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Project Summary

This work investigated the relationship between oxbow lake geometry and sedimentation for

numerous oxbows along the middle and lower reaches of the Brazos River. Specific attributes

investigated include: A) the angle of diversion; B) cutoff ratio; C) main channel-lake

connections, and D) flood-connections. As is common in geomorphic systems at this scale, (i.e.,

channel scale) there is non-linearity in the various characteristics of oxbows.

As described in the scope of work, there were four tasks for this project:

o Quantify rates of planform oxbow development;

o Quantify rates of sediment deposition and meander cutoff in-filling for selected localities

along the Brazos River;

o Categorize oxbows and meander scrolls based on their morphologic and hydrologic

properties; and

o Develop a chronology of development of an oxbow lake, as it progresses from

meandering bend to remnant oxbow lake.
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Introduction

The focus of this work was to determine the processes and rates of oxbow formation in

the Brazos River floodplain. Oxbow lakes and similar cutoff channels are ubiquitous features in

alluvial rivers in the lowlands and represent one end-member of channel activity (Gagliano and

Howard, 1984; Lesack and Marsh, 2010).

Answers to the following questions are important to understanding development of

oxbows in the Brazos River watershed. The questions we will attempt to answer are: first, how

does sediment plugs infill the ends of channels of an oxbow once cutoff occurs? Second, at what

stage in the process of deposition does the lake become hydrologically disconnected from the

main river channel? Third, what are the spatial and temporal rates for the sedimentation of

oxbow lakes? And, fourth, can recent versus historic oxbows in the Brazos floodplain be

defined?

Physical Setting

The oxbow lakes in the study area are concentrated in the middle and lower reaches of

the Brazos River (Figure 1). Discharge and sediment are received from the Edwards Plateau and

the Texas coastal plain, which comprises the largest part of the middle and lower Brazos

watershed. Seasonal discharge pulses dominate floodplain lake hydrology with lake drainage

processes and surface evaporation becoming important to lake water levels after lowering of the

discharge pulse.

The oxbows studied for this report are located on the Texas coastal plain, which exhibits

a subtle, yet complex and heterogeneous landscape along with varied land-use histories. The

drainage of the Brazos River begins north of the coastal plain in an extra-basinal watershed.

Considerable drainage from the High Plains of northwest Texas and the Edwards Plateau enters
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the Brazos drainage. The coastal plain is comprised of basin-fringe and intrabasinal drainage

systems (Hudson, 2010). The watershed of the river is divided by abandoned Holocene meander

belts that occur as raised ridges within the floodplain.

Study Area - Brazos River Oxbow Lakes

MCLEN -I

ROBEgRTSON

BRAZO S

GRIME S
BUR LE SON
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Legend ^'.t
* USGS Gauging Station FO BE

A Oxbowlocations
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F~IJ -- L f Kilo meters
0 1020 40 60 80

Figure 1. Lower Brazos River including locations of oxbow lakes studied and locations of USGS
gauging stations.
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Methods

A Geographic Information System (GIS) was used to process a model of specific

attributes that were collected for each oxbow locality (Table 1); a spreadsheet program (Excel®)

integrated the data. The specific attributes collected include: 1) the cutoff ratio (CR); 2) diversion

angle (DA); 3) date of cutoff and 4) rate of sedimentation (SR).

The cutoff ratio (equation 1) is derived from the length of the abandoned channel divided

by the length of the main active channel:

CR=OL / ML (1)

where, CR is the cutoff ratio, OL is the length (m) of the oxbow, and ML is the length (m)

of the main channel, between the upstream and downstream oxbow channel ends (Fig. 2).

Similar, the diversion angle is measured between the upstream portion of the abandoned

channel and main channel in the downstream direction (Fig. 2). Both characteristics are collected

from the most recent aerial photographs of cutoff of the abandoned channel. The dates of cutoff

are calculated from the midpoint between the aerial photographs taken immediately before and

after for a particular cutoff on the main channel (Constantine, 2010). Typically, the areal

coverage covered the span of 20-40 years after establishing date of the cutoff.
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A

*Not to scale

Figure 2. Measuring the cutoff ratio and diversion angle along oxbow lakes. The
cutoff ratio is calculated by the oxbow length divided by the main channel
length. The diversion angle is between the upstream entrance of the cutoff and
the main channel.

In a linear geomorphic system, a greater cutoff ratio, for oxbows of equal channel depth

and width, results in lower sedimentation rates as flows connecting the oxbow to the main

channel during flood deposit sediment across a larger surface area. Similarly, a larger diversion

angle results in an abandoned channel entrance further away from parallel flow with the main

channel, which reduces sedimentation rates.
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Cutoff ratios and diversion angles are important geometric characteristics controlling the

infilling and rates of sedimentation in oxbows lakes (Pidgay, 2002; Constantine, 2010). The

thickness of sediment deposition was obtained by first obtaining the difference between the

elevation of the highest point along the upstream arm of the oxbow and the elevation of the main

channel immediately adjacent to the oxbow (Fig.3). The length of cutoff time was calculated by

subtracting the cutoff year from the date of the DEM. The sediment thickness was then divided

by the number of years since cutoff from the main channel to determine the rate of sedimentation

per year, which is expressed in meters per year. Therefore, the rate of sedimentation (Eq. 2) is

expressed as:

SR = (OE - ME) / OA (2)

where, SR represents the rate of sedimentation (m/yr), OE is the elevation of the upstream oxbow

surface, ME is the elevation of the main channel, and OA is the age of the oxbow in years.

Figure 3. Digital elevation model (DEM) of a typical oxbow lake and the main channel.
The oxbow lake is the dark black horsehoe form in the center of the image, and the main
channel flows along the lower portion of the image. The thin, blue arrow points to
highest elevation used in calculation of sedimentation rates, which is the upstream
component of the oxbow lake. Main channel flow is from left to right.

6



Lowland rivers similar to the Brazos River exhibit rates of sedimentation that decrease as

the cutoff channel fills over time (Hooke, 1995). This is a result of the oxbow surface bottom

elevation rising as sediments are deposited. To calculate extensive changes in the rates of

sedimentation over time requires substantial sedimentologic and chronologic data.

Using the extensive aerial photographs and planimetric maps of the area, an important

assumption was made for the sedimentation rates over the time frame of oxbow cutoff in this

study. For the purposes of this work, it is assumed that the oxbow lakes occurring in the Brazos

River watershed are in a 'steady-state' condition, whereby sedimentation rates are assumed

constant over time. This assumption can be made because determining changes in the rates of

sedimentation over time require either the dating of sedimentary materials using stable isotopes

or extensive temporal coverage of aerial photograhs (Brooks and Medioli, 2003). In reality, older

oxbows are more stable as fewer connections decrease the amount of sediment infill, whereas

younger oxbows connect more frequently with the main channel.

Field data, specifically the number of connections to main channel (C#) and the flood-

flow [FF, (Eq. 4)] required for connection, for five oxbows from Osting (2004) were the basis for

the modeling approach we used to build models (Fig. 4 & 5) with sedimentation rates to

calculate number of lake to main channel connections and flood flows for the remaining twenty-

three oxbows.
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Figure 4. Relationship between the number of connections between the oxbow and
main channel, and sedimentation rate. Though sedimentation rates are controlled by
the number of connections, this graph shows the relationship between the two
variables.

The number of connections for all dated oxbows using the rate of sedimentation is

computed as follows (Eq. 3):

C# = 28.255*ln(SR) + 91.638 (3)

where, C# is the number of connections between the main channel and oxbow from the time of

cutoff from the main channel to 2011, and SR is the rate of sedimentation. Figure 5 is similar to

the previous figure in that it calculates the flood flow (m 3/sec) required to connect with the

abandoned channel, rather than the rate of sedimentation.
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Figure 5. Relationship between flood flows and the number of connections for oxbows
from Osting (2004).

The calculation of the flow required to maintain connection between the oxbow lake and

the main channel is derived from:

FF = -674.5*ln(C#) + 3306 (4)

where, FF is the flood-flow required to connect the main channel to the oxbow lake, and C# is the

number of connections between the main channel and the oxbow.

To better understand the dynamic characteristics of oxbows in what is often considered a

homogenous environment, it is useful to categorize the main channel into distinct reaches.

Phillips (2006) segments the main channel into a series of river style reaches, which are

geomorphically distinct from one another. Variables from Phillips (2006) used in conjecture with

the data collected in our study include the slope of the reach, channel sinuosity, channel/flow

patterns, and the channel-floodplain connectivity.

Hydrologic records for five USGS stream gauging stations (Fig. 1 & Table 1) were

compiled for connection flood flows determined by Osting (2004). The daily mean flows were

collected for the entire time of record.
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Table 1. Gauge stations for the middle and lower Brazos River.
Gauge # Gauge name Year Location (UTM)

8098290 Highbank 1965 E707398, N3446477
8108700 Bryan - SH 21 1993 E735419, N3390800

8111500 Hempstead 1938 E770962, N3336407

8114000 Richmond 1903 E232885, N3275668

8116650 Rosharon 1967 E249298,N3249472

A model (Fig. 5) was created comparing the number of connections and the flood flow

required to make that connection. This model was applied to dated oxbows that had cutoff since

gauge records began to be recorded for gauge stations directly upstream of the particular

oxbows. The number of days containing a flow that equaled or exceeded the modeled flow was

obtained for each oxbow to determine the relationship between flood flows and number of

connections.

The data points (lakes 02, 04, 014, 027, and 028) used to develop relationships between

the number of connections, sedimentation rates, cutoff ratios, and other factors are a good

representation of the variety of oxbow lakes encountered in the Brazos Valley. Oxbow lakes 02,

04, 014, 027 and 028 occur at regular intervals along the main channel, in a range of floodplain

valley widths.

Results and Interpretation

A summary of the analyses is presented in Table 2. Sedimentation rates are examined in

relation to cutoff ratio, diversion angles, sinuosity class, slope class, channel/flow pattern class,

and channel/floodplain connectivity class. The numbers of connections, both field and modeled,

are analyzed against several attributes to determine the planform development and sediment

dynamics of 28 dated oxbow lakes.
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Table 2. Oxbow lakes examined in this study. Oxbows were numbered starting from the furthest
therefore, lake 027 is closest to the entrance into the

*Values obtained from Hudson (2010). Dashes ir
dashes indicating data not acquired.

Oxbow lake
01
02
03
04
05
06
07
08
09
010
011
012
013
014
015
016
017
018
019
020
021
022
023
024

025***
026***
027***
028***

UTM latitude

(M)
713892
737297

738505
756635

759306
779341
781151
780014
773125
772444
772825
772114
772956
773721
774847
776814
780408
780315
784236
786154
787796

789703
787218
786581
234842
236974

250403
254881

UTM
longitude (m)

3436836
3389811
3391194
3374278

3370459

3353993
3349800

3347769

3344514
3342875

3342048
3337184

3334809
3331775

3330334
3329440

3306523

3304998
3299863

3292235
3292221
3287926

3288256
3287503

3276629
3276175

3239758
3215198

Gulf of Mexi

Cut-off
ratio
6.10
9.98
2.52

14.41
22.67
8.71
2.54
8.95
1.84

18.85
11.64
11.56
12.07
5.00

11.22
8.29
5.11
2.98
6.85
4.95
4.46
5.82
2.46
1.82
7.10
3.40

25.50
5.90

dicate lake

**Values obtained from Hudson (2010), with dashes indicating data not acquired.
***The UTM coordinate system for oxbow 25-28 is Zone 15. Oxbows 1-24 occur in UTM Zone 14.

Oxbow lakes along the Brazos River contain various levels of sedimentation, which is

driven primarily by main channel discharge and sediment load. Phillips (2011) used a

classification system to assess dominant processes of hydrologic connectivity for cutoff channels

along the Sabine River. The six categories include: 1) flow through, whereby high discharge

enters and passes through the abandoned channel, 2) flood channels, with high discharges

11

co.
Diversion Di

angle cha
39.3
89.0

105.1
77.5

129.5
50.7
56.2

133.2
109.5
98.1

110.9
102.5
89.8
67.2
48.3
63.1
55.3
64.6
62.0
128.0
84.1
66.4
132.6
99.5

142.8
141.7
128.8
143.7

distances not calculated

stance to
nnel (m)*

100
220

159
400
405
218
13

235
1021
125
74

516

337
59

774
113

393

334
156

210
151

Lake area
(km2)**

0.006
0.495

0.153
0.140
0.034
0.041
0.064
0.072
0.110
0.204
0.144
0.088

0.190
0.141
0.062
0.195

0.155
0.192
0.104
0.095

334 0.094
in Hudson (2010), with

0.225
0.290

upstream lake,



entering the oxbow and then returning to the main channel, 3) fill and spill, where high flows fill

the abandoned channel and then spill out into the basin of the surrounding floodplain, 4) fill and

drain, with the oxbow filling during high flow and then draining back to the main channel as

river discharge decreases, 5) tributary occupied, whereby tributaries of the main channel flow

through the cutoff channel, and 6) disconnected, with no flow between the main channel and the

cutoff.

Table 2. Additional oxbow lake data including the date of cutoff (year), the rate of sedimentation (m/yr), and
the type of cutoff channel, according to modified classification scheme.

Oxbow lake Cutoff date Sedimentation rate (m/yr) Type*
01 1933 0.030 Flow through: Tributary occupied
02 1920 0.076 Fill-and-drain
03 1974 0.080 Tributary occupied
04 1974 0.280 Tributary occupied
05 1920 0.101 Disconnected
06 1896 0.078 Tributary occupied
07 1938 0.066 Disconnected
08 1938 0.033 Tributary occupied
09 1961 0.211 Flood channel
010 1913 0.047 Flood channel
011 1946 0.094 Flood channel
012 1913 0.093 Fill-and-drain
013 1913 0.093 Fill-and-drain
014 1960 0.256 Fill-and-drain
015 1976 0.400 Flood channel: Tributary occupied
016 1950 0.143 Disconnected
017 1960 0.051 Fill-and-drain
018 1917 0.049 Fill-and-drain
019 1962 0.027 Fill-and-spill
020 1948 0.196 Disconnected
021 1948 0.196 Disconnected
022 1947 0.231 Disconnected
023 1947 0.192 Fill-and-drain
024 1947 0.154 Disconnected
025 1919 0.075 Flood channel
026 1919 0.113 Disconnected
027 1996 0.218 Fill-and-drain
028 1920 0.055 Disconnected

*Classification type follows Phillips, 2011.

To compare the accuracy of the sedimentation rates collected using the Digital Elevation

Model, the control points (Osting 2004) were compared to elevations from the DEM (Table 3).
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The location of the control points are displayed in figures 3.2, 3.10, 3.16, 3.27 and 3.41; with the

DEM elevations chosen at the same location using aerial photographs and the DEM. The percent

error is low (mean = 4.09%), indicating DEM elevations are comparable to field surveyed points.

The major outlier is Cutoff Lake (028) with a 63.34% error. This error is most likely attributable

to the difficulty in establishing an elevation control point. The last lake, Horseshoe Lake, was not

included in this work because a cutoff date could not be determined from neither historic maps

nor aerial photographs.

Table 3. Difference between elevations (Osting 2004) and DEM elevations concerning control points.

Lake* Osting control DEM control points Error (%)
points (m) (m)

Moehlman Slough (02) 66.9 67 0.15
Big Bend Oxbow (04) 58.6 60 2.4
Korthauer Bottom (014) 38.6 40 3.63
Hog Island Lake (027) 0.88 0.97 10.2

Cutoff Lake (028) 13.91 5.1 63.34**

*The lake names are used from Osting (2004), with the label for this work in parenthesis.
** The error for 'Cutoff Lake' is very high most likely because of the difficulty of measuring the control

point in the original 2004 field survey.

Figure 6 displays the correlation between rates of sedimentation (m/yr) and the cutoff

ratio. A very weak correlation (R = 0.0008) exists between the two variables, the linear trend

slopes downward with many of the rates of sedimentation occurring between 0.0 and 0.1 (m/yr).

As expected, most of the rates of sedimentation greater than 0.1 m/yr occur with oxbows having

a cutoff ratio of less than 10.0. As the length of the oxbow increases, relative to the main channel

length, the area available for sediment deposition increases; therefore, lowering the rate of

sedimentation for an oxbow with a high cutoff ratio. Discounting the four outliers in Fig. 6, this

relationship is shown in the cluster of points between 0 and ~12 cutoff ratio. A shorter cutoff

channel results in less accommodation space at the upstream end of the lake, resulting in

increased sediment deposition.
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Figure 6. Relationship between sedimentation rates and the cutoff ratio.

Figure 7 displays a strong correlation (R2 = 0.84) between number of connections and the

cutoff ratio. As the cutoff ratio increases, the number of connections between the main channel

and the oxbow increases. A larger cutoff ratio has a larger lake surface area, allowing for

sediment transported into the lake to be deposited in thinner beds throughout the lake area. The

flood-flow required to connect the oxbows to the main channel is smaller than oxbows with low

cutoff ratios, allowing for lower, more frequent discharges to enter those oxbows.
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Figure 7. Relationship between cutoff ratio and the number of connections from the
oxbow lakes studied in Osting (2004).

The relationship between rates of sedimentation and the diversion angle (Fig. 8) display a

gently sloping downward trend as diversion angles increase. With larger diversion angles the

upstream entrance to the oxbow lake approaches a more perpendicular angle to the main channel,

which impedes sediment flowing into the abandoned channel during sufficient connection

discharges. Sediment is able to enter oxbow lakes with a lower diversion angle because the

upstream entrances approach a parallel position with the main channel. Suspended sediment is

less susceptible to this general concept of increased sedimentation with a lower diversion angle,

which is shown in Fig. 8, where sedimentation rates are generally constant across the range of

diversion angles.

The sedimentation in oxbow lakes along the Brazos River is predominantly driven by

suspended sediment particles, which are deposited in the abandoned channel at lower flows

relative to those flows for bedload transport. Unfortunately, it is difficult to explain observed

sedimentation relative to the diversion angle of Brazos valley oxbow lakes.
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Figure 8. Relationship between sedimentation rates and the diversion angle. Main
channel flow enters the oxbow more easily when the diversion angle is lower, with
higher maximum rates of sedimentation at diversion angles less than 100.

Constantine (2010) showed that in coarse-grained fluvial systems with high diversion,

aggradation rates, or rates of sedimentation, are higher. This relationship of high diversion angle-

high rate of sedimentation does not apply to the Brazos River because the Brazos River is a sand-

dominated system (Dunn, 2001), as well as having a high suspended sediment load. Thus,

changes in the composition of the sediment load, in addition to the planform characteristics of

the oxbow, affect the rate of sedimentation in abandoned channels. These characteristics can be

simply stated that as the percentage of suspended particles increases, relative to the total

sediment load, the relationship between rates of sedimentation and the diversion angle weakens.

Figure 9 displays the relationship between the number of connections, observed (Osting

2004) and the diversion angle for 5 of the 28 oxbows. A higher diversion angle results in fewer

connections between the main channel and the oxbow as the angle of the abandoned channel, is

more perpendicular to the direction of water flow in the main channel.
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Figure 9. Relationship between diversion angle and the number of connections for
oxbow lakes studied (Osting 2004). The connections listed are the observed
connections in the field. The outlier is 027, a recent oxbow cutoff in the last decade,
though number of connections is listed as connecting back to 1983. The correlation

2
improves to R = 0.9241 when the 027 oxbow is not included.

Study of Figure 9 shows an outlier in the upper right corner. This outlier in the upper

right corner of Fig. 9 is a special case. This oxbow is dated to 1996, both from Osting (2004) and

the use of temporal aerial photographs by the authors. The oxbow was cutoff in 1996, yet

connections between the oxbow and the main channel have occurred dating to 1983 (Osting

2004), when the oxbow lake was not yet separated from the main channel. If this data point is

removed from the population, which though cutoff only since 1996 is nevertheless listed as

reconnecting since the 1980s, a strong correlation of R2 = 0.9241 occurs. This supports the

assumption that oxbow lakes with greater diversion angles reconnect less with the main channel

inferred from Fig. 8, whereby oxbows with higher diversion angles, in the upstream abandoned

channel arm, have lower rates of sedimentation.

The oxbow lake data in relation to the geomorphically-determined river style classes

(Phillips 2006) is presented in Figures 10-13. Examination of these data suggest that several of

17



the classes across the different characteristics include a low number of data points. Overall,

several characteristics of the development of oxbows are presented.

Boxplots of sedimentation rates according to sinuosity classes from river reach styles are

shown in Figure 10. Sinuousity is classified as: low sinuousity, 1.25-1.49; meandering, 1.50-

1.99; strongly meandering, 2.0-3.0, and tortuous, >3.0. The median rate increases as sinuosity of

the channel increases. The greatest range in sedimentation occurs with strongly meandering (the

dimensionless ratio of the main channel length to valley length is 2.0-3.0) channel segments.

0.5

0.4

E

0.3

S0.2 o

E

01

Low sinuousity Meandering Strongly Tortuous
meandering

Sinuosity class

Figure 10. Relationship between sedimentation rates and sinuosity classes after
Phillips (2006).

Boxplots for sedimentation rates in six slope gradients classes for the main channel are

shown in Figure 11. The largest range occurs in the lower two slope classes. Examination of

these data suggest that increasing slope results in greater rates of sedimentation.
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Figure 11. Relationship between sedimentation rates and channel slopes presented
after Phillips (2006).

Boxplots for the two major channel/flow patterns in the study area as shown in Figure 12.

All oxbows dated and observed in the study area occur in a class of either a main single thread

channel or a single thread channel with tributaries acting as avulsion channels along the river

floodplain. The tributaries flow parallel along the main channel through the floodplain. Rates of

sedimentation have a greater range in the single thread channel, with the median and 3rd quartile

greater in the second channel/flow class. Thus, it can be extrapolated that there is greater

variability in the sediment dynamics between the main channel and the oxbow lake where

avulsion channels do not occupy the river floodplain. Here we use a definition of the floodplain

that includes recent Quaternary sediments deposited between major Tertiary terraces (Waters and

Nordt, 1995).
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Figure 12. Boxplot of sedimentation rates for single thread and single thread with
tributaries occupying avulsion channel and flow pattern. Sedimentation rates
between the channel types are approximately equal for the majority of data points; ST
= single thread channel, ST tac = tributaries occupying avulsion channels.

Of the four classes developed by Phillip (2006), the channel-floodplain connectivity is

perhaps most relevant to the evolution of oxbows in the Brazos River watershed, specifically

rates of sedimentation contributing to the infilling of abandoned channels. It was expected that

different connectivity classes would have a marked influence on sedimentation rates. The first

quartile, median, and third quartile sedimentation rates are relatively close in value, ranging from

0.05 m/yr to 0.2 m/yr. The 'low' connectivity class has the greatest range, but also contains the

most oxbow data points. Overall, because we assumed a steady-state nature of the observed

sedimentation rates for the lower Brazos River oxbows (i.e., sedimentation is assumed constant

every year in an oxbow) the flood flows required for connection are skewed towards lower

values.
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Figure 13. Boxplot of sedimentation rates for channel-floodplain connectivity. High 1 is
primarily from flooding of oxbows, sloughs, and flood basins; High 2 is from cross-
floodplain flow.

It should be noted that many of the oxbow lakes occur near the boundary between

different river reaches outlined by Phillips (2006). The upstream or downstream proximity may

influence the geomorphology of many of the oxbows studied in our study.

A strong correlation R2 = 0.9157 between the number of connections and the age (i.e.,

years since cutoff from main channel) of an oxbow lake is shown in Figure 14. This correlation

of decreasing connections with increasing age is not surprising because as an individual oxbow

ages, the number of connections decreases as the abandoned channel slowly fills with sediment.
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Figure 14. Relationship between the number of connections and the age in years of
the oxbow.

The number of connections for each oxbow and the main channel, and the flood-flow or

discharge required for that connection is determined using Equations (3) and (4) (Table 4).

Because a small number of sites were field surveyed to observe and record the number of

oxbow-main channel connections and required discharge, the values in Table 4 allow one to

investigate the number of actual days, using the stream discharge data from the gauges in Table

1, which the main channel did, in fact, connect to oxbow lakes, versus the number of connections

the between main channel and oxbow. The duration of the reconnection is important, beyond just

the absolute number of connections, because connections of longer duration should result in

increased sediment deposition.
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Table 4. Modeled number of connections and modeled flood-flow (cms) needed to reconnect the main
channel to oxbow lakes along the Brazos River. This data was used to compare the number of days of a
given flood to the modeled number of connections between the main channel and oxbow. The location of
oxbow lakes is presented in Figure 1 and Table 1.

Oxbow lake Modeled # connections Modeled flood flow (cms)
01 7 1952
02 19 1327
03 20 1276
04 56 595
05 27 1084
06 19 1304
07 15 1495
08 7 1952
09 48 700
010 5 2227
011 25 1136
012 25 1147
013 25 1147
014
015
016
017
018
019
020
021
022
023
024
025
026
027
028

53
66
37
8
6

10
46
46
50
45
39
18
30
49
10

625
482
876

1928
2064
1727
729
729
664
737
839

1339
1014
686

1768

The relationship between the modeled number of connections, calculated with Equation

(1), and the age of dated oxbows is displayed in Figure 15. Though a weak correlation exists, R2

= 0.3278, nonetheless, the general trend is apparent that younger oxbow cutoffs have a greater

number of connections with the main channel during high discharge periods.
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Figure 15. Relationship between modeled connections and oxbow cutoff age for
entire dataset. The number of connections presented here is dependent on the values
obtained in Equation 3.

The correlation shown in Fig. 16 is the modeled number of connections compared to the

number of days in which the required flood flow for reconnection occurred, as recorded from

nearby USGS gauging stations. Only 13 of the 28 dated oxbows are incorporated in the

relationship between modeled connections because the cutoff dates for the excluded oxbows

were within the period of discharge for the gauging station associated with a particular oxbow.

Using historic stream discharges and the relationship between connections and rates of

sedimentation, one can estimate the number of days a particular discharge will cause connection

between the main channel and the abandoned oxbow lake.
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Figure 16. Relationship between the number of days with a modeled flood flow and
the modeled number of connections with the main channel.

Using the following equation:

y = 28.95x - 4.3218 (5)

where, y is the number of days for a given flood-flow, sufficient to reconnect, and x is the

modeled number of connections between the main-channel and oxbow lake. The estimate of the

number of days, from the date of channel cutoff to 1999, an oxbow will connect based on the

modeled number of connections with the main channel can be accomplished using Equation (5).

With predicted discharge values, it is possible, in combination with the rates of sedimentation, to

estimate when oxbows become relatively disconnected from the main channel and at what point

they may sufficiently fill with sediment to disconnect.

Task 3 in this report is to categorize the oxbows based in part on their hydrologic

properties. Table 3 includes the application of an abandoned channel water body scheme

(Phillips, 2011) to the oxbow dataset our work. The determination for each oxbow class was

accomplished using the historic discharge records at selected gauging stations, Table 1, historic

aerial photographs, and a ten-meter resolution digital elevation model (DEM). The before and
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after aerial photographs of a cutoff were examined to note changes in ratio of vegetation to open

channel sands, changes in channel width, presence of tributary streams, and presence of any

splay or overbank deposits adjacent to the oxbows. The digital elevation model displays the

elevation of the lake relative to the surrounding floodplain, which can determine the pattern of

sediment deposition during high discharge events.

It was found that few cutoffs occur as 'fill-and-spill' type, with the majority as 'fill-and-

drain'. An interesting result was the large number of 'disconnected' cutoffs, despite the relatively

recent date of cutoff. This fact suggests a rapid infilling of sediment with a rapid tapering off in

subsequent decades following channel abandonment. A second interesting fact is the relatively

numerous cutoff lakes categorized as 'tributary occupied'. Of the 28 oxbows, 6 (21%) having

tributary streams routing through either the up or downstream of the oxbow ends. This flow

pattern effects both the sedimentation of the lake and discharge required to connect between the

main channel and oxbow. Four of the six 'tributary occupied' oxbows have low sedimentation

rates, with these lakes having been abandoned from the 1890s to 1930s periods. Thus, the

tributaries are effective at routing sediment back towards the main channel. The scheme is

appropriate for the oxbows along the middle and lower Brazos River. Additional field research

could produce a refinement.

In addition to the flood-flow data shown in (Figs. 5 & 16), work by Hudson (2010)

presents data on several of the oxbows dated in our work concerning the wetted lake area and the

distance to the main channel from the abandoned channel entrance (Fig. 17 & 18). As the

distance from the main channel decreases the sedimentation rate generally increases in

magnitude, with the highest rates in oxbow lakes that are 0.4 km or less from the main channel is
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shown in Figure 17. It is important to appreciate the fact that 'distance to main channel' varies

over time as the main channel migrates across the floodplain.
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0.2 R2 =0.0212
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0.0

0.000 0.200 0.400 0.600 0.800 1.000 1.200

Distance to main channel (km)

Figure 17. Relationship between sedimentation rates and distance to main channel
after Hudson (2010).

A weak correlation between the wetted-lake area and rates of sedimentation was found

(Fig. 18). Though a similar relationship should exist as that between sedimentation rates and

cutoff ratios, the opposite appears to be true, with a more pronounced upward trend. As lake area

increases the rates of sedimentation also increase. This relationship is opposite of what was

shown in Fig. 6, whereas the cutoff ratio increases, the lake lengthens relative to the main

channel, and the rates of sedimentation decrease. Thus, changes in the width of the abandoned

channel between oxbows may explain why rates of sedimentation increase with larger wetted

lake area, but decrease with larger cutoff ratios.
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Figure 18. Relationships between sedimentation rates and the wetted lake area
presented after Hudson (2010).

The highest sedimentation rates are found in lakes between 0.15 and 0.20 km2 in area.

Several factors may affect lake area; thus our analysis is tentative. First, groundwater levels in

the Brazos River watershed fluctuate significantly, affecting the surface water expression in

different fluvial environments (Chowdhury, 2004). Second, evaporation can affect lake levels,

and, therefore, area to change over the course of a season. Third, it is difficult to determine the

origin of water in the lake, whether it is remnant water from separation to the main channel or

flood water from recent reconnections.

The fourth task developed a chronology of oxbow lake development from channel

meander to cutoff to fully abandoned channel. Morken and Kondolf (2003) developed a model of

oxbow lake evolution based on the Sacramento River (Fig. 19).
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Figure 19. Conceptual model of oxbow lake evolution (after Morken and Kondolf, 2003).

The Sacramento and Brazos rivers differ in their geomorphic properties, including the

composition and percentages of suspended and bed load sediments. Despite these differences, the

Sacramento model is applicable to the Brazos River oxbows. Dominant influences are the land

use within the floodplain and main channel discharge regime. Unlike the Sacramento River, for

which the model was developed on chute cutoffs, the oxbow lakes along the Brazos River are

mainly the result of meander cutoff with a narrowing of the meander belt. Therefore, the model

may need modification for use in the Brazos River environment, but it does have a good

potential for application.

Summary

This work addresses four components associated with the evolution of oxbows in the

middle and lower Brazos River watershed: 1) quantifying the rate of planform oxbow

development, or cutoff, 2) quantifying the rates of sediment deposition; 3) categorizing oxbow

lakes based upon their morphologic and hydrologic characteristics; and 4) developing a
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chronology of development of an oxbow lake as it progresses from meandering bend to remnant

oxbow lake.

Summarizing the first task, quantifying rates of oxbow development, 28 of the 54 (52%)

total oxbow lakes occurring in the middle and lower reaches of the Brazos River are dated as

having cutoff on or after 1896, with a cutoff occurring on average every 4.2 years. The oldest

cutoff occurred in 1886, whereas the youngest cutoff occurred in 1995.

Summarizing the second task, rates of sedimentation, (m/yr), the average rate ranges

from 0.02 to 0.4. From our analysis, we suggest that the cutoff ratio slightly decreases sediment

rates, as expected, whereas an increase in diversion angle lowers the sedimentation rates, also as

expected.

From our study of the various river style reaches we suggset that many different

characteristics result in similar rates of sedimentation. The most marked classes are low slopes

and tortous sinuosity, both which result in higher rates of sedimentation. It should be noted that

ongoing channel migration removes the depositional sedimentary units of the oxbows. Thus,

oxbow dynamics in the middle and lower Brazos watershed are subject to a number of fairly

rapid environmental changes.

We suggest that a future project should focus on determining how the rate of sedimentation

changes as an oxbow fills over time. This important research would negate the steady state

assumption made in this work concerning the number of oxbow-main channel connections and

flood flows required to make the connection. Both flood flows and sedimentation rates will

change over time as an oxbow fills with sediments.
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Foundational Findings

- A total of 28 distinct oxbow lakes were dated for their time of cutoff using a combination
of historical maps and time series aerial photographs.

- Several variables were measured: the cutoff ratio, diversion angle and sedimentation
rates. In addition, the number of connections and floods required for connections were
used in combination to build several models of oxbow characteristics. Oxbows were
categorized according to specific river-style classifications including sinuosity, slope, and
channel-floodplain connectivity.

- As the cutoff ratio increases the sedimentation rates increase for the current dataset.

- As diversion angle increases there is a slight decrease in sedimentation rates occurs.

- The number of connections from field observations matches closely (R2 = 0.9728) to the
sedimentation rates for five oxbows.

- Sedimentation rates decrease as distance to the main channel increases for the current

dataset.

- Sedimentation rates increase as the area of the oxbow lake increases.

- A strong correlation (R2 = 0.9024) exists between the modeled number of connections
and the number of days with a flood flow meeting or exceeding the modeled flow needed
to connect for 13 of the oxbow lakes.

- A strong correlation (R2 = 0.9469) exists between the flood flow required for connection
and the number of connections for five oxbows in which higher flood flows have fewer
number of connections.

- As the number of connections increases for an oxbow lake, the age of the cutoff
increases. Therefore, older oxbows have fewer connections in a steady-state environment.

- A strong correlation (R2 = 0.84) exists between an increasing cutoff ratio and increasing
number of connections.

- A poor correlation (R2 = 0.2635) exists between the diversion angle and the number of
connections.
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Appendix A

The lake, and associated channel, segments for each oxbow used to calculate the cutoff ratio. The
ratio is calculated by dividing the length of the lake segment by the channel segment. A higher
ratio equates to a longer lake segment relative to the corresponding channel segment. The
channel segment is the portion of the main channel between the upstream and downstream
entrances of the oxbow lake.

Channel segment
y

Oxbow ID
01
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05

06
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08

09
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014
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016

017

018

019

Length (m)
572.6

3490.8
415.7

4147.6
278.9
702.5

3423.0
237.5

2710.0
119.5
299.7

2609.9
1660.1
652.4
220.8
1977.1
984.9
1809.9
159.5

3006.4
368.7

4290.6
402.2

4650.8
187.9

2267.5
375.2
1874.9
2304.8
205.4

4505.3
543.1

2172.8
425.4
676.2

2013.9
2163.5
315.8

Ratio
6.10

9.98

2.52

14.41

22.67

8.71

2.54

8.95

1.84

18.85

11.64

11.56

12.07

5.00

11.22

8.29

5.11

2.98

6.85
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Appendix B

The diversion angle is calculated by drawing a triangle between the upstream lake end and the
main channel. By knowing the lengths of the three sides of the triangle the three angles can be
determined. The a and b sides correspond to the oxbow and main channel, respectively, with the
c side connecting the two.

Oxbow ID Side Length (in) Angle (0)

01 a 406.9
b 215.0
c 276.3 39.3

02 a 286.4
b 214.9
c 355.1 89.0

03 a 261.0
b 175.2
c 350.1 105.1

04 a 343.2
b 173.7
c 349.4 77.5

05 a 403.4
b 129.2
c 495.7 129.5

06 a 354.5
b 260.3
c 276.8 50.7

07 a 355.4
b 313.1
c 317.2 56.2

08 a 333.7
b 206.9
c 498.6 133.2

09 a 183.9
b 145.2
c 269.7 109.5

010 a 196.4
b 127.6
c 248.9 98.1

011 a 359.6
b 158.6
c 441.8 110.9

012 a 376.4
b 166.5
c 443.3 102.5

013 a 320.5
b 86.0
c 331.5 89.8
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015

016

017

018

019

020

021

022

023

024

025

026

027

028

284.6
141.1
264.2
320.4
93.8

267.3
245.5
209.7
240.0
409.1
300.9
343.2
441.8
332.3
424.2
853.1
215.9
775.5
579.3
264.6
770.8
356.5
402.2
508.9
509.9
284.9
474.2
317.6
195.5
472.4
263.9
235.1
381.2
427.3
224.6
621.3
524.6
294.9
777.8
223.8
94.8

292.7
410.2
219.9
601.6

67.2

48.3

63.1

55.3

64.6

62.0

128.0

84.1

66.4

132.6

99.5

142.8

141.7

128.8

143.7
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Appendix C

Listed below are the important attributes for each lake using the river reach styles classification.
The main channel was partitioned into a number of distinct reaches, based in part on the
categories listed below, such as underlying geology, channel slope, etc. The geology is
categorized by age of the Mesozoic age units, with the Quaternary Pleistocene divided between
the Early (Lissie) and Late (Beaumont). The oxbows observed in this study categorizd according
to which river reach style they occurred in. Under the sinuousity column, the values are as
follows: low sin = 1.25 - 1.49; mean = 1.50 - 1.99; str mean = 2.0 - 3.0; and tort = >3.0. In the
Channel/flow pattern column,the ST tac represents single thread main channel with tributaries
occupying the avulsion channels, and the ST represents single thread main channel. In the
channel-floodplain connectivity column, which describes the frequency of connections between
the main channel and the adjacent floodplain, the abbreviations represent as follows: low = low
connectivity; mod = moderate connectivity; high 1 = high connectivity primarily from flooding
of oxbows, sloughs, and flood basins; and high 2 = high connectivity primarily from cross-
floodplain flow.

Oxbow RR* Geology Slope Sinuousity Channel/flow Channel-floodplain
pattern connectivity

01 - - - -

02 1 Eocene 0.020459 low sin ST tac mod
03 1 Eocene 0.020459 low sin ST tac mod
04 3 Eocene 0.000164 mean ST tac mod
05 3 Eocene 0.000164 mean ST tac mod
06 8 Miocene 0.000183 str mean ST low
07 8 Miocene 0.000183 str mean ST low
08 8 Miocene 0.000183 str mean ST low
09 10 Miocene 0.000077 str mean ST low
010 8 Miocene 0.000183 str mean ST low
O1 8 Miocene 0.000183 str mean ST low
012 8 Miocene 0.000183 str mean ST low
013 10 Miocene 0.000077 str mean ST low
014 10 Miocene 0.000077 str mean ST low
015 10 Miocene 0.000077 str mean ST low
016 10 Miocene 0.000077 str mean ST low
017 13 Lissie/Beaumont 0.000077 mean ST high 1
018 13 Lissie/Beaumont 0.000077 mean ST high 1
019 14 Lissie/Beaumont 0.000077 mean ST tac high 1
020 15 Lissie/Beaumont 0.000251 mean ST tac high 1
021 15 Lissie/Beaumont 0.000251 mean ST tac high 1
022 16 Lissie/Beaumont 0.000251 tort ST tac high 1
023 16 Lissie/Beaumont 0.000251 tort ST tac high 1
024 16 Lissie/Beaumont 0.000251 tort ST tac high 1
025 20 Beaumont 0.000111 low sin ST tac high 2
026 20 Beaumont 0.000111 low sin ST tac high 2
027 25 Beaumont 0.000031 low sin ST tac high 2
028 29 Late Quaternary 0.000031 low sin ST dac* high 2
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Appendix D

Aerial photograph interpretation

The following historic and recent aerial photographs display the condition of certain oxbows a
few years to several decades after cutoff. The oxbows listed below were chosen for their cutoff
date relative to the aerial photographs and/or the large number of aerial photographs showing
changes through time of the oxbows. The aerial photographs are grouped by those lakes that
have 4+ photographs shortly after cutoff (<10 years), lakes with 4+ photographs 10+ years after
cutoff and lake with 2+ photographs after cutoff. These particular oxbow lakes, by examination
of the different time periods, provide a snapshot of changing lake conditions through the decades
after cutoff from the main channel.
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Oxbow lakes with 4+ aerial photographs shortly after cutoff (<10 years). The date of cutoff is
listed below the lake ID.
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Oxbow lakes with 4+ aerial photographs and 10+ years after cutoff> The date of cutoff is listed
below the lake ID.
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The following oxbow lakes have 2+ aerial photographs after the cutoff. The date is listed below
the oxbow ID.
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REQUIRED CHANGES

General Draft Final Report Comments:

1. Please proofread and correct various typos within the document.
2. Please include Equation 5 on page 22 in the list of equations of page ii.
3. Please include figure titles in the list of figures on page iii and table titles in the list of tables

on page iv.
4. On page 7, Figure 4. Please double check this figure and its relationship to oxbow lakes

described in Osting et al. (2004). Five lakes are mentioned in Table 3 (05, 06, 08, 09 and
028) as being part of the Osting et al. 2004 study. The sedimentation rates for those five
lakes are 0.101, 0.078, 0.033, 0.211, and 0.055 m/yr (from Table 2). This figure has only 4
data points, two of which have sedimentation rates greater than 0.25 m/yr and therefore
appear to be from a data set different from Osting et al. (2004).

5. Page 8, 1st paragraph, 2 "d sentence. Please provide additional information on the units of
"number of connections." Clearly this is not in units of connections per year. Osting et al.
(2004) numbered connections over the periods 1984-1993 and 1994-2004. Please clarify if
the number of connections is for one of these or another time period.

6. Page 8, Figure 5. Please double check this figure and its relationship to oxbow lakes
described in Osting et al. (2004). Five lakes are mentioned in Table 3 (05, 06, 08, 09 and
028) as being part of the Osting et al. 2004 study. The number of connections for those five
lakes are 27, 19, 7, 48, and 10 (from Table 4). This figure has only 4 data points, three of
which have a value for number of connections greater than 50 and therefore appear to be
from a data set different from Osting et al. (2004).

7. Page 8, 2"d paragraph, 2"n sentence. Please specify the units of flood-flow, whether cubic
meters per second, cubic feet per second, or some other unit.

8. Page 10, 1 ' paragraph. Vertical control points in Osting et al. (2004) were located at the
"control point" for surface water moving from the river to the oxbow lake. This was at the
lowest point of the topography between the river and lake at the downstream end of the
oxbow lake (see Figure 2.1 in Osting et al. 2004). Please clarify that the values obtained
from the DEM for this comparison were also collected from the downstream end of the
lakes (as opposed to DEM elevations at the upstream end of the lake, which were used for
calculating sedimentation rates).

9. Page 11, Table 3. Oating et al. (2004) mention field studies at 6 oxbow lakes: (1) Moelhman
Slough, (2) Big Bend Oxbow, (3) Korthauer Bottom, (4) Horseshoe Lake, (5) Hog Island Lake
and (6) Cutoff Lake (the five mentioned in Table 3 plus Horseshoe Lake). Please provide
some description of why data for Horseshoe Lake was not included in this effort (or
alternatively, which oxbow lake in this work corresponds to Horseshoe Lake). Also, please
double check the relationship between lakes from Osting et al. (2004) and their designation
in this report.

10. Page 12, Figure 7. Please double check the source data for this figure. This graph has a data
point with about 100 connections. The largest value in Table 4 is 66 connections.



11. Page 14, Figure 9. Please double check the source data for this graph. According to Tables 2
and 3, the diversion angle of these oxbows should be 129.5, 50.7, 133.2, 109.5, and 143.7
degrees. That doesn't appear to match with the data in this figure. From Table 4, none of the
oxbows had more than 70 connections. This graph has one data point with about 100
connections.

12. Page 17, 1st paragraph, 5th sentence. The meaning of this sentence is unclear. Please reword
as necessary.

13. Page 21, Figure 15. Something seems wrong with this figure. In Table 4, the maximum
number of modeled connections is 66. This figure shows a larger number of values greater
than 70. Please double check the figure and the table for discrepancies, including the
possibility that the axis labels have been reversed.

14. Page 22, Figure 16. Please reformat x-axis to display only two significant figures.
15. Page 22, 1 t' paragraph, 2nd sentence. Please specify the time period over which number of

days occurs, whether 10, 20, 40, or some other number of years.
16. Page 24, 2"n paragraph, l0 sentence. Please describe how oxbow lakes along the Brazos

River could be categorized based on their morphologic and hydrologic characteristics. A
scheme for categorizing floodplain lakes was recently proposed for the lower Sabine River
(Phillips, J.D. 2011. Hydrological connectivity of abandoned channel water bodies on a
coastal plain river. River Research and Applications. DOI: 10. 1002/rra. 1586.). At a
minimum, consider commenting on the suitability of the Phillips (2011) scheme for
application to oxbow lakes along the Brazos River.

17. Page 24, 2"n paragraph, 1 t sentence. Please provide a chronology of the development of
oxbow lakes suitable for the Brazos River. A conceptual model of oxbow lake evolution
suitable for describing oxbow lakes along the Sacramento River in California was recently
developed (Morken, I., and G.M. Kondolf. 2003. Evolution assessment and conservation
strategies for Sacramento River oxbow habitats. Available online from Sacramento River
Library: http://www.sacranentoriver.org/SRCAF/library/library portal.php). At a minimum,
consider commenting as to the suitability of the Sacramento model for describing oxbow
lakes in the study area of the Brazos Basin.

18. Please provide the data used in your analysis in electronic format (spreadsheet or text file)
along with your final report.

SUGGESTED CHANGES
19. On page 1,2 n paragraph, consider replacing the first and second sentences with the following

sentence "As described in the scope of work, there were four tasks for this project:"
20. Page 11, 1s paragraph, 4 th sentence says "As the length of the oxbow increases, relative to

the main channel length, the area available for sediment deposition increases, therefore
lowering the rate of sedimentation for an oxbow with a high cutoff ratio." However, the data
in Figure 6 shows little change in sedimentation rate with increased cutoff rate. There just
happens to be a lot less data points for large cutoff ratios. All that is really being measured
for sedimentation rate is sedimentation at the upstream plug location, not within the lake
itself. So it is unclear why the rate of sedimentation at the upstream plug of the oxbow lake
would be influenced by the length (or area) of the lake. The data does not seem to support
the conclusion that there is a meaningful relationship between cutoff ratio and sedimentation
rate (R squared is very low). Please consider rewording this statement.



21. Page 12, 2nd paragraph, 2nd sentence states "With larger diversion angles the upstream
entrance to the oxbow lake is at a more perpendicular angle to the main channel, which
impedes sediment flowing into the abandoned channel during sufficient connection
discharges." Please consider noting that diversion angle particularly impacts larger sediment
sizes (bed material) from moving into the area of the upstream plug of the oxbow lake.
Suspended sediment would be less impacted by diversion angle and would still be
transported into the lake when there is a hydraulic connection. In gravel bedded streams,
diversion angle has a large effect on sedimentation rate (Kondolf, G.M and Stillwater
Sciences. 2007. Sacromento River ecological flows study: off-channel habitat study final
report. Sacromento River Project. Chico, CA.). The effect on the Brazos, which is
dominated by suspended sediment transport, appears to be much less. From Osting et al.
(2004), the path for hydraulic conductivity (at lowest flow rate in the river) between the river
and oxbow lakes they studied was at the downstream end of the lake. Therefore, deposition
of suspended sediment would be expected to be primarily responsible for sedimentation in
the lakes.

22. Page 13, 1st paragraph, 1St sentence states "Constantine (2010) showed that in coarse-grained
fluvial systems with high diversion angle, aggradation rates, or rates of sedimentation, are
higher." This result seems exactly opposite of what Kondolf and Stillwater (2007) found on
the Sacramento river. They found that "Oxbows with diversion angles <500 fill in at least 5
times faster than those with diversion angles >70'." The previous paragraph in the report
seems to indicate that a lower sedimentation rate would be expected with a higher diversion
rate. Consider investigating if these studies are measuring diversion angle in the same
manner as it has been defined in this work and commenting on the apparently opposite
conclusions reached by these authors.

23. Page 14, 1" paragraph, 3rd sentence states "that oxbow lakes with greater diversion angles
reconnect less with the main channel." It is difficult to accept this assertion based on four
data points. Please consider including a graph showing diversion angle (from Table 2)
versus modeled number of connections (from Table 4) and commenting regarding the results.








