











erosion control structures, dendrogeomorphic evidence (such as exposure or burial of
tree roots), and comparisons of observations made during the study period (2001 -
2003) with earlier maps and aerial photographs.

These data are supported by data and observations on flow, suspended sediment
transport, and sediment inputs collected in connection with related studies (Phillips
2003; Slattery 2003. Flow records from U.S. Geological Survey gaging stations at
Goodrich (08066250), Romayor (08066500), and Liberty (08067000) were used to
determine the discharge associated with bankfull stage. U.S. Geological Survey field
measurements of velocity at each station at stages within 2 feet (0.6 m) of bankfull stage
were used to calculate mean bankfull velocities. These measurements, combined with
estimates of slope based on the channel bed slope upstream of each station as an
approximation of energy grade slope, allowed streamn power to be calculated at each
station for the bankfull reference condition. Cross-sectional stream power is given by

Q=yQS . (2)

where v is the specific weight of water, Q is discharge, and S the slope. This represents

the total transport capacity of the river at a given cross-section as a rate of energy
expenditure. The stream power per unit weight of water is

P,=yQS/y wd=VS. (3)

Each cross-section was characterized with respect to qualitative (e.g., increase, decrease
or negligible change) responses of width, depth, slope, and roughness. Changes in
width and mean depth were measured directly from the bridge cross sections. At other
sites, increases in width were considered to occur if there was field evidence of erosion
on both banks, and decreases where there was evidence of accretion or infilling on both
banks (or on one bank, with the other stable). The latter was observed only at sites
upstream of Lake Livingston that are not discussed in this paper. Indicators of cutbank
erosion where there was also evidence of pointbar accretion were not considered
evidence of channel widening. Vegetated banks without erosion scarps, slope failures,
or toppled trees were considered stable.

Increases in depth were assumed to be due to channel scour, as indicated by
downcutting relative to man-made objects such as bridge pilings, exposure of bedrock
in low-water channels, and former bank positions higher than current banks. No
evidence of channel aggradation, associated with decreasing depth, was observed.

Changes in slope were estimated based on channel thalweg elevations determined
from maximum depths at bridge cross-sections, by dividing elevation differences by the
channel distance between stations. These were therefore estimated on a reach basis
(Camilla-Goodrich, Goodrich-Romayor, Romayor-Moss Hill, and Moss Hill-Liberty). All
intervening cross-sections are assumed to have experienced the same qualitative
change in slope of the thalweg.

Channel roughness varies with flow hydraulics, but it was assumed that within the
context of the lower Trinity Channel the general roughness regime varies primarily as a
function of large woody debris and major bedforms (bars). Thus indications of active
delivery and accumulation of woody debris, or of growth of bars, was taken to indicate
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an increase in roughness. Bar or debris removal or flushing is taken to indicate a
decrease in roughness.

There are no pre-dam sediment samples available for direct testing of whether
coarsening has occurred. We attempted to get some indication of this by comparing
grain size of several samples collected upstream of Lake Livingston, at the
downstream-most accessible site which is unaffected by backwater effects from the
Lake. This is the state highway 21 crossing, and nearby Pecan Landing. Samples were
collected from the channel and from the bank/channel interface at SH 21, and from the
surface of a point bar and the channel adjacent to the point bar at Pecan Landing.
Channel samples were collected at Goodrich and Romayor, and point bar and bank
edge samples from Romayor, for comparison. The upstream samples are assumed to
approximate pre-dam sediments at the downstream sites.

Samples were oven-dried and disaggregated, and dry sieved using an ATM sonic sifter.
To assess potential coarsening, samples were compared in terms of the percentages of
silt and clay (all sub-sand size particles), percentage of grains of fine sand (0.125 mm or
3o) or finer, and percentage of grains which were medium sand (0.24 mm or 2o) or
coarser.

RESULTS
Results are presented on a reach-by-reach basis, starting at Livingston dam.
Livingston Dam (Camilla) to Long King Creek

Predictably, the reach immediately downstream of the dam shows the greatest post-
dam change. This is, of course, partly due to the engineering modifications of dam and
reservoir construction itself, which locally rerouted the main channel in the vicinity of
the dam spillway (Figure 3).

Based on channel elevations at Camilla at the time of dam construction, and in the 1948
survey at Goodrich (near the mouth of Long King Creek), the channel bed slope
pre-dam was 0.000314. Based 2003 surveys, the slope had been reduced to 0.000283.

There is abundant evidence in this area of clear-water scour and both vertical incision
and bank erosion. A splash basin below the spillway was recently completed to alleviate
effects of scour immediately below the spillway. Boat ramps a short distance
downstream of the dam--a popular and productive fishing spot--have been rendered
useless by the channel scour. The lower ends of the concrete ramps are broken and
undercut, and due to downcutting are no longer usable at normal water levels.

Dendrogeomorphic evidence of the channel scour is also apparent. Floodplain stripping
is indicated by exposed roots on floodplain and bank trees, which bear evident
watermarks from high flows. Measurements of the current 2002 ground surface to the
root crown indicate at least 1.29 m of vertical erosional stripping. A lateral gully across
the floodplain in this vicinity exposes cypress knees (normally above-ground root
portions of the bald cypress tree, Taxodium distichum). Because the cypress germinates in
wet soils at or near river levels, the presence of the species well above current water
levels is indicative of downcutting.



The SH 3278 bridge was built a short distance downstream of the dam in 1997 (survey
date 1995). For the 1995-2003 perid, surveys show both widening and scouring (Fig. 4;
Table 1). The cross-sectional area increased 43 percent, reflecting a 40 m increase in
banktop width, and increases of almost 3 m in maximum depth and 2 m in mean depth.
While at least some of this change no doubt represents short-term adjustments and
scour immediately following construction, it also suggests that scour in this zone is still
occuring, more than 35 years after dam construction. Note that in all cases the channel
dimensions are relative to bank tops, and are not necessarily indicative of changes in
cross-sectional areas of flow.

The “bedrock” of the lower Trinity channel in this vicinity is a tight gray clay. In TXDOT
drillings on the banks at the SH 3278 bridge site, this occurs more than 12 m below the
surface. In the channel, test borings in 1995 showed less than 0.6 m of loose sand
overlying the gray clay. In 2002 there was a thin veneer of sandy bed material
overlying the clay on the channel margins. Scour into this material during high flows is
indicated by gray watermarks on trees in the vicinity.

Additional cross-sections were observed further downstream in this reach. At the
Camilla Twin Harbors community channel morphology was consistent with recent
scour, including fresh erosion scarps on both sides of the channel. At Cedar Valley, a
large, unvegetated--and therefore active--sandbar was present on the left bank. The
right bank is an active cutbank, with fresh erosion scarps and recently toppled trees.
The light-colored gray watermarks associated with scouring of channel-bed clays were
evident at Cedar Valley as well.

Goodrich to Romayor

This reach encompasses the area from the confluence of Long King Creek, the largest
tributary downstream of Lake Livingston, to just upstream of the Romayor bridge
crossing and gaging station. This reach also experienced slope reduction, based on
comparing pre-dam and 2003 thalweg elevations at Goodrich and Romayor, from
(.000359 to 0.000250.

The bridge surveys at the U.S. 59 crossing near Goodrich, TX are difficult to compare
because of multiple generations of bridges. Thus the 2003 survey focussed on
replicating the earliest, 1948 cross-section as closely as possible. The comparison shows
decreases in width and cross-sectional area, but these are primarily due to engineering
and construction activities at the site (Fig. 4; Table 1). Vertical scour is evident, however,
in a 5 m increase in mean depth and a slight (0.8 m) increase in maximum depth. Surface
water measurements from the U.S. Geological Survey show a marked decline in
width/mean depth ratios after 1982 (figure 5). This suggests a decreased frequency of
overbank flow and a completion of most of the downcutting by the early 1980s.

Channel incision has been extensive at this site. A short distance upstream of the
highway bridges is a railroad trestle constructed in 1917. Concrete pads on bridge
pilings were constructed flush with the channel bed surface at that time. In 2002 these
pads were at least 5.26 m above the bed surface. Channel downcutting has also
triggered a downcutting response at the mouth of Long King Creek, where a recent
“paleobank” is obvious above the current bank (Figure 6). The mean vertical distance
between the current and contemporary bank top suggests 3.62 m of downcutting.
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Banks at the bridge sites are well-protected with revetments. Immediately upstream,
however, bank erosion and retreat is evident along the right bank. Slope failures are
evident along the banks, and the remains of erosion control groins attest to failed
erosion control efforts. Downstream of the bridges a resistant clay/shale layer outcrops
in the nearly vertical channel banks, reflected in a distinctly narrower channel (Fig. 7).
These banks are nonetheless actively eroding, as indicated by toppled trees in the
channel along the left bank. Seven channel width measurements (based on the normal-
water-level channel indicated by the vegetation line) 80 to 200 m upstream of the
railroad crossing ranged from 129 to 150 m, with a mean of 138.3. Two measurements
50 and 75 m downstream of the lowermost of the bridges showed widths of 84 m.

The left bank upstream of the bridges (between Long King Creek and the railroad), by
contrast, is characterized by active deposition. Dendrogeomorphic measurements of
recent {one to 27 years) vertical accretion rates showed clear evidence of recent
accretion at nine of 10 samples, with a mean rate of 18.5 mm yr™ (Phillips et al. 2004).
The stratigraphy in this zone is also consistent with recent deposition. Two auger holes
in 2002 show stratification, and limited pedogenic development to a depth of 3 m or
more. Hiatuses in deposition occasionally occur, apparently, as indicated by thin,
weakly-developed buried Bh horizons which occasionally occur. The alluvium is
dominantly sandy, with occasional clay lenses.

A delta has developed at the mouth of Long King Creek since Livingston Dam was
created. Tributary-mouth delta growth is not uncommon downstream of dams where
flow in the main channel has been reduced, but this is not the case in the Trinity. While
flow magnitudes have not been reduced, the lake creates asynchronicity in peak flows
between Long King Creek and the Trinity. Peak sediment inputs from the creek, we
speculate, are delivered before river discharge has increased enough to transport the
coarser material. The delta is dominantly sandy, but characterized by alternating sand
and clay layers. This suggests that at high flows there is backwater flooding, and
perhaps recirculating eddies, in the creek mouth, facilitating the fine-grained depostion.
At normal and low water levels there is an obvious flow from the creek into the river
and a turbidity plume.

The mouth of Menard Creek, the second largest tributary in the lower Trinity, has also
built a delta, and shows evidence of recent vertical accretion downstream of the creek
mouth. No tree coring was done at this site, but there was obvious burial of basal flares
and root crowns of trees of all ages and sizes. There were 9 mm of sediment (in August
2002) covering the previous winter’s litter layer. A former channel bank position is
marked by leaning trees. The top of this paleobank is 3.07 m above the accreted
floodplain surface below, which is about 24 m wide from the former to the current
bank. There is no other evidence of downcutting at the Menard Creek mouth, which is
backwater flooded from the Trinity at normal and low water levels. An active pointbar
across the river, combined with the sandy creekmouth delta, creates a highly variable,
mobile channel at this site.

The railroad trestle near Romayor, upstream of the Romayor gaging station, appears to
be a relatively stable cross-section. There is a cutbank with erosion scarps and toppled
trees upstream on the left bank, on the outside of a meander bend, but with no point
bar opposite. The east side (left bank) of the railroad trestle was recently reconstructed
(concrete beams are date-stamped November, 2001), but there is no obvious evidence
that bank erosion or channel scour is responsible.
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Romayor to Moss Hill

This reach, from the vicinity of the Romayor gaging station at the SH 787 bridge to just
upstream of the SH 105 crossing near Moss Hill, encompasses an apparent transition in
river valley morphology and dynamics. Alluvial sediment storage increases
dramatically downstream of Romayor, and floodplain morphology suggests that this
transition occurs within a few km downstream of Romayor (Phillips et al. 2004).
Channel slope here is very low; ~ 0 based on pre-dam surveys and 0.00001 in the 2003
survey.

The Romayor bridge cross-sections (Fig. 4; Table 1) reflect the effects of floods. The
original profile of ca. 1923 has a banktop width of about 133 m, maximum depth of 17.2
m, and mean depth of 7.4 m. The next survey was in 1995, following a major flood in
October 1994. There were also a series of floods in 1990, and a TXDOT engineer at the
scene said the Romayor bridge had only three feet of one piling remaining unexposed
following a 1993 flood. The 1995 profiles showed similar width, but a maximum depth
of 19 m and mean depth of 11.7 m. Depths were similar in a 1999 survey, but width had
increased some. In 2003 some recovery had apparently occurred. Cross-sectional area
was 1043 m® (compared to 982 in 1923 and the maximum of 1715 in 1999). Depths were
near 1923 levels (maximum 16.3 m; mean 9.3), but width (presumably due largely to
infill associated with bridge repairs) was reduced to 112 m.

Channel downcutting at Romayor is obvious. The 787 bridge is chronically threatened
by scour, and was under repair during fieldwork. Sandstone bedrock is exposed in the
channel at low water immediately downstream of the bridge. Bank erosion is also
evident. The left bank just upstream of the highway shows erosion scarps, slump scars,
and evidence of multiple generations of erosion control structures (groins, rip-rap,
revetments) and of recent fill of bank scallops along the road. The right bank
downstream shows erosion scarps and slump scars, as well as toppled trees and large
woody debris (Figure 8).

Tropical Storm Allison in June, 2001 illustrates the active sand transport that occurs in
the lower Trinity. The storm deposited two left-bank sandbars in the vicinity, one
upstream of the bridge and one immediately downstream (Figure 8). These bars were
evident in October 2001, but were greatly diminished in size in May, 2002. By August,
2002, the upstream bar was no longer in evidence and the downstream bar was nearly
gone.

A right bank sandbar upstream of the bridge is largely stable, as indicated by well-
established vegetation, cross-bar gullies, and tributary stream incised more than 5 m at
the upstream end. The upper surface shows clear evidence of recent sedimentation,
however, in the form of buried vegetation. This bar is a direct result of efforts to control
erosion of the right bank at and just upstream of the bridge. Bank-normal groins were
emplaced to trap sediment, and have succeeded in building a sandbar. In one location
where the former bank position could be clearly identified by the presence of a
navigation warning sign (now invisible from the channel), the bar had built to a width
of 52 meters in 2003. At least partially as a consequence, however, erosion on the
opposite bank has been severe, chronically threatening highway 787. Further, the
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artificially-induced bar apparently captures sediment that would otherwise accrete as a
point bar at and just downstream of the bridge site on the left bank. It is ironic that the
upstream right-bank groins--the only successful example of several uses of this
technique we observed in the study area--appear to have exacerbated the overall bank
erosion problems in the vicinity of the bridge.

Bank erosion is evident at the Sam Houston Lakes site, mainly associated with active
meander migration. An active, unvegetated sandbar on the left bank is across from an
active cutbank with recently toppled trees, abundant large woody debris, and a house
undermined and collapsed into the channel. Bank failures due to sliding on a clay layer
are also evident.

The Cypress Lakes site is also one of active meander migration. A large, active, mostly
unvegetated point bar on the right bank faces a cutbank wth erosion scarps. The bar is
also migrating downstream, as the downstream end is backed by a small sloping scarp
with tilted trees marking the recently-transgressed bank.

Moss Hill to Liberty

Changes at the SH 105 crossing near Moss Hill are marked mainly by bank erosion and
recent channel widening. The original pre-1970 banktop width of 188 m was reduced by
156 in a 1992 survey, but had increased to 400 m in 2003 (Fig. 4; Table 1). The greater
part of this widening likely occurred during a major 1994 flood, discussed below.
Cross-sectional area increased more than 200 percent by 2003, due to the width
increase. Though the maximum depth increased by 5.5 m, mean depth decreased
slightly over the period. Pre-dam thalweg elevations indicate a channel slope of
0.000134; while the 2003 data indicate a negative slope (-0.000136). Because this reach
includes sections where the channel is below sea level, it is unlikely that energy grade
slopes are related to channel slope.

The erosion occurred on the left bank, a cutbank paired with a large sandy point bar.
The bank is steep, mainly unvegetated, with toppled trees and large woody debris at
the channel margin. Upstream of the bridge on both banks are pilings, remnants of
failed erosion control groins. Local residents indicated that left bank erosion is constant,
and said (in May 2002) that significant bank retreat had occurred within the previous
year.

The right bank point bar is active, and deposition is evident on the upper bar and in the
backswamp area behind it. Dendrogeomorphic estimates, covering periods of one to 16
years, show mean accretion rates of more than 45 mm yr'1 (Phillips et al. 2004).

Dayton Lakes is the site of another massive point bar. The lower part is unvegetated,
and bedforms were evident on the lower portions. The size and extent of vegetation on
higher portions of the bar suggest at least three episodes of growth and two of
subsequent vegetation colonization and stabilization. The right bank cutbank has
erosion scarps, toppled trees, and fresh slope failures. One of these was examined
closely, with the failure surface occurring over a smectitic clay layer. This slump was
observed on consecutive days, with more than 1 m of movement occurring overnight.

Kenefick was the site of a major oxbow cutoff that occurred in the October 1994 flood
(Figure 9). Just downstream of the cutoff is an active cutbank-pointbar pair. The lower
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bar is active (unvegetated, bedforms on lower portion), while the partially-vegetated
upper portion shows evidence of recent alluvial burial of vegetation.

Liberty to Trinity Delta

The Trinity River bed at Liberty is below sea level, so this reach is influenced by
backwater effects from the Trinity Bay estuary. While lunar tides in the Galveston Bay
system are small, ponding effects and wind set up may influence flow up to
approximately Kenefick, and gages at Liberty and Moss Bluff show tidal fluctuations
superimposed on fluvial flows.

At the U.S. 90 bridge crossing at Liberty, width, depth, and cross-sectional area declined
between 1938 and 1992. The 1994 flood, however, created significant widening and
about 6 m of incision as shown in a 1995 profile. Surveys in 2001 and 2003 show further
increases in width, but decreases in depth (Fig. 4; Table 1). The width measurements are
affected by construction of a boat ramp just upstream of the highway bridges.

Active point bars exist on the left bank just upstream of the bridges and on the right
bank downstream, with recent sedimentation evident on the upper right bank point
bar and adjacent floodplain. Mean recent accretion rates from dendrogeomorphic
measurements are about 40 mm yr' (Phillips et al. 2004). The left bank bar was not
assessed in detail, but features in sifu dead trees buried in unvegetated sand, suggesting
rapid recent deposition. Otherwise, there is abundant evidence of bank erosion (Fig.
10), including remnants of failed erosion control groins.

The Old River near Liberty is not a recent cutoff, and was developed as a port facility in
the 1970s. It was not navigable by commercial traffic in 2002, and at low water the
mouth of Old River can be crossed on foot. On the left bank smectitic clays provide a
sliding surface for several slump failures similar to, but larger than, those observed at
upstream sites. Otherwise the banks appear relatively stable in this vicinity. Recent
sedimentation is indicated by buried tree root crowns and basal flares in backswamp
areas. The alluvium is, as at other sites, dominantly sandy but with a significant content
of fines.

At Moss Bluff, erosion is evident on the left bank, where rip rap and debris filling of
washouts are common. The right bank appears stable. Though the river meanders
considerably in this reach, the large point bar-cut bank combinations common from
Liberty upstream are absent in this vicinity.

The Trinity channel was also examined in the vicinity of the interstate 10 crossing, at the
Wallisville Project tidal barrier, and at the river mouth at the delta at Anahuac, Texas.
The delta and I-10 sites are low-bank with marsh and /or swamp shorelines and are
dominated by coastal processes. No obvious evidence of fluvial change was noted. At
the delta site some tree trunks in the channel are clearly larger than any of the local
trees growing in the marsh areas and may thus be inferred to have been transported
from upstream.

The Wallisville site is engineered. Between Liberty and Moss Bluff the intake for the
Coastal Water Authority canal is an additional water supply for the Houston area.
Between 1968 and 2000, the prevention of salt wedges during low flow at the canal
intake was achieved by releasing flushing flows from Lake Livingston. The Wallisville
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barrier is designed to close when salinity reaches critical levels to prevent upstream
intrusion, thus reducing or eliminating the need for flushing flows. No such releases
have occurred since 2000.

Grain Size

Grain size comparisons for sites upstream of Lake Livingston and downstream of
Livingston Dam are shown in Table 2. In general, results do indicate coarsening, if the
upstream sites are indeed representative of pre-dam grain size at the downstream sites.
The channel sample at Goodrich has fewer fines and a greater percentage of medium
sand-to-gravel sizes than the comparable SH 21 channel sample. The difference is even
more pronounced at Romayor, which has less than 0.1 percent silt and clay (vs. 10.1
percent at SH 21) and 85 percent medium sand and coarser (10 times greater than SH
21). The bank edge sample at Romayor is likewise coarser than the comparable sample
at SH 21. The point bar samples at Pecan Landing (one on the point bar surface, one in
the immediately adjacent channel) are very low in fines, but the Romayor point bar
sample was even lower. The sand was also finer at the Pecan Landing site. In general,
results of the comparison are consistent with channel sediment coarsening after dam
construction.

Stream Power

Discharge, stream power, velocity, and sediment transport capacity are substantially
less in the lower reach than in the dam-to-Romayor section. Table 3, based on a
bankfull reference standard, shows that discharge increases from Goodrich to
Romayor. However, Q,; at Liberty is less than that at Goodrich and less than half the
value at Romayor. The mean velocity of near-bankfull flows at Liberty is also less than
half the value at Romayor. Stream power values are based on the assumption that
energy grade slope is approximated by the channel bed slope of the reach upstream of
a given cross-section, and are thus subject to considerable quantitative uncertainty.
However, the relative slope at the cross-sections is considered accurate, and thus the
relative cross-sectional and unit stream powers are reflective of the relative transport
capacities. These data indicate the greatly reduced transport capacity downstream of
Romayor, as total bankfull stream power at Romayor is about 2.4 times that at Liberty,
and units stream power 53 times higher.

Synthesis and Summary

Geomorphic changes at each cross section are summarized in Tables 4 and 5. From the
dam to Romayor post-dam channel scour is evident. Further downstream downcutting
is less evident, though bank erosion is common. However, the bank erosion seems to
be associated primarily with meander migration rather than adjustments associated
with Livingston Dam. The effects of the 1994 flocd are the dominant factor in channel
changes downstream of Romayor. The October 17-21, 1994 flood is the worst on record
in southeast Texas. The record discharge from Lake Livingston, 3113 m’sec” at the
Goodrich gaging station, occurred during this event. Peaks were lower downstream at
Liberty, which received about 76 mm of rain in less than 48 hours. Much of the city of
Liberty was underwater in this event, as levee systems failed.

The sediment budget study of Phillips et al. (2004) showed that the lower Trinity
contains two distinct reaches with respect to sediment storage. From the dam to

52



approximately 60 km downstream (a few km past Romayor) there is evidence of a
post-dam reduction in sediment loads. In the remainder of the river valley, alluvial
storage increases and the sediment delivery ratio decreases dramatically, forming a
sediment bottleneck that buffers the lower river and Trinity Bay from changes in
upstream sediment transport. The fundamental difference in behavior is also reflected
in valley morphology, with the lower section characterized by lower floodplain

elevations, a wider floodplain, and larger and more numerous sloughs and oxbows
(Phillips et al. 2004).

This fundamental difference is also reflected by the cross sections. The seven sites from
Livingston Dam to Romayor are characterized by incision, widening, and a decrease in
channel slope. Downstream cross-sections are generally characterized by stable widths
even as channels actively migrate laterally and increasing slopes. Any channel erosion
appears to be associated with the effects of the 1994 flood.

DISCUSSION
Model Predictions

Results above suggest that morphological effects of Lake Livingston and Livingston
Dam apply to the approximately 60 km downstream of the dam, and the seven cross-
sections from the dam to Romayor. Thus the predictive models are relevant mainly to
these sites.

Hydraulic geometry or regime models based on the Lane /Schumm equilibrium
concept predict that the Trinity River bed should become coarser and/or the slope
should decrease. The channel slope, as indicated by the elevation of the thalweg, indeed
decreased post dam as far downstream as Romayor. The grain size analyses are
consistent with a post-dam coarsening, though this is based on an indirect approach
assuming that sites upstream of Lake Livingston represent pre-dam grain size
distributions at the downstream sites.

Brandt’s (2000a) framework predicts widening and/or incision for the dam-to-Romayor
reach, which is also evident. All seven cross sections show evidence of either widening
or incision or both, though at one site (mouth of Menard Creek) the evidence is not
strong. At five of seven channel widening is evident, while one shows no evidence of
significant changes in width. The Romayor site has locally experienced increases and
decreases in width, largely associated with construction and erosion control activities.
Five of seven sites also have morphological evidence of incision.

Xu's (1990; 2001) model predicts a decrease in width/depth ratio and channel slope,
coupled with an increase in sinuousity. Slopes have decreased, as described above, from
the dam to Romayor. At the 3278 site w/d decreased slightly from 1995 to 2003, but the
amount of change is small and interpretation confounded by bridge construction. At
Romayor the w/d ratio has ranged from 7.73 in 1923 to 6.74 in 1995. The 1995 value
following the 1994 flood (7.64) is near the original value, and in 2003 w/d = 7.64. Thus
the ratio here is variable, with evidence of a slight post-dam decline. The Moss Hill and
Liberty sites show increases in w/d in 2003 as compared to the earliest profiles, but
these are likely attributable to the effects of the 1994 flood. The data presented by
Wellmeyer et al. (2004) do not show any significant changes in sinuousity in the lower
Trinity, though lateral channel migration is common.

53



The unstable hydraulic geometry model of Phillips (1990; 1991) suggests that changes in
channel geometry, slope, and roughness are likely to persist rather than to recover to
pre-disturbance states, and that adjustment is characterized by multiple modes of
adjustment rather than a single “equilibrium” response. Changes are likely to be
characterized by qualitatively different modes of adjustment (defined as different
combinations of increases, decreases, or negligible change in width, depth, slope, and
roughness) within a single reach. At the seven cross sections from the dam to Romayor,
there are five qualitatively different modes of adjustment with respect to increases,
decreases, or lack of change in width, depth, slope, and roughness. Downstream of
Romayor there are at least four different modes of adjustment (the uncertainty arising
from an absence of slope change data downstream of Liberty) at nine cross sections.

The equilibrium and Brandt models are very effective at predicting the qualitative
channel responses, but in a very broad, general way. The multiple modes of adjustment
model is also confirmed, and implies that within the broad constraints of the behaviors
predicted by the equilibrium and Brandt models, that qualitatively different modes of
adjustment will occur.

The sequence predicted by Xu's (1990; 2001) model is not supported by these data, but it
should be noted that, first, this model is far more specific, detailed, and ambitious than
the others; and second, that the time since dam construction may not be sufficient to
fully evaluate the model.

Spatial and Temporal Propagation

The response of a fluvial system to a point-centered perturbation such as a dam could
be expected to begin the immediate vicinity of the disturbance and propagate
downstream. In the Trinity the response is evident as far downstream as Romayor,
while at sites further downstream the channel incision and/or widening and slope
decrease is not evident. This raises the question of whether the lower reaches are
unaffected by the dam, or whether the response has not propagated that far in 35
years.

The Trinity downstream of Romayor is distinct from reaches above both
morphologically and in terms of sediment dynamics. Sediment budget studies indicate
that the lower river is a much more effective sediment sink than upstream reaches
(Phillips et al. 2004), and from about 95 km downstream of Livingston Dam the channel
bed is below sea level. From this point downstream, and for some distance upstream,
Holocene sea level rise in the longer term and water level changes in the estuary in the
shorter term exert more influence on flow and sediment transport than the dam
upstream.,

Transport capacity (as indicated by mean bankfull discharge, velocity, total stream
power, and unit stream power), is drastically reduced in the lower portions of the study
section. The limited sediment conveyance capacity, coupled with additional sediment
inputs downstream of the dam (estimated at 400 t km™ yr” by Phillips et al. 2004),
indicate that sediment supply exceeds transport capacity post-dam, as it did pre-dam.
Significant morphological changes in the form of lower and wider floodplains and
additional oxbows, are observed 8-10 km downstream of Romayor. Assuming that
these changes correspond with the differing sediment transport regimes, it is likely that
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morphological responses to Livingston Dam will extend no more than about 60 km
downstream, indicating that the river is currently at or near that downstream response
limit.

While the downstream propagation of the disturbance effects can apparently occur in
about 35 years or less, there is no sign that the scour from the dam to Romayor is
abating. The rate of channel downcutting would presumably slow down as mobile
alluvium is removed and bedrock is encountered. However, the Trinity was cut to near
bedrock before the dam. The gray clay material downstream of dam continues to
erode, as indicated by high water stains on trees. The sandstone exposed at Romayor
was cut significantly during the Tropical Storm Allison flows of 2001, and appeared
(based on visual observation) to have been further downcut in 2003. Channel widening
is more difficult to assess, due to the confounding effects of construction activities at the
bridge cross-sections. However, we believe the widening has slowed down. While there
is morphological evidence of recent widening at some sites, field measurements of
channel width in 2002 did not reveal any changes relative to 1994 aerial photographs
that were significant given the 5 to 10 m uncertainty in the photogrammetric
measurements.

Even if width increases are reduced, bank erosion is and will likely continue to be a
significant source of sediment in the lower Trinity. The channel is actively migrating
(Wellmeyer et al. 2004), and active cutbank-pointbar systems are common.

Speculations

Livingston Dam controls about 95 percent of the Trinity River drainage area, and by
conservative estimate traps 81 percent of the sediment delivered to it. Yet its influence
on channel morphology is restricted to a relatively short distance downstream, with no
effects evident or likely more than about 60 km downstream. This is consistent with
some other case studies of dams, which show that the downstream effects are localized
to a relatively short reach downstream. On the other hand, the low elevation, gradient,
and transport capacity, and high sediment storage of the lower Trinity, while not
atypical for coastal plain rivers, is not representative of rivers in general. This points to
the need to consider the specific history and context of each stream and dam (or other
disturbance).

While the general qualitative response of the channel is readily predicted, the specific
response and configuration of each cross-section is likely to be idiosyncratic. This, along
with the point above, suggests that a probabilistic, typological or synoptic approach to
prediction of the effects of flow and sediment supply changes and disturbances might
be more fruitful than deterministic model.

Finally, it is often assumed that major changes in fluvial sediment fluxes within a
drainage basin are eventually communicated, in terms of both morphological changes
and mass flux modifications, to the basin mouth. The lower Trinity results show that
this is not necessarily the case, necessitating reconsideration of the completeness of
sedimentary records in lakes, deltas, estuaries, etc. as indicators of upstream changes,
and suggesting that for any given change or disturbance consideration should be given
to where, along the course of the river, impacts are most likely to be manifested.

CONCLUSIONS
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Livingston Dam greatly reduced sediment input to the lower Trinity River without
significantly modifying flows. The channel response is characterized by incision,
widening, coarsening of channel sediment, and a decrease in channel slope. This
response is limited to about 60 km downstream of the dam, however. Between about
60 km and the Trinity delta no morphological response to the dam is observed. This is
due to the extensive sediment storage and reduced conveyance capacity, so that even
after dam construction sediment supply still exceeds transport capacity. Further, the
channel bed of much of this reach is near or below sea level, so that sea level rise and
backwater effects from the estuary are more important controls on the fluvial system
than upstream inputs.

Channel responses in the reach where sediment supply is reduced below conveyance
capacity are successfully predicted, in a qualitative sense, by standard models of channel
response. Within these broad bounds, however, multiple modes of adjustment
(qualitatively different combinations of increases, decreases, or no change in hydraulic
variables) are found, as predicted by the unstable hydraulic geometry model. The
downstream propagation of change has been completed, or nearly so, in the 35 years
since dam construction, though channel scour continues from 0 to about 60 km
downstream of the dam.

Results suggest that the effects of even large changes in sediment fluxes may be
relatively localized and not necessarily manifested at the basin mouth.
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Table I. Channel dimensions at bridge cross-sections, lower Trinity River. 2003 surveys

by the authors; earlier surveys from Texas Department of Transportation.

Cross Date CX area Width (m) | Max depth | Mean depth | width/max
section (mZ) (m) (m) depth
3278 19985 2139 257 15.2 8.3 16.9
2003 3059 304 18.4 10.0 16.6
Goodrich 1948 2834 540 15.5 5.2 34.8
2003 1971 187 16.3 10.5 11.5
Romayor |1923 982 133 17.2 7.4 7.7
1995 1564 134 20.0 11.6 6.7
1999 1715 149 19.4 11.6 7.6
2003 1043 112 16.4 9.3 6.8
Moss Hill pre 1970 877 188 10.1 4.7 18.6
1992 720 156 13.2 4.6 11.8
2003 1667 400 15.6 4.2 25.6
Liberty 1938 573 108 8.5 5.3 12.7
1992 300 96 6.4 3.1 15.0
1995 1342 146 13.9 9.2 10.5
2001 1271 189 11.5 6.7 16.4
2003 1150 195 12.2 5.9 16.0




Table II. Grain size comparisons for sites upstream of Lake Livingston (State Highway

21 crossing, and Pecan Landing) and downstream of Livingston Dam.

Site Pct silt+clay P ct < fine sand Pct > medium sand
SH 21 channel 10.1 91.6 8.4
SH 21 bank edge 25.5 56.6 43.4
PL point bar 0.25 59.1 40.9
PL bar/channel 0.4 31.5 68.5
Goodrich channel 7.5 75.1 24.9
Romayor channel 0.1 15.0 85.0
Romayor point bar 0.1 12.0 88.0
Romayor bank edge 14.6 44.4 55.6
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Table III. Bankfull stream power. Q,,= discharge; V,;= mean velocity; S = channel bed
slope; Q = cross sectional stream power = y(Q S; P, = unit stream power = VS.

Station Qbsf Vi S Q P,

m®/sec m/sec (X 10"
Goodrich 1400 1.23 2.834 3.89 3.49 X 10*
Romayor 2364 1.59 2.508 6.57 3.99 X 10
Liberty 989 0.75 0.100 2.75 7.51 X 10°
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Table [V. Summary of geomorphic changes at lower Trinity River cross-sections, based
on field indicators.
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Site

Evidence of geomorphic change/activity

Camilla (FM 3278 just
downstream of dam)

Channel incision, lateral channe] migration, bank erosion

Camilla Twin Harbors

Bank erosion

Cedar Valley

Cutbank erosion, point bar migration, channel incision

Goodrich (US 59
crossing)

Channel incision, incision at mouth of Long King Creek,
floodplain accretion, bank erosion

Mouth of Menard Creek

Floodplain accretion, creek delta and river sandbar
migration and breaching

Romayor railroad bridge

Channel incision; bank erosion

Romayor (SH 787
crossing)

Channel incision; bank erosion; sand bar mobility,
floodplain accretion

Sam Houston Lake Estates

Cutbank erosion; point bar accretion; slope failures on bank

Cypress Lakes (sandbar
pbeach)

Cutbank erosion, point bar growth and migration, lateral
channel migration

Moss Hill (SH 105
crossing)

Floodplain accretion, bank erosion, cut bank erosion, point
bar migration

Dayton Lakes

Cut bank erosion; point bar growth and migration; slope
failures on bank

Kenefick

Lateral channel migration and meander cutoff; cutbank
erosion; point bar migration; floodplain accretion

Liberty (US 90 crossing)

Floodplain accretion; bank erosion; point bar growth and
mobility; lateral channel migration

Port of Liberty 1
(upstream end of Old
River)

Bank erosion; slope failures on bank; lateral channel
migration

Port of Liberty 2
(downstream end of Old
River)

Floodplain accretion; lateral channel migration; slope
failures on bank

Moss Bluff Bank erosion
Wallisville Engineered site; no obvious fluvial changes cbserved
Trinity River Engineered and coastal-dominated site; no obvious fluvial

mouth/Trinity Delta’

changes observed

Table V. Qualitative pre-dam to 2003 changes in width, depth, slope, and roughness at

lower Trinity River cross-sections.




Site Width Depth Slope Rough-
ness
Camilla (FM 3278 just increase increase decrease decrease
Camilla Twin Harbors increase increase decrease increase
Cedar Valley increase increase decrease increase
Goodrich (US 59 increase increase decrease increase
Mouth of Menard Creek NSC increase?1 | decrease increase
Romayor railroad bridge |increase increase?1 | decrease NSC
Romayor (SH 787 decrease? increase decrease increase
Sam Houston Lake Estates | NSC NSC increase NSC
Cypregs Lakes (sandbar NSC NSC increase NSC
Moss Hill (SH 105 decrease, NSC increase NSC
crossing) increase3
Dayton Lakes NSC NSC increase NSC
Kenefick NSC NSC increase increase
Liberty (US 90 crossing) | decrease, variable; increase NSC
increase3 | negligible
net change
Port of Liberty 1 NSC NSC no data NSC
Port of Liberty 2 NSC NSC no data NSC
Moss Bluff ncrease NSC no data NSC

NSC: no significant change.

'These sites occur within a reach where incision has clearly occurred, but there was no
clear morphological evidence of incision at the sites.

*Width has decreased at the bridge cross-section, but has apparently increased and
remained unchanged at other sites immediately up- and downstream of the bridge.

*Width decreased from pre-dam periods to the early 1990s, but increased following the
1994 flood.

LIST OF FIGURES
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Figure 1. Study area, showing study sites referred to in the text.

Figure 2. Sediment loads as 10-day means at the Romayor gaging station. Data from
the Texas Water Development Board. Samples were taken with a point sampler (the
Texas Sampler); results are multiplied by 2.37 to calibrate with depth-integrated samples
as described by Phillips et al. (2004).

Figure 3. Channel changes at Camilla, just downstream of Livingston dam.

Figure 4. Surveyed cross-sections at five bridge crossings of the lower Trinity River.

Figure 5. Width/depth ratios at Goodrich, based on U.S. Geological Survey field

measurements.

Figure 6. Bank near the mouth of Long King Creek. The line shows the approximate

elevation of the pre-dam banktop, more than 3 m above the current bank top.

Figure 7. Channel morphology and change indicators at Goodrich.

Figure 8. Channel morphology and change indicators at Romayor.

Figure 9. Channel morphology and change indicators at Kenefick.

Figure 10. Channel morphology and change indicators at Liberty.
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Figures 7, 8, 9, 10 here
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SECTION 5: ADDITIONAL DATA

SEDIMENT CHARACTERIZATION

Grab samples of sediments were collected in the field from channel, channel bar
{generally point bar), floodplain, and bank environments. A number of samples
were also collected from potential upland source areas. These included erosion
surfaces, rills, and gullies, and eroding ditches and minor tributaries. The sand
fraction of samples was examined under a binocular microscope primarily for two
properties--the degree of rounding or angularity, and the presence and abundance
of iron oxide coatings.

Grains were classified as angular, subangular, subrounded, or rounded based on
standard sedimentological categories. For each sample both the range of angularity
and the dominant or modal angularity class was recorded. Iron-oxide stains or
coatings on sand grain were recorded as none, rare, few, common, or many (0, <10, 10
to 25, 25 to 50, and >50 percent of grains with coatings, respectively) based on the
proportion of sand grains which had oxide coatings. Residual upland soils in east
Texas have dominantly angular and subangular grains, and iron oxide coatings are
ubiquitous. The logic of the approach is that once such grains are delivered to the
fluvial environment then angularity will decrease and rounding will increase; and
iron oxide coatings will decrease as a function of transport distance and time in the
channel environment. This occurs primarily due to grain abrasion, but removal of Fe
coatings in solution by reduction in the aqueous environment is also possible.

Similar methods were used by Phillips (2003) in the Sabine River, and the principle
of increasing in rounding as a function of the time or distance of transport is well
established (Knighton 1998: 136-140; Mills 1979). Stanley, {2000) showed that iron-
staining of sand grains could be used to distinguish between in situ Pleistocene
deltaic sediments from reworked Holocene material. This suggests that the length or
intensity of reworking results in the loss of iron stainings and coatings. Eriksson et
al., (2000) used intact iron oxide coatings of sand grains in colluvial and alluvial
deposits as an indicator transpoert has occurred over relatively short distances.

Fe coatings

The examination of iron oxide coatings is summarized below.

1. No channel, sandbar, or floodplain samples have many coatings. This compares to
48 percent of upland source samples, 20 percent in tributariess, and 25 percent in
bank samples.

2. 59 percent of channel, 67 percent of sandbar, and 50 percent of floodplain samples
have rare or no oxide coatings. This compares to 16 percent of source samples. Fewer
than half of the river bank and tributary samples lack oxides, but there are a
significant number of samples in this category.

3. The channel, bar, and floodplain samples in the “common” coating category were
disproportionately associated with finer material.

4. The two bank samples in the “rare” category seem to be clearly alluvium. The two

in the “many” category occur in a well-defined soil. The other four (in the
“common” class) are a mixture of alluvial and upland.
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5. The five source samples where some fluvial transport has obviously occurred
(ditch, gully, and small tibutary samples) fall into the “common” or “rare” (2)
categories. But three “rare” and eight “common” source samples are not obviously
recently fluvially transported.

Results indicate Fe coatings are inversely associated with abrasive bedload transport,
which apparently removes the coatings. The rarity or absence of coatings in well-
drained upland soils many indicate a geologically recent fluvial origin or local
fluvial or aeolian transport. However, where this situation occurs it could also
represent exposed E horizons or soils that do not aquire oxide stains or coatings.

The results indicate that Fe coatings are inversely associated with bedload, abrasive
transport, which apparently removes the coatings. The absence or rarity of coatings
in well-drained upland soils may indicate a geologically recent fluvial origin or local
fluvial or aeolian transport. However, they may also be exposed E horizons or socils
that do not acquire Fe coatings. The presence of numercus Fe coatings in fluvial
sediments indicates recent delivery from uplands, but the absence of coatings does
not necessarily imply long storage, reworking, or a lack of upland sediment delivery.

In general, results suggest a significant and perhaps dominant role for bank erosion
and alluvial remobilization, and a relatively long residence time for alluvium.
However, the erosion of older alluvium from terrace uplands cannot be ruled out,

Angularity and Rounding

Assessment of angularity and rounding can be summarized as follows:

1. Dominantly angular sand grains are found only in the uplands, but are
dominant in only two of 31 samples.

2. Angular grains make up a significant portion of 48 percent of upland samples,
but make a significant portion of 62 percent of bank and floodplain samples,
and 35 percent of channel samples.

3. Dominantly rounded sand grains are found in only two samples--one channel,
and one bank sample that derives from alluvial terrace deposits of the Deweyville
formation.

4. Rounded grains make up a significant portion of 41 percent of channel, 58
percent of sandbar, 60 percent of tributary, and 50 percent of bank and floodplain
samples. This compares to 39 percent of source samples with a significant
component of rounded sand grains.

5. Channel, sandbar, and tributary samples are dominantly subrounded--in 65,
67, and 70 percent, respectively of the samples the modal shape was subrounded.

6. Upland, bank, and floodplain samples are dominantly subangular--in 48, 75,
and 75 percent, respectively of the samples the modal shape was subangular
(upland = 15 subangular, 14 subrounded, two angular).

7. Rounding is irreversible. A grain can only follow the path angular - subangular
- subrounded - rounded; it cannot become more angular.

Results indicate that grain rounding is associated with bedload, abrasive transport.
However, rounding observed in any setting may be ancient or recent. Rounding
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in upland grains indicates a fluvial source, but this is possibly ancient deposits.

The presence of numerous angular and subangular grains in fluvial sediments
indicates recent delivery from uplands, but the absence of angularity does not
necessarily imply long storage, reworking, or a lack of upland sediment delivery.

Results are generally consistent with those of the Fe oxide coatings, and indicate
a mixture of reworked alluvium and recently-eroded upland material. The
irreversibility of rounding makes it difficult to distinguish geologically recent
versus ancient fluvial transport.

Grain Size Distributions

Grain size distributions focussing on the sand fraction were examined for
sediments collected from channels and bars at four sites (Romayor, Cypress
Lakes Beach, Moss Hill, and Liberty. Samples were air-dried, disaggregated, and
sieved using at ATM sonic sifter. Sieve sizes represented -1, 1, 2, 3, 4, 4.5 phi
units, corresponding with the gravel, and the very coarse, coarse, medium, fine,
and very fine sand fractions. Grain size distribution curves are shown in Figure
9. Laboratory analyses of other samples have been completed, but are not
presented here..
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Figure 9 (continued from previous page). Grain size distribution curves.

POTENTIAL SEDIMENT REPLENISHMENT SOURCES

One original study objective was to determine the sediment sources that could
replenish the stream sediment supply that are near the river channel or in the
lake. This objective appears to have limited relevance, given the lack of evidence
of any dam-related reduction in sediment supplies to the estuary. More
importantly, there is abundant mobile sand in the Trinity channel. Many alluvial
and terrace soils of the lower Trinity have high sand contents. However, this
objective will not be pursued further, given results obtained thus far.

74



REFERENCES

Eriksson MG, Olley JM, Payton RW. 2000. Soil erosion history in central Tanzania
based on OSL dating of colluvial and alluvial hillslope deposits. Geomorphology
36: 107-128.

Knighton AD. 1998. Fluvial Forms and Processes. London: Edward Arnold.

Phillips, J.D. 2003. Toledo Bend reservoir and geomorphic response in the lower
Sabine River. Kiver Res. Appl. 19:137-159.

Phillips, J.D., Marion, D.A., 2001, Residence times of alluvium in an east
Texas stream as indicated by sediment color: Catena, v. 45, p. 49-71.

Stanley DJ, Hait AK, Jorstad TF. 2000. Iron-stained quartz to distinguish Holocene

deltaic from Pleistocene alluvial deposits in small core samples. Journal of
Coastal Research 16: 357-367.

75



