarily by siliciclastic rock-types 

(primarily chert), eroded from the Cotter Formation and left as residuum.      

Classification type based on the Montgomery and Buffington (1997) system, along 

with channel reach characteristics from cross-section of this study are presented in Table 

1.1 (see Appendix A for plots of cross-sections, and Appendix B for notation).  Grain size 

distributions for sediment naturally occurring on the bed at seven cross-sections are 

plotted in Figure 1.5.  The methodology for determining the grain size distributions and 

channel characteristics is described in Chapter 3.  Study reaches exhibit both plane-bed 

and pool-riffle channel morphology (Figure 1.6) and represent a mixture of supply- and 

transport-limited characteristics.  Although they were not selected for study as part of this 

research, BCH has frequent segments of the bed that lack continuous alluvium and only 

bedrock is visible.  Therefore, BCH as a whole, may be classified as a mixed alluvial-

bedrock channel.  However, a forcing mechanism from fallen woody debris may be 

responsible for the exposed bedrock.   

While fluvial process can be inferred using the classification system and observed 

channel characteristics, they may not be sufficient in describing all the processes acting 

and interacting to shape the landforms found within the TCC recharge area as well as 

similar low-order streams overlying highly soluble bedrock.  The main controlling 

variable of channel morphology of headwater streams can typically be attributed to the 

influence of the drainage basinôs hillslopes and how frequently debris flows occur and 

deposit their sediments within the stream channel (Whiting and Bradley, 1993).  

However, owing to the fact that debris flows are probably rare at BCH, and that little else 

besides chert is found covering its bed, it is thought that channel morphology is not 



 

 

  1
4 

1
4 

Table 1.1.   Channel and sediment characteristics at cross-sections surveyed in the Tumbling Creek Cave recharge area. 

Reach-Station*  MC 
qbf                

(N m
-2
) 

Ű0,bf              

(N m
-2
) 

ɤbf          

(W m
-2
) 

wbf          

(m) 

dbf/D84s     

(m m
-1
) 

D16s           

(mm) 

D50s          

(mm) 

D84s           

(mm) 

D16ss           

(mm) 

D50ss          

(mm) 

D84ss           

(mm) 

Sb           

(m m
-1
) 

Sw           

(m m
-1
) 

BCH-1 (TL 1) PB 1.37 56.3 109 7.03 9.54 18 37 74 

   

0.009 
 

BCH-2 (GS) PB 1.56 58.7 121 5.57 11.2 
  

68
§
 

   
0.009 

 
BCH-3 (TL 2) PB 1.49 51.9 103 5.73 12.3 14 29 61 

   
0.008 

 
BCH-4 PB 0.59 11.4 10.8 5.79 12.1 

  
52

§    
0.002 

 
BCH-5 PB 0.39 8.8 7.1 5.82 11.1 12 24 43 2

ÿ
 15

ÿ
 35

ÿ
 0.002 

 

               
TCC-6 (GS) 

             
 TCC-7 (TL 3) PR 1.43 172 423 6.54 3.43 

28
À 

71
À
 155

À
 

    
0.033 

TCC-8 PR 1.48 172 420 6.65 3.88 
   

TCC-9 PR 7.58 527 3000 8.19 14.3 13 43 93 
   

0.077 
 

TCC-10 (TL 4) PR 0.72 28.5 34.8 10.2 7.13 21 39 82 6
ÿ 

15
ÿ
 32

ÿ
 

 
0.006 

TCC-11 PR 2.96  753  7411  5.52   9.38 15 44 112       0.022   
 

TL = tracer line; GS = gauging station; MC = morphological classification (Montgomery and Buffington, 1997); PB = plane-bed, PR = 

pool-riffle; qbf = bankfull discharge per unit width; Ű0,bf = bankfull bed shear stress; ɤbf = bankfull stream power per unit area; wbf = 

bankfull flow width; dbf = bankfull mean depth; D16s = 16th-percentile surface grain size; D50s = 50th-percentile surface grain size; D84s = 

84th-percentile surface grain size; D16ss = 16th-percentile subsurface grain size; D50ss = 50th- percentile subsurface grain size; D84ss = 84th-

percentile subsurface grain size; Sb = bed slope; Sw = water slope. 

*Locations for BCH stations are shown in Figure 1.7; locations for TCC stations are shown in Figure 1.8. 

§ Value is computed average using D84s from adjacent cross-section stations. 

ÀRepresentative of both cross-section stations (TCC-7 and TCC-8) because of their close proximity. 

ÿSampling locations most closely coincide with cross-section stations. 
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 A 

 B 
 

 

 

Figure 1.5.   Cumulative grain size distribution curves for surface and subsurface 

sediment samples from (A) BCH and (B) TCC.  Values for D16, D50, and D84 are given in 

Table 1.1.   
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Figure 1.6.   Schematic planview and longitudinal low flow profiles of channel 

classification types found within the TCC recharge area: (A) plane-bed channel showing 

single boulder protruding through otherwise uniform flow; (B) pool-riffle channel 

showing exposed bars, highly turbulent flow through riffles, and more tranquil flow 

through pools [after Montgomery and Buffington, 1997]. 

  A 

 B 
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heavily influenced by hillslope processes.  Rather, because of the soluble dolomitic 

bedrock, the surface of the TCC recharge area has valleys and channel morphology that 

are heavily influenced by the development of sinkholes which may be leading to the 

development of widened valleys.  Moreover, widened valleys are minimally influenced 

by hillslope processes. 

Within Tumbling Creek Cave itself (see Aley and Thomson, 1971), the most active 

process determining channel morphology is more related to the ñhillslopesò, which in the 

case of the studied cave reach are the cave walls.  This is because the cave walls confine 

the stream almost everywhere throughout the mapped cave system.  The difference 

between the cave and surface study reaches can be described using descriptions by Bunte 

and Abt (2001)ïBCH being described as self-formed, and TCC being described as 

relict/non-fluvial.   

Under the Montgomery and Buffington (1997) classification scheme, plane-bed 

reaches are distinguished by (1) long stretches of relatively featureless beds (i.e., no 

prominent bed forms), (2) lacking sufficient lateral flow convergence to develop pool-

riffle morphology, (3) relatively low width to depth ratios and large relative roughness, 

and (4) dominantly gravel (2-64 mm) to cobble (64-256 mm) size bed materials.  The 

dominant sources of sediment are fluvial, bank material, and debris flows, and the 

sediment storage element is overbank.  Pool-riffle reaches, on the other hand, are 

distinguished by a rhythmic succession of bars, pools, and riffles.  Pools are topographic 

depressions and bars are corresponding high points with pools typically spaced about 

every five to seven channel widths (may be more closely spaced if influenced by large 

woody debris as a forcing mechanism).  They are composed of predominantly gravel 

sized bed materials.  The dominant sources of sediments are fluvial, and bank material, 

while the sediment storage elements are overbank and bed forms.  Slopes in pool-riffle 
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channels are generally lower than plane-bed channels, however, this does not seem to be 

the case in the reaches studied in the recharge area of TCC.    

The BCH study reach (Figure 1.7) is primarily a plane-bed channel, but it does 

exhibit lateral bars marked by smaller grain sizes and higher elevations within the stream 

reach.  This may warrant an intermediate classification as a riffle bar morphology type 

(see Montgomery and Buffington, 1997).  Flow obstructions caused by woody debris and 

living plants also force reach morphology in a small percentage of the study reach, but do 

not exhibit a large effect on the tracers used for this study.  Other reaches of BCH, 

however, have been observed to be nearly completely jammed with woody debris forcing 

local pool-riffle and bedrock channel reach morphology.  Several fallen trees were 

removed from the upstream and downstream ends of the study reach and from adjacent 

reaches before the commencement of the current study.  Removal of trees was thought to 

minimally impact stream reach morphology as many of those trees had only been within 

the stream for the winter season (with relatively low rainfall and snow amounts) 

following a heavy ice storm, and therefore, were not in the channel for a long enough 

period, or during intense enough storms, to have caused drastic changes in channel 

morphology.    

Local bed packing arrangements such as pebble clusters may play a role in the 

entrainment process by acting like a large single grain and requiring relatively large 

hydrodynamic forces to initiate motion.  Pebble clusters have been observed in both study 

reaches but only make up a small percentage of the bed, and along with the many 

interrelated variables influencing the entrainment process, the role that pebble clusters 

play was regarded as minimal and was not investigated further.  

The TCC study reach (Figure 1.8) is a pool-riffle channel, but it is somewhat 

affected by local channel constrictions and expansions in the bedrock and from large  
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Figure 1.8.   TCC study reach map showing the locations of cross-section stations and 

tracer lines (black lines across channel) and the location of the stilling well (black dot) at 

the gauging station.  The entire length of the reach is ~ 70 m.  Flow is to the south and 

east.  [Modified from original cave survey in Thomson and Aley, 1971]. 

 


