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Schematic cross-section for a gravel-bedded river at bankfull
conditions. The horizontal shear stress pro le indicates areas that are
above critical in red and regions below in green. This coloration is

re ected on the channel bed and banks|where the bed is above the
threshold of motion and undergoes transport, while the banks are
below the threshold of motion and remain stable during bankfull
conditions. Variables depicted on the schematic are bankfull height,

hyt, bankfull width, wys, slope,S, and dimensionless shear stress,. 5

Conceptual model of sediment supply and ux through a channel

with resistant banks and low sediment supply, such as the White Clay
Creek. According to this model, immobile cobbles and boulders are
supplied locally through bank erosion, the uvial supply from

upstream consists of sand and pebbles stored in bars, and the
streambed is anchored by immobile cobbles and boulders with a
sparse covering ofthroughput loadconsisting of sand and pebbles: 9

Cumulative grain size distribution for bed and bar material at Site 5
along the East Branch of the White Clay Creek. Here, the White
Clay Creek is a 3 order stream. A pebble count of the bed and bar
was used to determine the grain size distribution. The range of
partially mobile grain sizes was calculated using equation 1.10, where

o = 0:073 for the lower limit (smaller grains) and . = 0:03 for the
upper limit (larger grains) (Bu ngton & Montgomery, 1997). Grain
diameters with critical shear stress less than . = 0:03 are
considered immobile.: : @ : oo n o n o n 10
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Map of the White Clay Creek watershed. The three main
tributaries|East Branch, Middle Branch, and West

Branch|originate in Pennsylvania toward the upper left corner of the
map. The main stem of the White Clay Creek joins the Christiana

River at the bottom right corner of the map in Delaware. Inset

indicates the regional location of the White Clay Creek watershed,
highlighted in yellow. Map reproduced from White Clay Creek Wild

and Scenic River Program (n.d.) (accessed 03-14-19 from
whiteclay.org/maps-1). : : @ ;o oioooiriniilininlinn 12

Schematic depicting the modern longitudinal pro le of the White

Clay Creek in navy blue and the estimated historic pro le in light

blue. The historic pro le runs through the Old College Formation at
Newark, DE. Figure adapted from Pizzuto (2018): : : : : ::::: 14

The 12 study sites in the White Clay Creek watershed (Chapter 2.7)
display characteristics of alluvial-bedrock and mixed ri e-pool

channels (Hauer & Pulg, 2018; Turowski et al., 2008) including the
following: a.) frequent bedrock exposures along the bed and banks at
Site 6; b.) boulder-sized bed material at Site 12; c.) a sandy/silty
oodplain underlain by subrounded and subangular
cobble/boulder-sized gravel at Site 3; d.) subrounded pebble-sized

bar material at Site 4; e.) and f.) cobble-sized colluvium eroding out

of the hillslope atSite 4.: : : oo oo 17

Map of the White Clay Creek watershed showing the location of the

12 study sites|the RFID tracer study was conducted at Site 4. Also
indicated are locations of the the four USGS gaging stations and the
Stroud Water Research Center gage. Inset indicates the regional
location of the White Clay Creek watershed, highlighted in yellow.

Map modi ed from White Clay Creek Wild and Scenic River

Program (n.d.) (accessed 03-23-2020 from whiteclay.org/maps-1). 20

Google Earth image from 2013 depicting the extent of the bedload
tracer study reach at Site 4. Inset indicates the location of the study
reach within the White Clay Creek watershed.: : : : :::::::: 21

Cumulative grain size distribution of the bed material in the RFID

tracer study reach at Site 4 and the distribution of the tagged clasts.
Clasts below 1m were unable to be tagged. There was also

di culty tagging clasts in the 10{40 mm size range due to the 32m
length ofthe RFID tags. : @ @ : @@ @@ 25
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Method for installing RFID tags into clasts in place on the bed: a.) a
suitable clast is chosen for tagging; b.) a hole is drilled into the clast;

c.) the method for drilling includes using a cordless drill and masonry
bit, while water is squirted onto the drilling site to prevent

overheating; d.) the RFID tag is placed into the hole and covered

with waterproof epoxy; e.) lastly, the tagged clast is marked using
waterproof paint. : : ;oo 26

The antenna reader was used to locate tagged clasts. When the
antenna comes within 0.5h of a RFID tag, it emits a loud beeping

noise. Note the presence of subangular colluvium eroding out of the
farbank.: @ : oo n o 28

model. : : : oo 31

Grain size distributions for sediment at the White Clay Creek: a.)
average grain size distribution for bed and bar material, b.)

cumulative grain size distribution for bed and bar material at 8 sites
around the White Clay Creek watershed. Average bed and bar
cumulative grain size distributions are also displayed. Average grain
size distributions are based on pebble counts at Sites 1, 3, 4, 5, 6, 8,
12,and 14. @ ;@@ coocnnninininlnnnninrnin 41

Shield's curve displaying Shield's stress | and particle Reynold's
number (Re,) for the mean grain sizes of the bed materialn ped)

at the 12 study sites in the White Clay Creek watershed. The mean
grain sizes of the bar material D, ,ar) are also shown for 9 sites with
available data.: : @ : ;oo nn o n s 42

Data reported from the USGS stream gage near Strickersville, PA
(#01478245): a.) gage heightrp); and b.) discharge m3=s) over the
course of the study period. Bankfull stage and 2/3 bankfull stage are
indicated on the plot of gage height. The dates of surveys are

indicated by the vertical, gray dotted lines, with results reported for

the surveys beginning on 7-2-2019 and ending on 1-28-2020. The
Strickersville gage is located approximately 2. k6n downstream from

the study reachat Site 4. @ : @ @ oo n 46
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Edge of water for three surveys of the bedload tracer study reach at

Site 4. Edge of water was surveyed for three ows|low ow on

2-12-2020, 2/3 bankfull on 10-27-2019, and 92% bankfull on

1-25-2020. The blue region indicates the approximate width of the
channel during usual ow conditions. The location of three

cross-sectional surveys and channel center for the longitudinal survey

are also depicted. The benchmark used to position the total station is
located at the origin, while O is set to a xed marker across the

channel. Appendix A contains additional results of the cross-sectional

and longitudinal surveys conducted at the bedload tracer study reach. 47

Mobility of each grain size category based on cumulative results from

9 surveys. Clasts in motion are summed over all 9 events for each size
category. Distance traveled is based on the average distance traveled
by tagged clasts in each size category over the 9 events. The error
bars indicate individual events with the shortest and longest distance
traveled by tagged clasts in each size category. A Gaussian lIter

( = 2) was used to smooth the relationship between grain size and
both tag mobility and distance traveled. Both the number of tracer
particles in motion and average distance traveled by tagged particles
increases for smallerclasts.: : : o 48

Mobility metrics for ow events of varying discharge: a.) number of
tagged clasts moved by each ow event; b.) the farthest distance
traveled by an individual tracer particle; c.) the largest grain size
mobilized by each ow event. A series of power-law functions have
been t to each metric and are indicated by the dotted lines. The
equation for each power law function is denoted as well.. : : : : : 49

The bedload tracer study reach at Site 4 during di erent ows: a.)
regular ow conditions on 11-13-2019 with the Strickersville gage

height at 0.93n; b.) 2/3 bankfull conditions on 10-27-2019; c.) 92%
bankfull conditions on 1-25-2020. All photos are taken looking
upstream with the gravel bar toward the left side of the image. : : 51

Shield's curve displaying the tagged clasts in the Site 4 study reach

during the high ow event on 10-27-2019, which reached 2/3 bankfull
) £-10 [T S 52
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Shield's curve displaying the tagged clasts in the Site 4 study reach
during high ow event on 1-25-2020, which reached 92% bankfull

stage. The red circle indicates a 4bm and 34nm clast that were
observed to be mobile despite having a Shield's stress signi cantly
below critical. @ : : @@ 52

Shield's curve displaying the tagged clasts in the Site 4 study reach
during an extrapolated bankfull event. : : : @ oo 53

The gage height at the Strickersville gage, which is downstream of the
study site, has a power law relation to the depth of ow at the study
(=721 o PR 54

Reference shear stress is related to dimensionless grain size by a
power function, where grain size is normalized by the mean grain size.
Error bars on the data points indicate the range of reference shear
stresses possible for each grain size based on bedload tracer data
(Table 4.3). The pale pink lines bounding the trend line indicate a

95% con dence interval. The coe cient of the power function

indicates the reference shear stress for the mean grain size

( rm = 23:95), while the exponent & = 0:23) is related to the hiding
function exponentp=a 1= O077).::::::::: 10000 56

Calculation of sediment ux for three ows of varying depth at the
bedload tracer study reach at Site 4: a) ows that reach 35.5% of
bankfull stage; b) a high ow event that reached 2/3 of bankfull
conditions; ¢) a high ow event that reached 92% of bankfull stage.

The upper range of grain sizes that were observed to be in motion
during bedload tracer surveys are indicated by the grey zone on the
partial transport curves. Additionally, W ; = 0:002 is indicated by the
black dashed line. Grain sizes above the dashed line are considered
mobile, while grain sizes below the dashed line are immobile for a
given owevent. @ :o:ooioionoliiliiniinliiiiiiiiioi 60
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Equilibrium bed elevation at the conclusion of simulations. Increases
in bed elevation result from changes in sediment input into the
modeled study reaches. Sediment input is increased by adding a ux
of uvially transported material to the ux of bed material entering a
reach from upstream. Alluvial conditions are thought to be reached
when the equilibrium bed elevation at a site reaches the thickness of
the active layer (denoted by the black dashed line). Study reaches
toward the right are considerednsensitive and require greater inputs
of uvially transported material before signi cant changes in bed
elevation occur. Study reaches toward the left are considersdnsitive
and readily aggrade in response to increases in sediment ux. : : 62

Equilibrium mean grain size resulting from changes in sediment input

into the modeled study reaches. Alluvial conditions are thought to be
reached when the mean grain size at equilibrium reaches the mean

grain size of the bar material at the same site (denoted by the black
dashed line). Study reaches toward the right require greater inputs of
uvially transported material before the bed grain size distribution

begins to match that of the sediment entering the reach. Since Site 3

has a bar mean grain size that is coarser than the mean grain size of

the bed, an extrapolated ux (pale blue) is estimated for the

reduction in sediment ux required to match the two mean grain sizes. 63

The ratio of sediment uxes Qupr «=Qbr bed at which the modeled
reaches develop alluvial characteristics. The x-axis depicts the ratio

of uxes when the equilibrium bed elevation of a modeled reach
aggrades to the active layer. The y-axis indicates the ratio of uxes
when the mean grain size of the equilibrium bed matches the mean
grain size of the of the bar material, which is representative of the
throughput load. The red circle indicates Site 3, where th® , peq IS
nerthanthe Dy, par. © @ 000 n Ll 64
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The ratio of sediment uxes Qur «=Qut bed When alluvial conditions
are achieved compared against various channel characteristics meant
to represent alluvial characteristics presently observed at the study
sites. The top row displays relationships between the ratio of
sediment uxes when the modeled bed aggrades to the active layer

( zo= L,) and a.) the ratio between the mean grain size of the bar
material and the bed material; b.) bankfull Shield's stress based on
mean sediment sizes, and c.) fraction of sand on the bed. The bottom
row displays the relationships between the ratio of sediment uxes
when the mean grain size of the equilibrium bed matches that of the
bar material (D ¢q = Dm bar) @and the aforementioned parameters in
d.),e),and f.), respectively.: : : oo onnn 66

A series of cross-sectional pro les taken at the bedload tracer study
reach at Site 4: a.) the upstream end of the study reach; b.) toward

the middle of the study reach; c.) at the downstream end of the study
reach. All cross-sections are looking upstream and various water

levels are indicated. There is a gravel bar along the right bank of the
channel as shown in panel b., the mid-stream cross-section. An aerial
visualization of the cross-section locations is displayed in Fig. 4.4. 87

Longitudinal pro le for the bedload tracer study reach at Site 4. The
slope of the water surface elevation is 0.0055: : : : :::::::: 94

Location of tagged clasts during the survey on 7-2-2019. Although
there were three prior surveys, a representative grain size distribution
had not been tagged until this survey. Thus the 7-2-2019 survey is
considered the initial position of all bedload tracer particles. The
diameter of each grey circle is scaled to the grain size of the

respective tracer particle, where the scale is 1:180: : : : : :: :: 97

Location of tagged clasts during the survey on 7-10-2019. The ow
event prior to this survey reached a gage height of 1.47at the
Strickersville gage with a discharge of 4.78%=s. This ow event did
not reach a signi cant level. Red data points indicate tracer particles
that have undergone transport; a light red point indicates their
previous location. The diameter of each grey circle is scaled to the
grain size of the respective tracer particle, where the scale is 1:180.
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B.7

Location of tagged clasts during the survey on 7-16-2019. The ow
event prior to this survey reached a gage height of 1.8Bat the
Strickersville gage with a discharge of 28.8%=s. This ow event
reached 2/3 bankfull stage. Red data points indicate tracer particles
that have undergone transport; a light red point indicates their
previous location. The diameter of each grey circle is scaled to the
grain size of the respective tracer particle, where the scale is 1:180.

Location of tagged clasts during the survey on 7-25-2019. The ow
event prior to this survey reached a gage height of 1.9%7at the
Strickersville gage with a discharge of 34.8F=s. This ow event
reached 2/3 bankfull stage. Red data points indicate tracer particles
that have undergone transport; a light red point indicates their
previous location. The diameter of each grey circle is scaled to the
grain size of the respective tracer particle, where the scale is 1:180.

Location of tagged clasts during the survey on 8-1-2019. The ow
event prior to this survey reached a gage height of 0.89at the
Strickersville gage with a discharge of 1.76°=s. This ow event did
not reach a signi cant level. Red data points indicate tracer particles
that have undergone transport; a light red point indicates their
previous location. The diameter of each grey circle is scaled to the
grain size of the respective tracer particle, where the scale is 1:180.

Location of tagged clasts during the survey on 9-3-2019. The ow
event prior to this survey reached a gage height of 1.26at the
Strickersville gage with a discharge of 7.02°=s. This ow event did
not reach a signi cant level. Red data points indicate tracer particles
that have undergone transport; a light red point indicates their
previous location. The diameter of each grey circle is scaled to the
grain size of the respective tracer particle, where the scale is 1:180.

Location of tagged clasts during the survey on 10-4-2019. The ow
event prior to this survey reached a gage height of 0.8vat the
Strickersville gage with a discharge of 1.11%=s. This ow event did
not reach a signi cant level. Red data points indicate tracer particles
that have undergone transport; a light red point indicates their
previous location. The diameter of each grey circle is scaled to the
grain size of the respective tracer particle, where the scale is 1:180.
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Location of tagged clasts during the survey on 11-5-2019. The ow
event prior to this survey reached a gage height of 1.86at the
Strickersville gage with a discharge of 30.@#=s. This ow event

reached 2/3 bankfull stage. Additionally, high water marks were
surveyed following the ow event to determine the depth of ow in

the reach. Red data points indicate tracer particles that have

undergone transport; a light red point indicates their previous

location. The diameter of each grey circle is scaled to the grain size of
the respective tracer particle, where the scale is 1:180. : : : : : : 104

Location of tagged clasts during the survey on 12-18-2019. The ow
event prior to this survey reached a gage height of 1.3at the
Strickersville gage with a discharge of 23.81*=s. While the ow did
not reach a signi cant level prior to this survey, the gage height
reached slightly below 2/3 bankfull stage at the downstream
Strickersville stream gage. Red data points indicate tracer particles
that have undergone transport; a light red point indicates their
previous location. The diameter of each grey circle is scaled to the
grain size of the respective tracer particle, where the scale is 1:180.

Location of tagged clasts during the survey on 1-28-2020, the nal
bedload tracer survey. The ow event prior to this survey reached a
gage height of 2.5 at the Strickersville gage with a discharge of
66.54n3=s. This was the highest ow event observed during the study
period and reached 92% of bankfull stage. Additionally, high water
marks were surveyed following the ow event to determine the depth

of ow in the reach. Red data points indicate tracer particles that

have undergone transport; a light red point indicates their previous
location. The diameter of each grey circle is scaled to the grain size of
the respective tracer particle, where the scale is 1:180: : : : : : : 106

Mobility of tracer particles as observed during the 7-10-2019 survey.
The ow event prior to this survey reached a gage height of 1.17 at

the Strickersville gage with a discharge of 4.#8°=s. This ow event

did not reach a signicantlevel. : : : . : oo o 107

Mobility of tracer particles as observed during the 7-16-2019 survey.
The ow event prior to this survey reached a gage height of 1.83 at

the Strickersville gage with a discharge of 28.8%#=s. This ow event
reached 2/3 bankfull stage. : : : ::::: oo o0 108

XVili

105



C.3

C4

C.5

C.6

C.7

C.8

C.9

D.1

Mobility of tracer particles as observed during the 7-25-2019 survey.
The ow event prior to this survey reached a gage height of 1.6 at

the Strickersville gage with a discharge of 34.8%=s. This ow event
reached 2/3 bankfull stage. : : : :::::: oo 108

Mobility of tracer particles as observed during the 8-1-2019 survey.

The ow event prior to this survey reached a gage height of 0.89 at

the Strickersville gage with a discharge of 1."&=s. This ow event

did notreach a signicantlevel. : : : :::::: 00000000 109

Mobility of tracer particles as observed during the 9-3-2019 survey.

The ow event prior to this survey reached a gage height of 1.26 at

the Strickersville gage with a discharge of 7.0%=s. This ow event

did not reach a signicantlevel. : : : . : o000 109

Mobility of tracer particles as observed during the 10-4-2019 survey.
The ow event prior to this survey reached a gage height of 0.94 at

the Strickersville gage with a discharge of 1.1i3=s. This ow event

did not reach a signicantlevel. : : : : :::: 00000000 110

Mobility of tracer particles as observed during the 11-5-2019 survey.
The ow event prior to this survey reached a gage height of 1.86 at

the Strickersville gage with a discharge of 30.6#=s. This ow event
reached 2/3 bankfull stage. : : : ::::: 0o 110

Mobility of tracer particles as observed during the 12-18-2019 survey.
The ow event prior to this survey reached a gage height of 1.3 at

the Strickersville gage with a discharge of 23.81°=s. While the ow

event did not reach a signi cant level, the gage height reached slightly
below 2/3 bankfull stage.: : @ :::::: oo rnr o 111

Mobility of tracer particles as observed during the 1-28-2020 survey.
The ow event prior to this survey reached a gage height of 2.52 at

the Strickersville gage with a discharge of 66.5#=s. This was the
highest ow event observed during the study period and reached 92%
of bankfullstage. : @ : ::::: o rorrorrr o 111

Distance traveled during each ow event for grain sizes in the

11{16mm size range. Distance traveled is normalized by grain size.
Grain sizes smaller than 1thm were too small to be tracked using

RFID tags. The zone of shear stresses where critical motion occurs
ranges from 23.08{27.8g=ms’, where , = 25:44kg=m<’. : : ::: 117

XiX



D.2

D.3

D.4

D.5

D.6

D.7

D.8

D.9

Distance traveled during each ow event for grain sizes in the
16{22.6nm size range. Distance traveled is normalized by grain size.
The zone of shear stresses where critical motion occurs ranges from
21.15{23.2kg=m¢’, where  =21:98&g=ms’. : ::::::::::: 117

Distance traveled during each ow event for grain sizes in the
22.6{32nm size range. Distance traveled is normalized by grain size.
The zone of shear stresses where critical motion occurs ranges from
21.57{23.2&g=m¢’, where ,; =21:57%kg=m<’. : ::::::::::: 118

Distance traveled during each ow event for grain sizes in the

32{45mm size range. Distance traveled is normalized by grain size.

The zone of shear stresses where critical motion occurs ranges from
23.08{27.8kg=m¢g’, where ,; =25:44kg=m<’. : : :::::::::: 118

Distance traveled during each ow event for grain sizes in the

45{64mm size range. Distance traveled is normalized by grain size.

The zone of shear stresses where critical motion occurs ranges from
19.80{23.5kg=ms’, where ,; =21:4%kg=ms>. : ::::::::::: 119

Distance traveled during each ow event for grain sizes in the

64{90mm size range. Distance traveled is normalized by grain size.

The zone of shear stresses where critical motion occurs ranges from
23.08{27.8kg=m<, where , =25:44kg=ms’. : @ :::::::::: 119

Distance traveled during each ow event for grain sizes in the

90{128mm size range. Distance traveled is normalized by grain size.
The zone of shear stresses where critical motion occurs ranges from
23.08{64.8&g=m<’, where ; =43:98g=m<’. : ::::::::::: 120

Distance traveled during each ow event for grain sizes in the
128{180mm size range. Distance traveled is normalized by grain size.
The zone of shear stresses where critical motion occurs ranges from
27.81{64.8&g=m<’, where ,; =46:34kg=ms’. : ::::::::::: 120

Distance traveled during each ow event for grain sizes in the
180{256mm size range. Distance traveled is normalized by grain size.
The zone of shear stresses where critical motion occurs ranges from
23.08{27.8kg=m<’, where , =25:44kg=m<’. @ @ :::::::::: 121

XX



D.10

E.l

E.2

E.3

E.4

E.5

E.6

E.7

Distance traveled during each ow event for grain sizes in the
256{512nm size range. Distance traveled is normalized by grain size.
Grain sizes larger than 51&im were not mobilized during the study
period. The zone of shear stresses where critical motion occurs ranges
from 27.81{64.8&g=m¢s’, where ; =46:34kg=m<’. : . ::::::: 121

Partial transport curve for bed and bar material at Site 1. The

largest mobile grain size is 156t@m for bed material and 151.inm

for bar material. W ; = 0:002 is indicated by the black dashed line,
where grain sizes above the dashed line are considered mobile.: 122

Partial transport curve for bed and bar material at Site 2. The

largest mobile grain size is 15rBm for bed material and 33.5nm for

bar material. W ; = 0:002 is indicated by the black dashed line, where
grain sizes above the dashed line are considered mobile.: : : : : 122

Partial transport curve for bed and bar material at Site 3. The

largest mobile grain size is 73rm for bed material and of 69.Fhm

for bar material. W ; = 0:002 is indicated by the black dashed line,
where grain sizes above the dashed line are considered mobile.: 123

Partial transport curve for bed and bar material at Site 4, the

bedload tracer site. The largest mobile grain size is 18wmén for bed
material and 198.4nm for bar material. W ; = 0:002 is indicated by

the black dashed line, where grain sizes above the dashed line are
considered mobile. : @ : ooy r s n s 123

Partial transport curve for bed and bar material at Site 5. The

largest mobile grain size is 73rBm for bed material and 103.inm for

bar material. W ; = 0:002 is indicated by the black dashed line, where
grain sizes above the dashed line are considered mobile.: : : : : 124

Partial transport curve for bed and bar material at Site 6. The

largest mobile grain size is 107t8Bm for bed material and 142.2hm

for bar material. W ; = 0:002 is indicated by the black dashed line,
where grain sizes above the dashed line are considered mobile.: 124

Partial transport curve for bed and bar material at Site 8. The

largest mobile grain size is 76rBm for bed material and 100.6vm for

bar material. W ; = 0:002 is indicated by the black dashed line, where
grain sizes above the dashed line are considered mobile.: : : : : 125

XXi



E.8

E.9

E.10

E.11

E.12

Partial transport curve for bed material at Site 9. The largest mobile
grain size of bed material is 75fm. There was no gravel bar present
at this site. W ; = 0:002 is indicated by the black dashed line, where
grain sizes above the dashed line are considered mobile.: : : : : 125

Partial transport curve for bed material at Site 10. The largest

mobile grain size of bed material is 74t@m. There was no gravel bar
present at this site. W ; = 0:002 is indicated by the black dashed line,
where grain sizes above the dashed line are considered mobile.: 126

Partial transport curve for bed material at Site 11. The largest
mobile grain size of bed material is 103:@m. There was no gravel
bar present at this site. W ; = 0:002 is indicated by the black dashed
line, where grain sizes above the dashed line are considered mobile.

Partial transport curve for bed and bar material at Site 12. The

largest mobile grain size is 107tBm for bed material and 136./m

for bar material. W ; = 0:002 is indicated by the black dashed line,
where grain sizes above the dashed line are considered mobile.: 127

Partial transport curve for bed and bar material at Site 14. The

largest mobile grain size is 202mm for bed material and 246.6hm

for bar material. W ; = 0:002 is indicated by the black dashed line,
where grain sizes above the dashed line are considered mobile.: 127

XXli



ABSTRACT

Gravel-bed rivers are often interpreted as equilibrium, near-threshold channels
(Parker, 1979), where channel morphology is adjusted to transport the supply of coarse
bed material with the given discharge. Theoretical analyses based on this concept pre-
dict bank sediments at the threshold of motion with bankfull Shield's stresses on the
bed (based on the [) slightly in excess of this threshold, such that the bed material is
fully mobile at bankfull stage. Surveys of 12 sites around the White Clay Creek, how-
ever, provide observations that are inconsistent with this concept. Bedrock is exposed
along the channel and the longitudinal pro le is controlled by migrating knickpoints,
suggesting that the slope is imposed by bedrock erosion. Moreover, 20{45% of the bed
material is immobile at bankfull stage. These observations suggest an alternate hy-
pothesis to threshold channel theory: immobile cobble-boulder bed material is supplied
locally by colluvial processes and bedrock incision, with a throughput load of sand-
pebble-sized sediment readily transported by the river that is primarily stored in bars
rather than on the bed. An approximate threshold condition based on thB s, (or Dy,
as used in this study) of the streambed arises by averaging the grain size distribution
over the immobile bed material and the ner throughput load, but this averaged bank-
full Shield's stress does not provide a useful measure of the mobility of all size fractions
on the bed. These observations suggest that the channel morphology of the study site
is decoupled from the sediment supply, and that the White Clay Creek should not
be considered an equilibrium, near-threshold channel. To test this hypothesis, radio
frequency identi cation (RFID) tags were attached to 56 clasts in a 10@ reach. The
RFID tags were installed with the gravelin situ on the bed at randomized locations in
the channel; the distribution of tagged grains mirrors the grain size distribution of the

bed. Since the deployment of tagged clasts was completed in July 2019, nine surveys
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have been accomplished and four signi cant ow events have occurred with the gage
height reaching at least 2/3 of bankfull stage. Following the highest ow event, where
the gage height reached 92% of bankfull stage, 41% of tagged gravel remained in place,
supporting the hypothesis. Numerical modeling of channel morphology and grain size
distribution under a variety of sediment supply scenarios indicates that channels with
non-alluvial characteristics are insensitive to changes in supply, where the sediment
load could be increased up to 1 to 2 times the current conditions before the channel
reached an alluvial state. Thus, coarse sediment supply can be increased signi cantly

without causing commensurate changes in channel morphology.
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Chapter 1
INTRODUCTION

1.1 Hydraulic Geometry

The observation of natural waterways and the design of arti cial channels has
led to a number of concepts and theories fundamental to our understanding of streams
and rivers. Among these are observations on empirical relationships between discharge
and di erent hydraulic variables, including width, depth, slope, mean velocity, sus-
pended sediment concentration, and roughness. Leopold and Maddock (1953) derived
hydraulic scaling relations for the geometry of river channels, which consist of a set of
power functions that relate bankfull width (w), depth (h), and mean velocity (1) to

water discharge Q), both at-a-station and in the downstream direction:

w=aQ’ (1.1)
h=cQ (1.2)
u= kQm (1.3)

Slope ) can also be expressed as a power function of discharge as described by
Wolman (1955):
S = pQ* (1.4)

Furthermore, the hydraulic variables width, depth, and velocity can be used to

calculate the discharge of a rectangular channel:

Q=w h u (1.5)



where the coe cients and exponents are related to satisfy the continuity equation:
a c k=1 (1.6)

b+f+m=1 (1.7)

Measurements spanning di erent types of rivers in many geographic regions
indicate the hydraulic exponents are consistent for increasing discharge in the down-
stream direction, whereb=0:5,f =0:4,m=0:1, andg= 0:3 are typical hydraulic
exponent values (Andrews, 1984; Leopold & Maddock, 1953; Wolman, 1955). How-
ever, the hydraulic coe cients vary across di erent settings and can incorporate a wide
range of factors, including cohesion of the bank material, abundance and type of ri-
parian vegetation, sediment input, geologic controls, land use, and geomorphic history
(Gleason, 2015; Singh, 2003).

Hydraulic geometry has since been studied in diverse conditions with consid-
erations for channel planform (e.g. Chitale, 1970; Gaurav et al., 2015; Metvier et al.,
2016), diering geographies (e.g. Johnson & Fecko, 2008; Park, 1977; Parker et al.,
2007), stream size (e.g. Thornes, 1970), catchment area (e.g. Klein, 1981; Singh &
Broeren, 1989), land use (e.g. Lane & Foster, 1980), riparian vegetation (e.g. All-
mendinger et al., 2005; Anderson et al., 2004; Huang & Nanson, 1997), in-channel
vegetation (e.g. Pietsch & Nanson, 2011), geologic control (e.g. Miller, 1958), labora-
tory umes (e.g. Metivier et al., 2017), and additional factors not originally considered
(e.g. Huang & Nanson, 1998; Kleinhans et al., 2015; Nanson et al., 2010). These studies
have generally reinforced and supported the original results of Leopold and Maddock
(1953), suggesting that their power law relations indicate common governing principles
for alluvial rivers. However, the underlying physical principles that explain hydraulic
geometry across the wide range of conditions observed in nature have yet to be fully

determined.



1.2 Threshold Channel Theory
1.2.1 Early Work on Threshold Channels

The hydraulic geometry equations bear resemblance to earlier work by British
engineers on alluvial canals in India. Calledegime theory this concept presents a
relationship between channel morphology and transport capacity where bankfull width
is related to discharge by a power function (Lacey, 1930). Regime theory goes on to
describe a stable channel that neither silts nor scours and ful lls a set of conditions:
constant discharge, constant suspended load (both in the grade or type of suspended
sediment, as well as the charge or quantity of suspended material), and a channel where
both the bed and banks are composed of unconsolidated alluvium of the same grade
as the suspended load. A channel that ful lls these conditions is said to lz regime
(Lacey, 1930). A channel at regime has reached a long-term stability, re ecting the
tendency of channels to adjust their width, depth, and slope to maintain equilibrium
(Hey, 1978; Hey & Thorne, 1986).

Additional work on stable channels has been contributed by Glover and Flo-
rey (1951), who determined the cross-sectional shape of threshold channels. During
bankfull ows, the material along the boundary of these channels is at the threshold
of motion. However, the bed and banks are immobile as the shear stress generated by
the ow is only su cient to bring the bed and bank material to critical conditions,
but not capable of surpassing the threshold of motion. Henderson (1963) extended
the threshold theory of canals to natural waterways. Thus, if one assumes that stable
rivers are threshold channels, then the transport of bed material can only occur during
ows that exceed bankfull conditions. If a ow greater than bankfull occurs, then the
bed and bank material would be mobilized and bank erosion would enlarge the banks

until the shear stress is returned to the threshold value (Andrews, 1984).



1.2.2 Threshold Channels According to Parker

While stable rivers were hypothesized to resemble threshold channels, alluvial
channels in the natural world are frequently observed to have both stable banks and a
mobile bed. According to the threshold theory of canals, these two conditions should
be incompatible, creating what is known as the threshold channel paradox (Parker,
1978b, 1979). As material is entrained from the bed, grains from the bank move
laterally toward the center of the channel where they too will be entrained, leading to
bank erosion and channel widening (Hirano, 1973; Parker, 1978b).

Parker (1978a, 1978b) sought to resolve this paradox for sand and gravel-bedded
rivers, which would allow for both stable channels and the transport of bed material to
coexist. For gravel-bed rivers, the boundary shear stress at the center of the channel
exceeds the threshold shear stress needed for entrainment. However, the boundary
shear stress along the banks is at or below the threshold value, resulting in immobile
bank material and a stable channel (Parker, 1978b, 1979; Vigilar & Diplas, 1997).
Since Parker's contribution is also referred to as threshold theory, the theory proposed
by Glover and Florey (1951) has been referred to as thareshold theory of canals
while the theory of Parker (1978a, 1978b, 1979) is referred to only #weshold the-
ory. Threshold theory applied to gravel-bedded rivers explains that while much of the
bed material appears stable at a glance, periodic bankfull discharges are capable of
generating the critical shear stress necessary for bedload transport (Fig. 1.1). During
bankfull conditions, the bed material moves downstream by rolling, sliding, or jumping
short distances along the bed. In the case of infrequent but high ows, the channel
cross section can enlarge due to bank erosion, which then reduces the shear stress to
near critical (Phillips & Jerolmack, 2016).

Threshold theory, which states that gravel-bed rivers adjust their bankfull chan-
nel geometry such that the bed material is at the threshold of motion, can then be
combined with the concept of hydraulic geometry to relate hydraulic variables|width,
depth, and slope|to both uid discharge and sediment discharge. This relation of

hydraulic geometry with the assumption of threshold conditions produces a series of



Figure 1.1: Schematic cross-section for a gravel-bedded river at bankfull conditions.
The horizontal shear stress pro le indicates areas that are above critical in red and
regions below in green. This coloration is re ected on the channel bed and banks|
where the bed is above the threshold of motion and undergoes transport, while the
banks are below the threshold of motion and remain stable during bankfull conditions.
Variables depicted on the schematic are bankfull heighty,s , bankfull width, wys, slope,

S, and dimensionless shear stress,.

three equations. The rst describes discharge as a function of bankfull widthwi;),

bankfull depth (hy), slope (), and a representative grain sizelj):

Q = f (Wpr; hpr; S; Ds) (1.8)

The second equation describes sediment discharge as a function of the same parameters:

Qs = f (Wht; bf) (1.9)

where ; is the bankfull dimensionless shear stress, which can be determined using
the bankfull shear stress (y = wghyS), density of water ( ), submerged specic

gravity of the sediment R = =—*), gravity (g), and a representative grain sizeljs),

w

such as the median or mean grain diameter:

bf
= 1.10
o = R gD (1.10)




The third equation de nes the condition for stable threshold banks:

hpt = T(S;Ds;  br) (1.11)

Explicit versions of equations 1.8, 1.9, and 1.11 have been developed. These in-
clude the continuity equation for determining discharge (Eq. 1.5). Sediment discharge

has been de ned in Pizzuto (1992):

p —
Qs = Wy f. gRD? (1.12)

wheref . is a parameter related to the critical shear stress () and lateral momentum
di usion near the banks (Diplas & Vigilar, 1992; Parker, 1979; Pizzuto, 1990). If
critical shear stress is constant, theffi. is assumed to be constant as well (Ikeda et al.,

1988). Bankfull depth has been de ned in Dunne and Jerolmack (2018):

DR
hys = ST” (1.13)
where s =  at threshold conditions. Equations 1.5, 1.12, and 1.13 can then be

used to derive analytical hydraulic geometry equations, such as those derived in Pizzuto
(1992).

1.2.3 Limits of Threshold Channel Theory

While threshold theory is able to explain stability in natural channels with
a mobile bed and immobile banks, it is important to note that it applies only to
a narrow range of conditions. Threshold theory speci cally refers to reaches that
are straight, laterally symmetrical, stable, have both the bed and banks composed
of unconsolidated, coarse gravel that cannot be suspended, and that most grain sizes
(even those signi cantly coarser than theD 50) are mobile at bankfull discharge (Parker,
1978b, 1979). Given that these conditions are often not met in natural streams, it is
worthwhile to investigate environments where gravel-bedded rivers do not conform to

threshold theory.



Church and Hassan (2005) investigated an upland valley with low sediment
supply in British Columbia, Canada. There, they found that the grain size distribution
of transported material is ner than the bed material, indicating that the bed is only
partially mobile. A pavement develops on the bed, resulting in a stable channel that
is maintained by the arrangement of bed material. This stable arrangement can be
disrupted by very high discharges or attrition of the bed material. The authors suggest
that there is a subset of streams that have low sediment supply and low transport, called
competence-limited transportwhich is the natural con guration for upland streams in
relatively undisturbed landscapes.

Likewise, Li et al. (1976) examined gravel-bedded streams in small watersheds,
where the load consists of particles that are two to three times smaller than the dom-
inant size of bed material. Calledthroughput load by Parker (1978b), the mobile
material is not related to channel morphology. Under this assumption, the grain size
distribution of bedforms, such as bars, should re ect the throughput load since the
construction of these bedforms relies on the ability of the ow to transport material
from the bed and onto the bar surface.

Furthermore, Hauer and Pulg (2018) conducted a study on the morphology of
rivers in Norway. These rivers have a wide range of grain sizes and were found to
frequently possess non- uvial characteristics, including glacial and colluvial deposits
with bedrock. These glacial and colluvial deposits consist of boulders that are unlikely
to be mobilized by the current ow regime, and were instead deposited by glacial
processes, during glacial retreat, or by subsequent rockfalls. The modern morphology
evolved during the Holocene due to incision into Quaternary diamictic till and a low
uvial sediment yield characteristic of the west coast of Norway.

In addition to small watersheds, systems with low sediment supply, and systems
with a varied grain size distribution, threshold theory may not apply to channels with
resistant banks, including environments with banks composed of cohesive silt and clay,

channels with signi cant amounts of riparian vegetation, and channels bordered by



bedrock or or colluvium, including large fragments of bedrock that have been trans-
ported by hillslope processes. The presence of resistant material|bedrock, colluvium,
or cohesive sediment|limits the ability of the river to widen its banks in response to

high ows, likely resulting in the coarsening of bed material.

1.3 Hypothesis & Objective

In environments with resistant banks and a low sediment supply, | suggest a
hypothesis where channel morphology is uncoupled from sediment supply. For these
streams and rivers, sediment input is sorted where ne material is transported down-
stream and the coarse material remains on the bed. Since the largest clasts are unable
to be transported as bedload, they must arrive in the channel from nearby hillslopes or
be exhumed as the channel incises into bedrock (Fig. 1.2). The bed material of these
rivers is only partially mobile at bankfull discharges and the largest size fraction on
the bed is likely immobile during all but the most devastating ows.

In order to test this hypothesis, a two-component study has been undertaken.
The rst component is the development of a numerical model that predicts bed material
grain size distribution based on channel morphology and sediment supply. The second
component is comprised of eld observations and a bedload tracer study at the White
Clay Creek. Tracking the mobility of di erent grain size fractions and evaluating the
grain size distribution at the study reach further informs the model. The White Clay
Creek displays the conditions under which the hypothesis applies, including an alluvial-
bedrock channel and an inferred low sediment supply that provides a wide variety of
grain sizes from local colluvial hillslopes and bedrock exposures. Additionally, prior
observations on the mobility of bed and bar sediment at the White Clay Creek indicate
that the bar material is entirely mobile during bankfull ows, while only 20-50% of bed
material is mobile during the same conditions (McCarthy et al., 2017) (Fig. 1.3). This
suggests that coarsest fraction in all reaches is immobile during bankfull conditions

and re ects geomorphic history rather than channel hydraulics.



Figure 1.2: Conceptual model of sediment supply and ux through a channel with
resistant banks and low sediment supply, such as the White Clay Creek. According to
this model, immobile cobbles and boulders are supplied locally through bank erosion,
the uvial supply from upstream consists of sand and pebbles stored in bars, and the
streambed is anchored by immobile cobbles and boulders with a sparse covering of
throughput loadconsisting of sand and pebbles.



Figure 1.3: Cumulative grain size distribution for bed and bar material at Site 5 along
the East Branch of the White Clay Creek. Here, the White Clay Creek is a8 order
stream. A pebble count of the bed and bar was used to determine the grain size
distribution. The range of partially mobile grain sizes was calculated using equation
1.10, where = 0:073 for the lower limit (smaller grains) and . = 0:03 for the
upper limit (larger grains) (Bu ngton & Montgomery, 1997). Grain diameters with
critical shear stress less than . = 0:03 are considered immobile.
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Chapter 2
STUDY AREA

2.1 Location
The study area is located along the White Clay Creek, a stream owing through

southeastern Pennsylvania and northern Delaware, USA. The White Clay Creek orig-

inates from several sources in Chester County and has three main tributaries called

the West Branch, Middle Branch, and East Branch that converge in Pennsylvania.
Additional tributaries include Middle Run, Pike Creek, and Mill Creek that join the
main stem of the White Clay Creek in New Castle County, Delaware (Fig. 2.1). The
White Clay Creek joins with the Red Clay Creek before entering the Christiana River
at Churchman's Marsh. The Christiana River then empties into the Delaware River
Estuary (Wild and Scenic River Program, 1999). The study sites that were investi-
gated for this project are located along the Middle Branch, East Branch, and the main
stem of the White Clay Creek.

The White Clay Creek watershed covers nearly 27%&@? (107.8ni?) (Narvaez
& Homsey, 2016). The watershed encompasses agricultural and suburban land uses,
addition to the highly urbanized corridor between the Philadelphia and Wilmington-
Newark metropolitan areas. In general, the various tributaries originate in more rural
areas with meadows and agricultural elds, before owing through forested reaches|
including White Clay Creek Preserve in Pennsylvania and White Clay Creek State

Park in Delaware|that are broken by suburban and urban development. In addition

n

to meadow and deciduous forest riparian vegetation, the southernmost reaches include

freshwater tidal wetlands (Wild and Scenic River Program, 1999). Land use classi-
cation of the White Clay Creek watershed is 38% developed, 32% cultivated, 28%
forested, and 2% wetlands (Kau man & Belden, 2010).
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Figure 2.1: Map of the White Clay Creek watershed. The three main tributaries|East
Branch, Middle Branch, and West Branch|originate in Pennsylvania toward the upper
left corner of the map. The main stem of the White Clay Creek joins the Christiana
River at the bottom right corner of the map in Delaware. Inset indicates the regional
location of the White Clay Creek watershed, highlighted in yellow. Map reproduced
from White Clay Creek Wild and Scenic River Program (n.d.) (accessed 03-14-19 from

whiteclay.org/maps-1).
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In 2000, the White Clay Creek was designated a Wild and Scenic River under
the National Wild and Scenic Rivers Program. Additional reaches were designated in
2014. The designation encompasses much of the watershed and includes all second
and higher order streams, resulting in a total of 320.26km (199.0mi) protected by the
National Wild and Scenic Rivers Act (P.L. 90-542) (National Wild and Scenic River
System, n.d.). This designation serves to guard a number of important natural and
historical resources, including protecting the habitat of native plant species, sh, birds,
and other wildlife, safeguarding water resources for the Philadelphia and Wilmington-
Newark metropolitan areas and suburbs, preserving scenic areas for human recreation,
and protecting archaeological, historical, and cultural sites, such as mills and lime kilns
(Wild and Scenic River Program, 1999).

2.2 Geologic History

The White Clay Creek originates in the Piedmont physiographic province, ows
over the Fall Line and onto the Atlantic Coastal Plain. The study sites are all located
within the Piedmont physiographic province and are underlain by late Proterozoic and
early Paleozoic metamorphic bedrock (Schenck et al., 2000). Underlying bedrock units
include the Baltimore Gneiss, Glenarm Group, Wissahickon Formation, and Wilming-
ton Complex (Schenck et al., 2000). The Late Proterozoic to early Paleozoic Glenarm
Group consists of the Settler's Formation and Cockeysville Marble, the latter of which
is an aquifer that provides groundwater to the surrounding region. The Wild and
Scenic River designation also aims to protect this aquifer from contamination (Plank
et al., 2000; Wild and Scenic River Program, 1999).

The Old College Formation|deposited approximately 1Ma|overlies various
members of the Wilmington Formation around Newark, DE, including the Windy Hills
Gneiss and Christeanstead Gneiss of early Paleozoic Age (Plank et al., 2000; Ramsey,
2005). The Old College formation also overlies the Cretaceous-age Potomac Formation
and Quaternary-age Columbia Formation (Ramsey, 2005). The Old College Formation

consists of alluvial fan deposits that were laid down by the predecessor to the White
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Clay Creek as it crossed the Fall Line, reworking the older Columbia Formation, which
has been attributed to alluvial deposits from glacial outwash during the lower to middle
Pleistocene (Groot & Jordan, 1999; Jordan, 1964; Ramsey, 1997, 2010).

Surveys of the White Clay Creek longitudinal pro le reveal a knickpoint where
the East Branch ows through a steep-walled bedrock gorge slightly north of Landen-
berg, PA. The current elevation of the White Clay Creek is lower than the Old College
Formation, indicating that the knickpoint migrated north as the stream incised into
Quaternary alluvial and glacial outwash deposits, as well as the underlying bedrock
(Fig. 2.2). The incision of the knickpoint into the bedrock of the Wilmington Forma-

tion provides a supply of boulder and cobble-size clasts to the White Clay Creek.

Figure 2.2: Schematic depicting the modern longitudinal pro le of the White Clay
Creek in navy blue and the estimated historic pro le in light blue. The historic pro le
runs through the Old College Formation at Newark, DE. Figure adapted from Pizzuto
(2018).
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2.3 Anthropogenic Impacts

Prior to European colonization, the region was occupied by the Leni-Lenape
and the terrain was likely forested or contained vegetated wetlands (Jacobson & Cole-
man, 1986; Kau man et al., 2008). The onset of European colonization drastically
changed the landscape as the region was deforested for agricultural purposes. Mill
dam construction along the White Clay Creek and its tributaries began during the
mid-eighteenth century. Many mills were small, rural operations on farms, but several
notable historic businesses were located in the White Clay Creek watershed. These in-
cluded the Curtis Paper Mill, Dean Woolen Mill, and Roseville Cotton Factory. Most
of the mills in the watershed had ceased operations by the 1880s (Wild and Scenic
River Program, 1999). The density of mills in the White Clay Creek watershed was
considerable during the nineteenth century. The 1840 U.S. manufacturing census lists
379 water-powered operations in Chester County, PA, indicating that there was a den-
sity of 0.19 mill dams per square kilometer (Walter & Merritts, 2008). Modern surveys
found 72 mill dams remaining in the subwatersheds of the Christiana River, White
Clay Creek, Red Clay Creek, and Naamans Creek (Kau man et al., 2008).

The high density of mill dams in the region|in addition to deforestation, his-
toric agricultural practices, and poor land management|has lingering e ects on stream
channels (Jacobson & Coleman, 1986; Merritts et al., 2011; Walter & Merritts, 2008).
Evaluation of bank stratigraphy suggests that following European colonization, there
was a period of high erosion of hillslope soils due to deforestation and historic agri-
cultural practices. The presence of mill dams along most Piedmont streams resulted
in an abundance of mill ponds that accumulated eroded sediment from upland hill-
slopes, leaving mill dam deposits with distinct stratigraphy (Merritts et al., 2011;
Walter & Merritts, 2008). An additional pulse of deposition occurred in the latter
half of the twentieth century as many formerly agricultural areas underwent suburban
development. Present erosion of legacy sediment and the deposition of recent mate-
rial from suburban sprawl results in waterways with cohesive, silty banks and gravel

beds. Gravel beds may be the result of periglacial deposits underlying pre-settlement
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and legacy sediment deposits (Merritts et al., 2011). Additional sources for gravel bed

material include colluvial hillslopes or fragments from bedrock incision.

2.4 Geomorphic Setting

The study sites are located along reaches of the White Clay Creek and its
tributaries that exhibit pool-ri e morphology and have alluvial-bedrock channels and
gravel beds (Montgomery & Bu ngton, 1997; Turowski et al., 2008). According to
the classi cation scheme set forth by Hauer and Pulg (2018) for channels with non-
uvial characteristics, the White Clay Creek displays amixed ri e-pool morphology|a
channel that is predominantly alluvial, but possesses diamictic sediments or colluvium
that are partially and randomly dispersed over the bed. Additionally, at many sites,
the White Clay Creek exhibits characteristics of Piedmont streams, with silty, cohesive
alluvial banks and gravel beds (Jacobson & Coleman, 1986; Walter & Merritts, 2008).
Other reaches are partially con ned by bedrock, colluvium, or anthropogenic structures
(Fig. 2.3).

2.5 Climate

The White Clay Creek watershed has a modied humid continental climate
with moderately cold winters and warm, humid summers. The normal mean annual
air temperature in Newark, DE (1971-2000) is 12°€ (54.8°F), with an average of
24.7°C (76.4°F) in July, the hottest month, and an average of 0.3C (32.5°F) in January,
the coldest month (National Oceanic and Atmospheric Administration, 2000). Normal
mean annual precipitation (1971-2000) is 1156 (45.35n) at the NOAA Newark, DE
weather station (National Oceanic and Atmospheric Administration, 2000). Although
precipitation falls regularly throughout the year, precipitation events can be intense,
such as during thunderstorms, nor'easters, or hurricanes (Pearson & Pizzuto, 2015;

Senior & Koerkle, 2003). Snowfall occurs mainly from December to March.

16



Figure 2.3: The 12 study sites in the White Clay Creek watershed (Chapter 2.7) display
characteristics of alluvial-bedrock and mixed ri e-pool channels (Hauer & Pulg, 2018;
Turowski et al., 2008) including the following: a.) frequent bedrock exposures along
the bed and banks at Site 6; b.) boulder-sized bed material at Site 12; c.) a sandy/silty
oodplain underlain by subrounded and subangular cobble/boulder-sized gravel at Site
3; d.) subrounded pebble-sized bar material at Site 4; e.) and f.) cobble-sized colluvium
eroding out of the hillslope at Site 4.
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