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Abstract 
The physical environment of Eagle River Flats (ERF), a subarctic tidal flat and 
salt marsh, is progressively changing because of the interactions of multiple 
physical processes, including a high tidal range, two primary sediment sources, 
cold climate and location within an active earthquake zone. In addition, ERF has 
been used by the U.S. Army as an artillery range, where high explosives or 
smoke-producing shells have been detonated, causing cratering and disrupting 
drainage. The physical environment of ERF needs to be understood to help 
remediate a problem of unusually high mortality rates in migrating waterfowl. 
This high mortality of ducks is attributable to ingestion of elemental white 
phosphorus (P4) particles (from smoke-producing devices), which are now 
distributed within near-surface sediments of the ponds and marshes. The 
complexity of this dynamic environment makes it extremely difficult to predict 
what physical effects remedial measures fortheP4 contamination will have and, 
conversely, what short- and long-'t^rji .effects the physical system will have on 
the effectiveness and success of proposed remedies. Understanding both the 
system's response and the effects of ^medial technologies is critical to deciding 
what measures are used. This reportprQserjts.the initial analysis of the physical 
processes of er/Osion, sedimentation and sediment transport and the factors 
controlling thei;r,gctivity within a portion of ERF. 
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Cover. Peak tidal flooding inundates innermost pond areas of Eagle River Flats. 
Area B, located in Figure 2 of text, is shown during peak flooding event 
during May 1994. 

For conversion of SI metric units to U.S./British customary units of measurement 
consult Standard Practice for Use of the International System of Units (SI), ASTM 
Standard E380-89a, published by the American Society for Testing and Mater- 
ials, 1916 Race St., Philadelphia, Pa. 19103. 
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EXECUTIVE SUMMARY 

Eagle River Flats (ERF) is an estuarine salt 
marsh with a physical environment that is in a 
state of flux. Significant changes result from 
numerous forces, including a high tidal range, 
glacial river influences, large sediment influxes 
from two distinct sources, and a subarctic coastal 
climate. ERF is located within an active earth- 
quake zone, further complicating process inter- 
actions and increasing the potential for rapid, but 
probably unpredictable, physical changes in the 
future. In addition, the U.S. Army has used ERF 
as an artillery range since the early 1940s. Ground 
explosions have caused physical changes to the 
terrain, hydrology and surface drainage. 

Understanding the processes controlling the 
physical environment of Eagle River Flats is im- 
portant because of our need to understand and 
remediate a problem of unusually high mortality 
rates in the migratory waterfowl that visit this 
area each spring and fall. Previous studies have 
shown that the high duck mortality is attributable 
to ingestion of elemental white phosphorus (P4) 
particles (Racine et al. 1992a,b) that come from 
smoke-producing devices detonated either on or 
above the ground (Racine et al. 1992a). White 
phosphorus particles are now distributed within 
near-surface sediments of the ponds and marshes 
where dabbling ducks ingest it. 

The inherent complexity of this dynamic envi- 
ronment makes it extremely difficult to predict 
what effects potential remedial measures for 
white phosphorus (WP) contamination will have 
on the physical system and, conversely, how the 
short- and long-term dynamics of the physical 
system will influence proposed remediations. 
Understanding both the system's response and 
the effects of such measures is critical to deciding 
what remedial technologies should be used. 

Studies begun in 1992 initially appraised sedi- 
mentation and erosion rates in the C and Bread 
Truck pond areas. In 1993, we began to analyze 
the factors and processes controlling erosion, 
transport and sedimentation in this study area, 
while continuing and expanding our sedimenta- 
tion and erosion measurements. 

Tidal height fluctuations have been measured 
in concert with water level changes in two major 

gullies and in the Eagle River at the head of the 
Flats. These measurements are to define the tim- 
ing and distribution of flood and ebb waters and 
to qualitatively assess the contribution of the 
Eagle River discharge to flooding in the study 
area. Suspended sediment concentrations were 
measured in the Eagle River, in gullies draining 
the Flats, and in Knik Arm to define the relative 
contribution of each source to pond and mudflat 
sedimentation. Salinity, temperature, dissolved 
oxygen, pH and turbidity were measured to 
assess the relative contributions of tidal or river- 
ine water masses to flood and ebb cycle sedimen- 
tation and erosion. Physical parameters, includ- 
ing ground elevation, drainage pattern, channel 
gradients, flow velocity and gully dimensions, 
are necessary to calculate ebb drainage and sedi- 
ment transport rates. 

Sedimentation in the C and Bread Truck ponds 
complex is several millimeters per year on levees, 
10-15 mm per year on the mudflats, and 20-40 
mm per year in the ponds. Limited data on sedi- 
ment concentrations in tidal flood waters of Knik 
Arm indicate that they exceed those of Eagle River 
discharge in August and September, suggesting 
that sediments are predominantly tidal (i.e., 
water masses of the Knik Arm). Sedimentation 
rates of 20 to 40 mm/year, if characteristic, are 
relatively high and would aid in infilling of 
ponds remediated by dredging or temporary 
draining. 

Erosion and recession rates for the headwalls 
and lateral walls of gullies are also relatively 
high. Gullies are progressively extending into the 
mudflats toward the C and Bread Truck ponds 
complex. Headwalls and adjacent lateral walls re- 
ceded at highly variable rates, ranging from 0.1- 
4.9 m during the summer of 1992, to 0.4-6.3 m 
during the winter of 1992-1993, and to 0.0-9.8 m 
during the summer of 1993. Large tidal floods in 
March, April, August and September of 1993 
caused the greatest headwall recession. Two gully 
headwalls, one on the western side of Bread 
Truck Pond and the other near the pond complex 
between Bread Truck and C ponds, are advanc- 
ing at rates sufficient to increase the drainage of 
those ponds within the next 10-15 years, if the 



1993 rates persist. In the latter case, the headwall 
eroded to depths of about 1 m, extending the gul- 
ly nearly 40 m into the mudflats. 

Surveyed longitudinal profiles of gully thal- 
wegs revealed gradients indicating that they will 
progressively grow into the mudflats by head- 
wall erosion. Gradients near the Eagle River are 
relatively steep (0.01 to 0.02 m/m) in response 
to tidally controlled discharge variations in the 
river. Up-gully of the steep section, the lower 
reaches tend to range from about 0.003 to 0.007 
m/m. With distance inland, channel gradients 
steepen to the base of the headwall. Headwalls 
have nearly vertical faces that vary from 1 to 2.5 
m in height. Above them, drainage gradients 
across the mudflats into the ponds range from 
0.001 to 0.004 m/m, being slightly lower in slope 
than within the gullies below the headwall. At 
several points in each gully, however, there are 
relatively sharp increases in gradient. These 
"knickpoints" are places where erosion is caus- 
ing a progressive up-channel deepening of the 
gully thalweg, reducing the gradient in response 
to headwall erosion, and extending the gully far- 
ther into the mudflats. 

Tidal flooding of the Bread Truck and C pond 
areas is enhanced by the discharge of Eagle River. 
Both the timing and height of maximum inunda- 
tion are affected. Flood height can exceed the 
Anchorage datum by 0.5 m or more, the amount 
being highly variable, depending upon the vol- 

ume of water in the Eagle River that enters ERF. 
A comparison of water level variations at the 
heads of two gullies in the Bread Truck-C pond 
areas and the tidal height variations in Knik Arm 
clearly showed such effects on tidal flood and 
ebb. In August, for example, seasonally high dis- 
charge from glacial meltwater in the Eagle River 
supplemented tidal flood heights and significant- 
ly increased the areas inundated. In September, 
precipitation in the Eagle River watershed of the 
Chugach Mountains also increased the height of 
two primary high tides, while the remaining 
tides were equivalent to Anchorage predictions. 

The Eagle River provides access for tidal 
waters to inundate the innermost reaches of the 
Flats. Water level and stream flow as far inland 
as immediately upstream of the Flats proper can 
vary with tidal flood and ebb cycles. Our prelimi- 
nary analyses suggest, however, that sedimenta- 
tion in the lower two-thirds of ERF is tidally 
dominated, whereas the upper one-third appears 
to be river dominated. Aerial photographs from 
1950,1967 and 1993 suggest that the river has de- 
posited its sediments upon entering ERF proper, 
forming an alluvial fan-like deposit, and distrib- 
uting water flow in four radially spreading chan- 
nels across the inner tidal flat. Remnants of 
mudflat and tidal pond terrain (e.g., Racine Is- 
land) are now mostly buried beneath material de- 
posited during overbank flooding of the river in 
this area. 

vi 



Initial Analyses of Eagle River Flats Hydrology and Sedimentology, 
Fort Richardson, Alaska 

DANIEL E. LAWSON, SUSAN R. BIGL, JOHN H. BODETTE AND PATRICIA WEYRICK 

INTRODUCTION 

Eagle River Flats (ERF) is a 1000-ha tidal flat 
and salt marsh at the mouth of Eagle River on 
Knik Arm, near Anchorage, Alaska (Fig. 1). Previ- 
ous work by CRREL has shown that an unusually 
high mortality of migratory waterfowl within 
ERF, particularly ducks, is attributable to inges- 
tion of elemental white phosphorus (P4) particles 
(Racine et al. 1992a,b). The primary source of 
white phosphorus particles is smoke-producing 

shells detonated during training on this artillery 
range, which has been active since the early 1940s 
(Racine et al. 1992a, 1993). White phosphorus 
(WP) particles are now present in near-surface 
sediments at numerous locations within ERF, in- 
cluding the pond and marsh bottoms where dab- 
bling ducks ingest them during feeding. 

Various remedial measures are being consid- 
ered to control duck mortality from WP ingestion 
(Racine et al. 1993). Proposed remedies, which in- 
clude dredging, draining ponds, placing geotex- 

Prince William 
Sound 

Kenai L. 

KENAI PENINSULA 

Figure 1. Upper Cook Inlet region showing ERF and several other estuarine salt 
marshes (shaded areas). 



tiles or other ground covers, and enhancing sedi- 
mentation, will affect the physical ecosystem of 
ERF in ways that are largely unknown. Likewise, 
both the short- and long-term viability of these 
treatments will be influenced by the physical sys- 
tem, where the occurrence, intensity and interac- 
tion of the physical processes remain poorly 
understood. Baseline data are still required to de- 
fine the sensitivity of the Flats to perturbations 
and to evaluate its responses to potential reme- 
dies. Restoration strategies will depend upon the 
methods chosen, but ultimately they must be 
compatible with the physical system. 

In this report, we present the initial analysis of 
the physical system of Eagle River Flats, focusing 
on the interrelationships of the hydrological and 
sedimentological processes. Although prelimi- 
nary, these initial results clearly demonstrate the 
complexity of the Flats' physical system and the 
need for further quantitative studies. 

GENERAL ENVIRONMENTAL 
CONDITIONS 

Eagle River Flats is one of several estuarine 
tidal flats and salt marshes within the upper 
Cook Inlet region of south-central Alaska (Fig. 1). 
It lies at the mouth of Eagle River on the south- 
east side of Knik Arm and is about 2.75 km wide 
at the coast, narrowing inland. This region has a 
transitional maritime to continental climate, with 
generally moderate annual temperatures (daily 
mean 1.9°C; minimum mean -2.2°C) and precipi- 
tation (330 to 508 mm) (Evans et al. 1972). 

A high tidal range with semi-diurnal fluctua- 
tions of 9.1 to 11 m and sediment-laden glacial 
discharges are critical factors affecting ERF 
hydrology and sedimentology (Lawson and 
Brockett 1993). Inundation results from both the 
tides in Knik Arm and the resultant overflow 
from the Eagle River as it meets the rising tide. 

Figure 2. General distribution of ponds (shaded areas) and the primary 
drainage system of gullies and vegetated channels within ERF. The primary 
study area was within the northeastern area marked by the rectangle. 
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Figure 3. Distribution of primary landform-vegetation units 
(from Racine et al. 1993). 

Eagle River drains a 497-km2 basin in the Chu- 
gach Mountains, 13% of which is covered by gla- 
ciers. Average discharge was about 14.7 m3/s 
from 1966 to 1981 (USGS 1981). Because of the Ea- 
gle River's glacial origin, its maximum and peak 
discharges take place during the primary melt 
season of July and August, with peak discharges 
exceeding 100 m3/s when there are rainfall- 
induced floods during high melt periods. 

The Eagle River cuts approximately through 
the middle of ERF. The area primarily drains lat- 
erally from ponds and marshes through veg- 
etated channels and unvegetated gullies into the 
river channel (Fig. 2). About 20% of ERF is 
drained along the coast by gullies that discharge 
directly into Knik Arm. Its north and south boun- 
daries are defined by uplands composed of gla- 
cial deposits covered by spruce and birch forests. 

Sediments within both the Eagle River and the 
tidal waters of Knik Arm and Cook Inlet enter 
ERF, and both sources are derived mainly from 
glacier runoff. Massive quantities of silt- and 
clay-size particles are suspended within the nu- 
merous large rivers draining into the Inlet from 
glacierized basins in the Alaska Range, Chugach 
Mountains and Kenai Peninsula. These materials 
can remain suspended for extended periods and 

are transported into intertidal wetlands during 
tidal flooding. The Eagle River also transports 
glacially derived suspended sediment during the 
melt season. The quantity of suspended sediment 
entering ERF in transport by river and tidal wa- 
ters is, however, unmeasured. 

As with other estuarine salt marshes in Cook 
Inlet (e.g., Hanson 1951, Vince and Snow 1984, 
Rosenberg 1986), vegetation grows in zones that 
are commonly determined by elevation and 
related to the landforms of ERF (Fig. 3). This 
relationship is believed to be a function of flood- 
ing frequency, drainage capacity and sedimenta- 
tion rates. Levees, mudflats, marshes and shal- 
low ponds (to 50-cm depth) are arranged in a pat- 
tern that approximately parallels the Eagle River 
and coastline (Racine et al. 1992a). Freshwater 
ponds or shrub bogs lie along the upland border- 
ing ERF. 

PREVIOUS STUDIES 

The fundamental sedimentary and hydrologi- 
cal processes of subarctic and arctic tidal flats 
and salt marshes are not well understood; few 
quantitative analyses of these processes and the 
factors controlling their activity have been made. 



The magnitude and variability in factors such as 
sediment supply, tidal regime, sea-level chang- 
es, local climate and storms, and wave and river 
activity can alter the relative importance and in- 
teraction of the physical processes in ways that 
remain poorly defined (e.g., Boon 1975, Frostick 
and McCave 1979, Carling 1981, Collins et al. 
1987, Dionne 1988, Stoddart et al. 1989, Reed 
1990, Dalrymple et al. 1992, Andrew and Cooper 
1993). The role of glacial rivers and glacial-ma- 
rine sediment discharges in tidal flat and salt 
marsh sedimentology have received only limit- 
ed attention (Ovenshine et al. 1976a,b; McCann 
et al. 1981; Bartsch-Winkler and Ovenshine 
1984). Neither the sediment fluxes nor the sedi- 
ment budget of tidal flats and salt marshes are 
sufficiently defined to link their hydrology and 
sedimentology (e.g., Frostick and McCave 1979, 
Kohsiek et al. 1981). 

Field studies and simulations of short-term 
sediment accumulation have suggested that pro- 
cess and morphology are related to elevation, 
and thus the annual frequency and depth of in- 
undation and sediment supply, but that long- 
term rates may be more importantly controlled 
by the eustatic rise in sea level (e.g., Krone 1987; 
Allen 1990a,b; French 1991, 1993; French and 
Spencer 1993; McLaren et al. 1993). Spatial varia- 
tions in the texture and composition of sediment 
deposited within tidal flats and salt marshes are 
also expected to relate to the hydrological pro- 
cesses of tidal channels and gullies, as well as 
tidal currents (e.g., Carling 1982, Allen 1992). 

Sediment balance and the accretion and ero- 
sion of sediment in tidal flats and salt marshes 
have been estimated using short-term vertical 
sedimentation rates (e.g., Harrison and Bloom 
1977, Richard 1978, Letzch and Frey 1980, Stod- 
dart et al. 1989). Longer-term estimates have 
been made by dating subsurface horizons (e.g., 
Hubbard and Stebbings 1968, Allen and Rae 
1988) and creating radionuclide profiles (e.g., 
Bloom 1984, Keene 1971, Kearney and Ward 
1986). Both estimates, however, may be mislead- 
ing owing to compaction after deposition in the 
former case and time-dependent accretion rates 
in the latter (French 1993). 

STUDY AREA AND METHODS 

This study focused on the central area of ERF, 
east of the Eagle River, extending from west of 
the EOD pad to the outer coast (Fig. 2). The 
morphological terrain units in this area are 

0 200 m 
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a. Surveyed transects within areas from the EOD pad 
north to the Knik Arm coast. 

Figure 4. Location of sedimentation study sites. 

levees, gullies, upper vegetated mudflats and 
lower unvegetated mudflats adjacent to ponds 
and marshes. 

Eleven transects across the representative 
morphologic units of the study area were estab- 
lished in May 1992, with one additional added 
in June 1993 (Fig. 4a) (Lawson and Brockett 
1993). Surveying established ground surface ele- 
vations on each transect relative to local bench- 
marks and the UTM grid. Grab samples of the 
surface sediment (to 5 cm depth) were taken at 
each survey point (Fig. 4b) for analysis of the 
grain size distribution using standard sieving 



b. Surveyed locations of surface grab samples (open cir- 
cles) on 12 transects east of Eagle River. Open circles 
also mark the locations of sedimentation stakes. Filled 
squares are locations of sedimentation stations (S-no.). 

Figure i (cont'd). 

and hydrometer techniques. These data will be 
used to delineate textural trends and evaluate the 
relative importance of sediment sources. 

Sedimentation and erosion 
Sedimentation rates within tidal flats are diffi- 

cult to measure accurately. Within ponds and 
marshes, for example, only a slight disturbance 
of the water column is needed to resuspend the 
fine-grained bottom sediments. If these sedi- 
ments are caught in sediment traps, erroneously 
high depositional rates would be measured. We 

Figure 5. Sedimentation stakes. The plate slides freely 
on the rod. Wire flags mark an area of painted ground 
that is now covered with sediment. 

therefore used several methods to measure the 
primary rates of sedimentation and related ero- 
sion, and the secondary rates of resedimentation 
that result from resuspension of pond bottom ma- 
terials by various processes. Depositional and 
erosional rates were also measured in the mud- 
flats, levees and gullies. The various samplers de- 
scribed subsequently were installed during 24-28 
May 1992, with several sets of measurements tak- 
en between then and 28 September 1993. 

"Sedimentation stakes" were used to measure 
erosion and deposition at points along the sur- 
veyed transects (Fig. 5). These stakes consist of a 
rod and a square, rigid plate (about 7 cm2) that 
slides freely on the rod. Erosion depth is defined 
by the increase in distance between the top of the 
rod and the top of the plate, as measured periodi- 
cally to the nearest 0.5 mm. The amount of accre- 
tion is the thickness of sediment deposited on the 
plate surface. The difference between these two 
readings defines the net sedimentation (or ero- 
sion) rate. We measured these rates in July, Au- 
gust and September 1992 and in May and Sep- 
tember 1993, following the monthly period of tid- 
al flooding. A similar stake system was used 
previously in Turnagain Arm (Ovenshine et al. 
1976a,b). 

We also monitored the amount of accretion at 
transect survey points by spraying an area (30 x 
30 cm) on the ground surface with pavement 
marking paint and locating the corners of this 
area with wire survey flags. Net accumulated 
sediment is measured by cutting and removing a 
2-x2-in. (5-x5-cm) block of sediment with a putty 
knife (Fig. 6). The thickness of sediment above the 
paint layer is then measured to the nearest 0.5 
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Figure 6. Paint layer within block of sediment as 
measured to define sedimentation rates. 

mm with a millimeter scale. Paint was applied at 
certain sites in June 1992, and others in mid- 
August 1992. In contrast to sedimentation stakes, 
which are broken or removed by various pro- 
cesses during winter, the wire flags and the 
persistence of buried paint horizons suggests this 
method may provide a continuous record of net 
sedimentation rates. 

Sedimentation rates in ponds were also mea- 
sured at 10 sites following tidal inundations in 
June, August and September 1992 and May and 
September 1993 (Fig. 4). We expected these rates 
to be extremely low and possibly to be affected 
by resuspension of bottom sediments during the 
process of obtaining data. We, therefore, used 
three methods at each site initially, but have 
found two to be relatively reliable. 

Gross deposition is measured in a sediment 
trap consisting of a 4-in.-diameter (10.2-cm-diam- 
eter) PVC "cup" glued to one end of a short 
length of 2-in.-diameter (5-cm-diameter) PVC 
pipe. The pipe was inserted into the pond until 
the bottom of the cup was in contact with the bed 
(b on Fig. 7). Sediments held within the cup in- 
clude new sediment brought into the ponds by 

|  Figure 7. Sedimentation station in a pond site. A 
|  meter stake (a), cup sampler (b) and plate sampler (c) 
| are shown in position. The plate sampler is located be- 

tween the two survey flags. 

tidal inundation and river currents, and materials 
resuspended by wind waves, dabbling ducks or 
other mechanisms. The quantity of accumulated 
sediment is measured to the nearest 0.5 mm by 
inserting a millimeter rule into the sediments at 
three places. After measurement, the sediment in 
the cup is cleared away. 

We measured the net sedimentation rate in 
ponds using a thin, rigid plastic plate of about 30 
cm square that is pushed gently into the pond 
bottom until it is flush with the surface. The cor- 
ners of the plate are secured by aluminum tent 
pegs (c on Fig. 7). Sediment in suspension settles 
onto this plate, but this sediment can also be re- 
worked and resuspended by wind or other mech- 
anisms, thereby delineating a net rate. In addi- 
tion, by measuring the sediment thickness at 
three random locations, the plate's dimension 
provides some measure of the spatial variability 
in sedimentation or erosion rates. Plates are cov- 
ered by sediment, and later by aquatic vegetation, 
within one to two weeks or less of placement; this 
cover negated the possible effects of their smooth 
surfaces on their sediment trapping efficiency. 

Initially in 1992, a stake with a millimeter- 



Figure 8. Location of gully headwall erosion study 
sites. 
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graduated scale on its face was inserted into 
the pond bottom/ and the height of the pond 
bottom and the water column were measured 
to provide a second measure of the net sedi- 
mentation rate (a on Fig. 7). Any wind waves 
or water surface glare on sunny days, howev- 
er, commonly made this a difficult measure- 
ment to obtain. In addition, aquatic vegeta- 
tion on the bed commonly covered the base of 
the scale. For these reasons, only water level 
measurements are now recorded. 

Gully erosion and recession 
Gullies* draining the ponds and mudflats 

are actively extending inland by headwall 
and lateral wall erosion and recession. We es- 
tablished 14 sites to evaluate retreat rates (Fig. 
8); 11 sites were established in June 1992, 3 in 
June 1993. At each site, stakes were driven 
into the ground along a straight line at known 
distances from one another and from the crest 
of the gully (Fig. 9). A "hub" stake was set at 
a known distance from this stake line. The 
distance between the hub and the crest of the 
gully scarp was measured across the top of 
each line stake in succession with a tape mea- 
sure. The position of the gully scarp was 
identified with a plumb bob suspended from 
the tape measure. Flagged wire stakes were 
then placed at each point of measurement 
along the headwall. 

Measurements were repeated in September 
1992, June 1993 and September 1993 after tid- 
al inundation. On the basis of repeated mea- 
surements at points without any retreat (as 
indicated by the continuing presence of wire 
flags), we consider these measurements re- 
producible at ±2-5 cm. The accuracy, howev- 
er, is limited by how well the crest of the gul- 
ly scarp can be defined, the shape of which is 
highly irregular, and therefore accuracy is 
probably limited to ±10 cm. 

The elevations of the bed along the length 
of several gullies were surveyed, beginning at 
or near the Eagle River and continuing into 
the ponds (Fig. 10). These gradients were cal- 
culated from these data for characteristic 
reaches in each gully. Gradients were incor- 
porated into estimates of gully discharge and 
current velocity at surveyed cross sections 
during maximum or bankfull ebb. 

Figure 9. Headwall erosion study site. The line of stakes ap- 
proximately parallels the gully crest. The hub stake is to the 
right of center behind the stake line. h The terms gully and drainage are used interchangably. 
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Figure 10. Location of surveyed longitudinal cross sections of gullies. 

Instrumentation sites: 
K - Knik Arm 
P - Parachute drainage 
R - Eagle River 
T - Bread Truck drainage 

Other site abbreviations: 
BT - Bread Truck pond 
PB - Pond Beyond 
Rl - Racine Island 

Ponded areas labeled A through D 

Figure 11. Locations of instrumentation recording water quality parameters and water depths. 



Table 1. Specifications of water quality parameter sensors. 

Instrument type Sensor Accuracy Resolution 

Hydrolab Temperature ±0.15°C 0.01°C 
(H20 multiprobe) pH 

Specific conductance 
+ 0.2 units 0.01 units 

Fresh water +0.0015 to 0.1 mS/cm* 0.001 mS/cm 
Salt water ±0.15 to 1.0 mS/cm* 0.01 mS/cm 

Salinity ±0.2 ppt 0.1 ppt 
Dissolved oxygen ±0.2 ppm 0.01 ppm 
Redox ±20 mV lmV 
Depth ±0.45 m water 0.1 m water 

CRREL thermistor Temperature ±0.02°C o.orc 
Druck (PDCR 950) Pressure (water depth) ±0.008 m water 0.001 m water 

OBS-3 Turbidity 
5 V = 2000 FTU 

±100 mV lmV 

Seagauge Wave/Tide Pressure (water depth) ±0.003 m water 0.0015 m water 
(model SBE 26-03) Temperature ±0.02°C 0.01°C 

Seacat CTD Pressure (water depth) +0.75 m water 0.045 m water 
(model SBE 19-03) Temperature ±0.01°C o.oorc 

Conductivity ±0.001 S/m 0.0001 S/m 
OBS [5V = 2000 FTU1 ±100 mV 3mV 

h Depends on which of three auto-adjusting ranges is employed. 

J 
u, — 

a. Platform. 

b. Sensor detail. 

Figure 12. Platform and instrumentation measuring 
discharge characteristics at the Bread Truck gully 
location. 

Water quality parameters 
Water quality characteristics were analyzed 

during the August and September 1993 flood and 
ebb cycles at two gully sites—one in a gully 
draining C Pond (called Parachute gully or drain- 
age) and one in a gully draining the Bread Truck 
Pond area. The same measurements were made 
in the Eagle River, just downstream of the Route 
Bravo access road bridge (Fig. 11). 

A Campbell CR10 datalogger was used to 
record data from a variety of sensors. A Hydro- 
lab Model H20 Multiprobe Transmitter provided 
data on a suite of parameters related to WP parti- 
cle and sediment transport: temperature, pH, sal- 
inity, dissolved oxygen, redox and water depth 
(Table 1). We also used a Druck pressure trans- 
ducer to measure water level variations to ±8 
mm, an individually calibrated thermistor to 
measure temperatures to ±0.02°C, and a D&A 
OBS-3 optical backscatter sensor to measure tur- 
bidity. 

Data loggers and other instrumentation were 
positioned on a floating platform next to gullies, 
while the various sensors were mounted on 
stakes set into the small plunge pools at their 
heads (Fig. 12). Sensors were placed in the 
plunge pools to keep them wet at all times. 

Each platform was constructed of a 4-x4-ft 
(1.2-xl.2-m) plywood deck mounted on a 2-x6- 
in. (5- x 15-cm) frame. Large metal eyehooks were 
screwed into the frame on each corner (Fig 12a); 



5-ft (1.5-m) sections of 0.75-in. (2-cm) diameter 
steel pipe were mounted vertically in large cans 
filled with concrete, and the eyehooks mounted 
on the platform's wood frame were lowered over 
them. Foam filled the inner space of the deck 
framework and provided flotation so that the 
platform could move vertically up or down the 
steel pipes during tidal inundation and ebb. The 
platforms allowed us to establish monitoring sta- 
tions without setting stakes or foundations in the 
ordinance-bearing mudflat sediments and, at the 
same time, keep the data loggers and related de- 
vices dry even under the highest flood levels. 

An ISCO Model 3700 water sampler, also 
mounted on each platform, obtained 500-mL wa- 
ter samples at specific intervals through the flood 
and ebb cycle. The Total Suspended Sediment 
concentration (TSS) of each sample was analyzed 
using standard vacuum techniques with 45-mm 
glass microfiber filters. The TSS data were later 
used to calibrate the D&A Optical Backscatter 
Sensor (OBS) turbidity readings for sediment 
concentrations measured at each site. 

Water quality data were recorded from mid- 
August to the end of September using 2-minute 
sampling intervals at the gully sites and 10- 
minute intervals at the river site. A Seabird SBE19 
Profiler or CTD (Conductivity-Temperature- 
Depth) profiler was moored at the coast in Knik 
Arm from mid- to late September to measure sal- 
inity, temperature, depth and turbidity during 
several of the tidal cycles (Fig. 11). At the same 
location, a Seabird SBE26 Wave and Tide Gauge 
measured tidal height variations and water tem- 
perature from mid-August to late September 
(Table 1). ISCO water samples were acquired at 
V2-hour intervals through the flood and ebb 
cycles of August, but this was changed in Sep- 
tember to a 10-minute interval about peak tide. 
Water samples were also taken by hand from 
Knik Arm at the wave and tide gauge recorder 
during the September inundation cycle. 

PROCESS OBSERVATIONS 

The activity and relative importance of ero- 
sional and depositional processes depend upon a 
number of factors, including those that are exter- 
nal to the immediate Flats environment. External 
factors include tidal forces, glacially derived run- 
off and sediment, climate, and tectonic and earth- 
quake activity. In addition, a slowly rising sea 
level and isostatic rebound following occupation 
of the region by glaciers that retreated about 

12,000 years ago may be affecting processes as 
well. 

The glacial sources for the Eagle River modify 
the discharge seasonally, mainly in response to 
variations in climate, and daily, mainly in re- 
sponse to diurnal changes in ablation and melt- 
water runoff. Maximum discharge occurs during 
and following the spring runoff of snowmelt, but 
may remain high throughout the summer, de- 
pending upon meteorological factors affecting 
meltwater production on the glacier surface (e.g., 
Röthlisberger and Lang 1987, Lawson 1993). 
Rapid, hourly fluctuations in discharge may re- 
sult from heavy rain in the river's watershed. 

The glacially derived sediment within runoff 
from the watershed also varies seasonally and 
annually; within ERF, this component mainly 
affects the amount of sediment in suspension. 
Sediment in suspended transport from the Eagle 
River is one potential source of material deposit- 
ed within the ponds and mudflats. 

Tidal flood waters are another major source of 
suspended sediment. These sediments are like- 
wise of glacial origin, being derived from glacier- 
ized watersheds feeding major rivers that enter 
Knik Arm and Cook Inlet, including the Susitna, 
Knik and Matanuska rivers. It is not known 
whether the seasonal and annual variability of 
sediment discharge from these glacial rivers is 
evident within the tidal waters of Knik Arm. Lim- 
ited measurements of Knik Arm in November 
1993 and March 1994 indicated that sediment is in 
suspension through the winter, but in smaller 
quantities than during the summer. The contin- 
ued presence of suspended sediment during win- 
ter is important, as it would then be the most 
important if not the only source of sediment for 
deposition during that time. The Eagle River, as 
with other glacial rivers, transports an insignifi- 
cant amount of material in suspension during the 
fall through the early spring when glacial dis- 
charge is limited to groundwater sources (e.g., 
Lawson 1993). 

The interaction and combination of tidal and 
river sources of water and sediment control the 
amount of material available for deposition in 
ERF, and may also affect the locations and rates 
of erosion. The amount of sediment within flood 
waters is a primary factor determining their cap- 
acity to erode and transport additional sediments 
during ebb. 

A preliminary analysis of aerial photographs 
of ERF suggests that sedimentation of the land- 
ward third of the area (southern one-third) is 
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dominated by the Eagle River. Landform types 
and distribution differ here, being mainly levees 
and vegetated marsh floodplains. These riverine 
landforms overlie and cover older marshes, a 
part of which is apparently exposed in the center 
of Racine Island (Fig. 13c). In the northern two- 
thirds of ERF, landforms are similar to tidal flats 
near river mouths elsewhere in this region (e.g., 
Ovenshine et al. 1976b). 

Historical aerial photographs and ground ob- 
servations also indicate that ERF is physically 
changing over both short- and long-time scales. 
Large-scale changes resulting from riverine pro- 
cesses over the last 40 years include abandon- 
ment of a primary channel within the southern 
part of the Flats, and channel migration of vari- 
ous amounts from near the Route Bravo bridge 
north to the river mouth at Knik Arm. 

Aerial photographs from 1950,1967 and 1993 
reveal that the primary river channel (of three) 
was abandoned sometime between 1950 and 
1967 (Fig. 13). By 1967, two channels diverged 
from Eagle River north of the Route Bravo 
bridge, the primary avenue of discharge now ap- 
pearing to be the eastern course. Our initial re- 
view of these photographs does not reveal the 
cause of this change; however, it is clearly impor- 
tant to understanding the hydrology and sedi- 
mentology of the Flats. 

The two primary channels entering the Flats 
today are partially braided and have a divergent 
pattern characteristic of an alluvial fan (Fig. 13c). 
Both suggest that the channel gradient signifi- 
cantly decreases near the bridge, leading to a re- 
duction in carrying capacity, deposition of sedi- 
ments in transport, and a fundamental change in 
the channel configuration (e.g., Leopold et al. 
1964). In addition, the 1993 color infrared image 
shows a well-defined change in texture and color 
where these channels merge into a single mean- 
dering channel (Fig. 13c). This textural change 
may indicate a physical change, such as in ele- 
vation, or in the grain size and mineralogy of the 
substrate materials. The predominant types of 
vegetation reflect these physical differences and 
thus the apparent change from river dominated 
to tidally dominated physical processes. 

Both the tributary channel and the meander- 
ing main channel progressively deepen down- 
stream, essentially being incised over 5 m during 
low tide. Near-vertical scarps and evidence of re- 
cent slumping indicate that the river banks are 
actively eroding. A qualitative assessment of the 
1950,1967 and 1993 aerial photography suggests 

that, historically, banks have receded several 
tens of meters at some locations. 

Significant changes in the relatively tight me- 
ander loops in the lower section of the river 
have taken place over the last 40 years. Land- 
forms, such as meander scars and abandoned 
point bars, are common along the length of the 
active channel and are especially evident on 
photographs of the southern reaches of the Flats 
(Fig. 13c). These landforms result from changes 
in the channel location over time. Channel 
changes are a natural progression resulting from 
the erosion and recession of the outer banks of 
meander bends, deposition of sediments as 
point bars within the inner parts of each bend, 
and a general downstream migration of the 
channel (e.g., Allen 1982). At some locations, a 
breaching of tight meander loops causes their 
abandonment (Fig. 13c). 

Erosion associated with channel changes 
remobilizes bank sediments, which may be 
transported either downstream or upstream, de- 
pending upon the capacity of the river and tidal 
forces. In the idealized river model, they would 
move to the next point bar and be redeposited. 
Redeposition will also be controlled by tidal and 
river processes and by the materials' fine grain 
size, and therefore they may also be redeposited 
within the ponds and mudflats, as well as with- 
in Knik Arm. 

Gullies have also progressively lengthened 
and deepened during the last 40 years, in some 
cases extending over an estimated 200 to 300 m. 
A significant extension of gullies toward the 
ponds and marshes is particularly evident on 
photographs covering the period of 1967-1993 
(Fig. 13b and c), but the amount of recession 
cannot yet be quantified. Recession is in re- 
sponse to erosion during ebb flow from the 
ponds and mudflats into the gullies (Table 2). 
Erosion measurements in 1992 indicated that 
this recession is continuing at variable rates of 
up to 5 to 10 m per year (Lawson and Brockett 
1993). 

The cause of gully expansion is unclear, but it 
may be a response to external forces such as 
earthquake activity, including the 1964 Alaskan 
earthquake when this area subsided about 0.6 m 
(Small and Wharton 1969), the eustatic rise in 
sea level, or large-scale river channel changes 
caused by flooding. Further quantitative analy- 
ses of historical aerial photographs and sedi- 
mentological analyses of deposits within the 
alluvial landforms are required to determine 
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a. 1950. 

Figure 13. Aerial photographs of ERF. 
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b. 1967. 

Figure 13 (cont'd). 
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Figure 14. Drainage pattern analysis of 1993 aerial photograph in the study area east of Eagle River. 
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Table 2. Summer erosional processes. 

Morphological 
unit Processes 

Ponds Currents Tidal currents 
—wind Debris impacts 
—tidal (e.g., logs) 
Wind waves 
Wind currents 
Ducks and other 

bottom-feeding 
organisms 

Gullies Currents Groundwater 
—tidal —piping 
—runoff —sapping 
Overland flow Slope mechanisms 
—sheet —slump 
—rill —block collapse 
Wind waves —sediment flow 

Mudflats Currents Wind waves 
—wind Debris impacts 
—tidal (e.g., logs) 
Overland flow Rain drop impact 
—sheet 
—rill 

Marshes Currents (rare) 

Levees Currents Debris impacts 
—tidal Wind waves 
—river 

whether the gullies are expanding in response to 
such external forces. 

Tributary channels with a dendritic pattern 
feed water into the gullies (Fig. 14). These shal- 
low, vegetated channels cross the mudflats and 
head in the ponds. A second set of channels that 
is intercepted by the active tributary system is 
also common (Fig. 14). These channels, however, 
unconformably cross other landforms, including 
ponds (such-as C and Bread Truck) where they lie 
below the water surface. Their pattern is irregular 
and unrelated to the dendritic channel and gully 
system. These secondary channels are probably 
relict drainage and indicate significant changes to 
the drainage in the past. The causes of such 
changes are unknown, but may be related to larg- 
er scale forces such as flood-induced channel mi- 
gration or earthquake-induced subsidence. 

GLACIER RUNOFF AND SEDIMENT YIELD 

Runoff from the Eagle River is characteristic of 
a watershed occupied partly by glaciers. Glaciers 
cover about 13% of the watershed area, yet it 
takes only a few percent glacier cover to signifi- 
cantly modify the runoff and sediment yield of a 
drainage basin (e.g., Lawson 1993). Glaciers mod- 
ify peak discharges, the timing and maximum 

and minimum volume of hourly, daily and sea- 
sonal discharges, the lag between precipitation 
and the resultant increase in runoff, and long- 
term trends in annual discharge of the basin (e.g., 
Gurnell and Clark 1987, Lawson 1993). Water 
quality parameters, including suspended solids, 
show similar, but not directly related, variations 
with time. 

The USGS recorded discharge from the Eagle 
River between 1966 and 1981 (USGS 1981). Dur- 
ing this period, daily discharge averaged 14.7 
m3/s. The maximum mean discharge during the 
height of the glacial melt season (July-August) 
averaged 42.5 m3/s, with peaks ranging from 
about 65 to 76 m3/s. Rain-induced floods during 
peak glacial runoff exceeded 105 m3/s. Unfortu- 
nately, a new station to record discharge of the 
Eagle River could not be installed in 1993, and we 
therefore do not have current hydrologic records 
for the Eagle River. 

We were, however, able to establish instru- 
mentation in mid-August to measure basic water 
quality parameters, suspended sediment concen- 
trations and water level changes through Septem- 
ber. These data show diurnal variations in water 
height, conductivity and temperature typical of a 
glacially fed river (Fig. 15) (e.g., Lawson 1993). 
Sediment concentrations were generally low 
from 25 August to 20 September, ranging from 23 
to 275 mg/L and decreasing steadily through 
September. Additional water quality and sedi- 
ment transport data will be acquired during 1994. 

TIDAL HYDROLOGY AND INUNDATION 

Erosional, transport and depositional process- 
es are complexly related to tide height, Eagle River 
discharge, and the length of time of inundation. 
Although sufficiently high tides can flood all of 
ERF, lower high tides may be supplemented by 
the river's discharge and flood more area to a 
greater depth than the predicted tide height indi- 
cates. During spring snowmelt runoff, precipita- 
tion-induced flooding or other high discharge 
events, tidal waters moving up the channel block 
the flow of the river water, causing it to slow and 
pool, and eventually can reverse flow within the 
Flats proper. Some overflow of the tidal water by 
fresh river water may also take place. The flood- 
ed area is increased and runoff during ebb is pro- 
longed. Similarly, increased flooding can result 
from storm-driven waters moving into the Flats 
from Knik Arm and Cook Inlet. 

Pond sedimentation results mainly from set- 
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Figure 15. Water parameter data from Eagle River site just downstream of Route Bravo bridge. 

Table 3. Summer depositional processes. 

Morphological 
unit Processes 

Ponds Suspension sedimentation 
—settling-out 
—vegetation trapping 

Gullies        Suspension sedimentation 
—settling-out 
Bedload deposition 
Sediment flows 
Slumping 

Morphological 
unit Processes 

Mudflats     Suspension sedimentation 
—settling-out 
—vegetation trapping 

Marshes      Suspension sedimentation 
—vegetation trapping 

Levees Suspension sedimentation 
—settling-out 
—vegetation trapping 
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Figure 16. Water elevation at three 
sites during the 19 August evening 
flood event. The base level shown on 
the Knik Arm plot is equal to atmo- 
spheric pressure measured when the 
sensor is exposed in air. 

18:00 20:00 22:00 
19 Aug '93 

02:00 
20 Aug 

04:00 

a. August. 

Figure 17. Water elevations at three sites 
during a period of flooding cycles. Knik 
Arm represents the tidal cycle external to 
ERF proper. In August, Parachute and 
Bread Truck data show peak heights 
greater than predicted due to various fac- 
tors including high river flow, but little 
augmentation over predicted heights in 
September. 

b. September. 
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Figure 18. Elevation of waters 
in Eagle River during Septem- 
ber flooding cycles. Rainfall in 
the watershed affected elevation 
twice during the September tidal 
cycles. 

tling-out of sediment suspended in the water col- 
umn (Table 3) and, presumably, sediments are 
deposited mainly following slack high tide. Thus, 
the longer the period of inundation, the greater 
the time for sediment in suspension to be depos- 
ited. In addition, the mixing and exchange of 
flood waters with the original pond and marsh 
waters increases the amount of sediment sus- 
pended in the ponds and marshes, and provides 
the primary source of newly deposited materials. 

The timing of flooding is a function of both the 
elevation of the levees and mudflats surrounding 
the gullies, and of the distance of the gully head- 
wall from the coast. Water moving down the riv- 
er can also alter the timing of flooding inland 
from the coast, depending upon its volume rela- 
tive to the volume of tidal waters. A quantitative 
relationship for these factors is not yet devel- 
oped, and thus the relative duration of inunda- 
tion per tidal flooding cannot be predicted. 

Water level measurements at the river and 
gully sites (Fig. 11) verified our visual observa- 
tions that the flood cycle normally results in a 
progressive rise in the river channel and gully 
water levels before a gradual flooding of the tidal 
flats takes place. This progression is illustrated 
by water height changes at the three sites during 
a tidal inundation in August (Fig. 16). Flooding 
begins first within the coastal mudflats on Knik 
Arm, while water is progressively moving inland 
up the Eagle River channel and the tributary gul- 
lies before it spills onto the inner mudflats first 
at the Bread Truck gully and then at Parachute 
gully. Water levels decline first in the coastal 
zone, actually while tidal flood waters are still 
moving up Otter Creek and into the southwest- 
ern corner of the Flats. 

Water levels were also greater than predicted 
for the Anchorage datum from 17-22 August, 

showing primarily the effects of a high glacial 
meltwater discharge in the Eagle River (Fig. 
17a). Precipitation and wind were not factors 
during this time. 

Water heights measured at these same sites 
during tidal flooding in August and September 
illustrate the seasonal shift from higher to lower 
discharge as melting of glacial river sources is 
reduced (Fig. 17b). Flood heights generally ex- 
ceed the tide chart predictions for Anchorage in 
August, until the discharge decreased around 22 
August. In September, flood heights generally 
match predicted tide levels; whenever they ex- 
ceeded those levels, river discharge had been in- 
creased by rainfall in the Eagle River watershed 
(Fig. 18). 

WATER QUALITY PARAMETERS AND 
TIDAL FLATS HYDROLOGY 

Water quality during tidal influx and efflux is 
critical to understanding the interplay of tidal 
flood waters and river discharge and to examin- 
ing their role in the erosion, transport and depo- 
sition of sediment within the Flats. Water quali- 
ty parameters were only measured during two 
summer months (August and September), so 
that we can only speculate on the overall role of 
tidal and riverine water sources. The relative im- 
portance of these parameters as a data source 
can, however, be illustrated by examining varia- 
tions in selected parameters during a flood and 
ebb cycle at the Bread Truck Pond gully on 18 
August 1993, at the Bread Truck and Parachute 
gully sites on 19-20 August, and at both sites on 
18-19 September. 

Data during the flood and ebb cycle of 18 
August show the basic relationships of water 
quality parameters to inundation (Fig. 19). As 
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Figure 19. Variation of water quality parameters, Bread Truck drainage site, 18 August. 
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the flood tide progresses into ERF, it moves up 
the Eagle River, backing river waters up each 
gully, and causing them to spill onto the mud- 
flats. The water level rises initially at a steady 
rate, but rapidly decreases as the area being 
flooded increases when the water crests the gul- 
ly headwall and spills into the vegetated drain- 
ageway and onto the mudflats above it. Water 
temperature, salinity and turbidity change in the 
headwater pool in which the sensors are sub- 
merged as its water is exchanged with the more 
saline tidal flood waters. Just before the headwa- 
ter pool attains conditions that reflect the charac- 
ter of Knik Arm waters, parameters may fluctu- 
ate rapidly while the mixing front of the two 
water masses passes. 

During ebb, the drop in water level is slower 
than the rise during flooding, indicating tem- 
porary storage of tidal waters within the Flats. 
The stored water may include river influx and 
possibly may involve temporary storage in the 
sediments as groundwater. The transition from 
more saline tidal flood waters to fresh or pond- 

dominated waters therefore takes place more 
gradually. In part, the more gradual change in 
temperature and salinity, for example, results 
from mixing and homogenization in the ponds 
and mudflats. 

The sharp, transient rises in turbidity are, 
however, related to some other process. They 
may be caused by vegetation or fish covering the 
optic sensor, but are most likely actual increases 
in turbidity from sediment in transport. The in- 
creased turbidity may be caused by scour of the 
gully headwall or lateral walls, or perhaps sud- 
den bank failures, causing a rapid, but local, in- 
crease in the amount of sediment suspended in 
the water column. Until ebb waters are com- 
pletely contained in the gully channel during the 
latter stages of runoff, water may flow into the 
gullies at numerous locations along their 
lengths. 

Data from the heads of the Bread Truck and 
Parachute drainages during a flood and ebb 
cycle on 20-21 August of a predicted high tide of 
10.0 m and on 18-19 September of a predicted 
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Figure 20. Variation of water quality parameters, 20-21 August. 
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Figure 21. Variation of water quality parameters, 18-19 September. 
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Table 4. Temperature and salinity of Eagle 
River and Knik Arm. 

20 August 18 September 

Site 
Temperature  Salinity 

(°C)           (ppt) 
Temperature  Salinity 

(°C)           (ppt) 

Eagle River 
Knik Arm 

6.0              0 
12.9             — 

4.0             0 
10.3             6.8 

high tide of 10.33 m illustrate several important 
aspects of tidal flats hydrology (Fig. 20 and 21). 

As described for 18 August at the Bread 
Truck site, the water level on 20-21 August rises 
rapidly as flooding begins, but slows as water 
spills into the vegetated drainageway above the 
gully headwall and floods the mudflats. Coinci- 
dent with this rise, water temperature, salinity 
and turbidity change but in different ways at 
the Bread Truck than at the Parachute site. 

At the Bread Truck gully site, where the 
flooding threshold is lower, water temperature 
shows little variation until the approximate 
time when water height is sufficient to overflow 
the gully. Temperature then rapidly declines to 
near that of water in Knik Arm, signaling the 
arrival of tidal flood waters (Table 4). Small 
temperature variations (tenths of a degree Cel- 
sius) during the remainder of the tidal cycle 
may result from local mixing of tidal and fresh- 
er water masses. Coincident with the tempera- 
ture drop, turbidity increases sharply and 
remains high through flooding; however, just 
after this rise, OBS values decrease sharply, per- 
haps reflecting an initial override of fresher 
water by the intruding more saline tidal flood- 
waters. 

As ebb takes place, turbidity values drop 
rapidly within about 30 minutes, indicating ei- 
ther that waters inundating the Flats have lost 
their suspended sediment through deposition 
in ponds and mudflats, or that the mixing of 
river and tidal water masses has diluted the 
concentration of solids. With time, the turbidity 
continues to decrease as water elevation de- 
clines; both sediment concentration and salinity 
decrease to levels present before the flood. 

At the Parachute gully site, the drop in tem- 
perature accompanying the initial encroach- 
ment of flood waters is greater than at Bread 
Truck. This reduction is believed to be attribut- 
able to a higher proportion of river water in the 
first flood waters rising to the gully sensors be- 
cause of the more inland location of the gully 
mouth.  Salinity, turbidity and temperature 

sharply increase as the tidally dominated water 
mass subsequently fills the gully (Table 4). 

As ebb occurs, the decrease in turbidity takes 
place more gradually than at the Bread Truck site 
until the water elevation drops below bank 
height. Then it decreases rapidly, as does temper- 
ature and salinity, to levels less than Knik Arm, 
suggesting that river water is a larger component 
of the ebb discharge at the Parachuate site. 

In contrast, the 18-19 September tidal event is 
characterized by lower suspended sediment 
concentrations, higher salinities and lower water 
temperatures (Fig. 21). Several other important 
aspects are also evident. At Bread Truck, the tem- 
perature does not decrease rapidly as the tidal 
waters rise. An initially lower temperature with- 
in the plunge pool during September than in 
August may account for a temperature similar to 
that of water in Knik Arm (Table 4). Both turbidi- 
ty and salinity increase rapidly, however, as 
flooding takes place. The rapid drop in salinity 
just before peak flood level may indicate incom- 
plete mixing of Knik Arm and Eagle River waters 
within the flood. During ebb, water temperature 
and salinity gradually decline as the freshwater 
component becomes more important, but the tur- 
bidity values exhibit a series of rapid fluctuations 
that nearly equal those during peak flood. 

The Parachute gully record has a more gradu- 
al and sustained fall in turbidity beginning at 
about the same time as at the Bread Truck site. 
The source of this difference from Bread Truck is 
unknown, but we speculate that the sustained 
values at Parachute represent discharge of sedi- 
ment transported from within the Flats. The 
pulses of suspended sediment in the water col- 
umn may result from local erosion, failure and 
collapse of the gully walls. But this argument is 
less convincing for the Bread Truck site; the high- 
ly erratic peaks are more likely caused by vegeta- 
tion that caught on the probe. 

Of further note are the significantly higher sa- 
linities in the Parachute flood and ebb waters in 
September than in August. These values proba- 
bly represent the seasonally reduced contribution 
of Eagle River water to flooding of the Flats. 
Similarly, turbidity values at both sites were less 
than in August and correlate with reduced con- 
centrations of suspended sediment in both the 
river and Knik Arm. This reduction is also a re- 
sponse to the seasonal drop in sediment dis- 
charge from the glacierized basins that flow into 
the Eagle River and the rivers entering Knik 
Arm. 
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Figure 23. Total suspended sediment concentrations and water 
elevations at Parachute drainage, 17-18 September. 

SEDIMENT TRANSPORT 

Sediments are deposited within ponds and 
mudflats mainly through settling-out from 
waters flooding ERF (Table 3). New materials are 
in suspended transport by river and tidal flood 
waters, while a second source is sediment eroded 
and remobilized from the pond bottoms and 
mudflats by wind currents, bottom-feeding wa- 
terfowl and other mechanisms. River currents 
may also erode sediment from riverbanks; gullies 
likewise can be eroded by flood or ebb currents. 
Total Suspended Sediment (TSS) in discrete sam- 
ples and the continuous recording of turbidity by 
an Optical Backscatter Sensor (OBS) provide data 
on suspended sediment transport and the rela- 
tive importance of sediment sources. 

Samples for TSS analysis were obtained dur- 
ing the August and September flooding cycles at 
the Parachute and Bread Truck gully sites (Fig. 
22). During the August cycle, water samples 
were taken every half hour over 12 hours run- 
ning from low tide to low tide. Relatively low 
values were recorded at the Bread Truck drain- 
age in three of four recorded cycles; the fourth 
event produced a peak value of 1000 mg/L (Fig. 
22b). In one cycle recorded at Parachute drain- 
age, the samples captured a peak of 1500 mg/L 
(Fig. 22a). 

This sampling scheme did not sufficiently rep- 
resent the variability in suspended sediment con- 
centration over time and therefore the sampling 
interval was altered in September. Samples-were 
then acquired every 10 minutes, beginning near 
the predicted peak high tide at Anchorage and 
continuing through the initial phase of the ebb. 
The time interval was progressively lengthened 
to a half hour and then one hour during the latter 

stages of ebb, as well as for several hours prior 
to high tide. 

In the first sampled event of 15 September, 
flood levels were barely high enough to spill 
onto the mudflats above the gullies and low TSS 
peaks were recorded at both sites (170 mg/L) 
(Fig. 22). Subsequently, the morning tide of 16 
September flooded most of the Flats up to about 
0.2 m depth; both Parachute and Bread Truck 
had similar TSS peaks of approximately 1250 
mg/L. Flooding cycles sampled on 17,18 and 19 
September were characterized by deeper in- 
undation (about 0.4 m) and higher peak TSS val- 
ues. TSS peak values in the Parachute drainage 
were 1700 and 1900 mg/L, exceeding the Bread 
Truck values by 300 mg/L. In general, low sus- 
pended sediment concentrations characterized 
the rising tide while flood waters moved into 
each gully. A sharp rise in TSS occurred as the 
rising flood waters from Knik Arm began to 
spill onto the mudflat. Suspended sediment con- 
centrations gradually declined only after ebb be- 
gan (Fig. 23). 

OBS turbidity levels peak during flooding of 
the gully sites in August, generally ranging from 
1300 to 1500 mV (500 to 600 FTU) at Parachute 
gully and 1200 to 2300 mV (480 to 920 FTU) in 
the Break Truck gully (Fig. 24a and b). In both 
cases, the OBS values indicate that sediment 
concentrations progreasively increase as tidal 
waters enter and flood each site, gradually fall- 
ing at a slower rate as ebb takes place and gully 
drainage becomes well established. In Septem- 
ber both sites had lower ranges in turbidity 
(about 700 to 1300 mV [280 to 520 FTU] at Bread 
Truck and about 800 mV [320 FTU] at Parachute 
[Fig. 24b, c and d]). The OBS records for a SBE19 
CTD temporarily established at the tide gauge 
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on Knik Arm in September recorded peak val- 
ues ranging from 1400 to 1800 mV (560 to 720 
FTU). OBS readings were not obtained at Eagle 
River, however, owing to a lack of equipment. 

As stated previously, the sporadic peaks in 
OBS turbidity at both gully sites may be impor- 
tant indicators of erosion in the gully headwall 
region, but vegetation or other objects in the ebb 

discharge can cover the sensor and cause a false 
indication of higher turbidity. It should be noted 
that because the withdrawal point for the suc- 
tion sampler and the view of the OBS sensor are 
not precisely the same location, local increases in 
suspended sediment by scour or bank failure 
may not be sampled by the suction technique. In 
addition, the optical character of the water may 
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Figure 26. OBS measurements from Knik Arm during late September. 

not always relate directly to the weight of solids 
present. 

We attempted to calibrate OBS sensor read- 
ings of backscatter to suspended sediment con- 
centrations using the TSS measurements. In a 
few events, correlations were good (Fig. 25a). 
However, in others, there is not a simple rela- 
tionship between the two values. For example, 
secondary peaks in OBS readings were observed 
during ebb tide at the Parachute site without 
correspondingly high TSS values (Fig. 25b). Re- 
gression analysis of this relationship produced 
low correlation coefficients. A possible explana- 
tion for the secondary peaks is that, if extremely 
fine material is in transport during ebb, it can 
cause a large amount of optical backscatter, but 
add little to the total weight of suspended solids. 
This problem remains under investigation. 

SEDIMENT SOURCES 

The suspended sediment concentrations meas- 
ured during August and September suggest that 
the tidal flood waters of Knik Arm have greater 
concentrations of sediment in suspension than 
do those in the Eagle River. TSS measurements 
preceding, during and following tidal flooding 
cycles at both the Bread Truck and Parachute 
gully sites are consistently higher than those in 
the Eagle River and are similar in range to those 
of Knik Arm. TSS data for the Eagle River reveal 
concentrations ranging from 23 to 275 mg/L for 
25 August to 20 September. Concentrations in 
two samples from Knik Arm at the coastal site 
were much higher: 1116 and 1273 mg/L. OBS 
turbidity data for 20 to 24 September at the coast 
also were consistently high, while the TSS sam- 

ples from the river yielded much lower values 
(less than 100 mg/L) (Fig. 26). 

Further samples are clearly needed to deter- 
mine if the relationship of sediment concentra- 
tion for the river and tidal sources is representa- 
tive of the entire year, especially because of the 
inherent seasonal variability in the Eagle River's 
glacial sources. Sediments in Knik Arm waters 
are, however, also derived from glacierized 
basins feeding the Susitna, Knik, Matanuska and 
other rivers that drain into Cook Inlet and thus 
the tidal source may also vary seasonally. 

EROSION DYNAMICS AND 
GULLY HYDRAULICS 

Longitudinal cross sections of the gullies, sur- 
veyed along their central channel or thalweg, 
have several characteristics in common. Each of 
the nine gullies in the study area has moderate 
to relatively steep slopes downstream of an 
eroding headwall (Fig. 27). The headwall region 
is characterized by a nearly vertical face ranging 
from 1.2 to over 2.0 m in height, at the base of 
which is a depression or plunge pool scoured by 
water flowing over the headwall (Fig. 27). This 
plunge pool ranges in depth from about 0.5 to 
over 2.0 m. 

Channel gradients are steepest near the Eagle 
River (0.01 to 0.02 m/m). The steep bed slope 
probably results from the large range in tidally 
controlled variations in water level and dis- 
charge in the river proper. Upstream of this 
steep section, the gradient becomes shallower 
(0.003 to 0.007 m/m), but then progressively 
steepens with distance to the base of the head- 
wall (Fig. 27). At one or more locations within 
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Figure 27. Profiles of elevations along gully thalwegs of two drainages with calculated 
gradients indicated (see Fig. 10). Top-Gully C, bottom-Gully E. 

the gully, short segments of the channel have 
sharp increases in gradient. These locations, 
which we call knickpoints, may indicate that the 
bed profile is not in equilibrium with the exist- 
ing hydrological conditions and that the bed 
slope and elevation are actively being modified 
by scour during flood or ebb. Such a progressive 
deepening of the gully thalweg and reduction in 
the channel gradient may be in response to the 
on-going headwall erosion and extension of 
each gully into the mudflats. 

Channels above each headwall are lined by 
vegetation and their bed slopes range from 0.001 
to 0.004 m/m, generally being less than the gra- 
dients within the gully proper. With distance, 
slopes gradually reverse in direction and dip up- 
stream across the unvegetated mudflats next to 
the ponds. 

Both the relatively rapid erosion and exten- 
sion of the gully system and their relatively 
steep gradient suggest that the drainage system 

Channel 
Cross-sections 

Bread Truck 
Drainage 

Transect 4- 

Figure 28. Places where gully cross sections and peak 
flow were estimated (intersection of gully and tran- 
sect 1). Figure 4 shows their location within the study 
area. 
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is actively changing. The reasons for this activity 
are not yet clear. Hydraulic and geotechnical 
forces are clearly causing such changes, but their 
relationship to the dynamics of the entire system 
remains unknown. Basic parameters such as cur- 
rent velocity, discharge and channel geometry 
need to be measured accurately to define the gul- 
lies' roles in tidal flat hydrology. 

To evaluate the potential magnitude and rela- 
tive importance of forces causing erosion and 
sediment transport within the gullies, empirical 
equations were used to estimate hydraulic pa- 
rameters for peak flow during ebb. Gully pro- 
files, bank elevations and calculated slopes for 
the Bread Truck and Parachute drainages were 
used to approximate the shape of the drainage 
cross section and estimate maximum velocities 
and discharge (Fig. 28 and 29). 

Sediment transport and gully erosion are pri- 
marily related to the flow velocity. Gully longitu- 
dinal profiles and cross sections were measured 
for the Bread Truck and Parachute drainages in 
an attempt to determine flow velocities in these 
channels. Figures 28 and 29 are representative 
sectional shapes that expand in each gully as one 
proceeds downstream. 

The Manning equation was used to calculate 
the average flow velocity V in the gully. 

Table 5. Gully parameters. 

V=1.0/NR2/3S1/2 (1) 

where N = Manning coefficient (0.018 for clean 
earth) 

R = hydraulic radius 
S = slope. 

Location 
A 

(m2) (m) 
R 

(m) 
S 

(m/m) N 

Bread Truck drainage 
Parachute drainage 

86.7 
40.3 

43.8 
33.4 

1.98 
1.21 

0.0044 
0.0062 

0.018 
0.018 

Table 5 gives values of the above parameters, as 
well as area (A) and wetted perimeter (Pw). We 
assumed that the depth of flow was at bankfull 
stage and that the channel slope in the gully was 
in uniform flow. These calculations produced 
very high flow velocities (more than 4.5 m/s) and 
Froude numbers in excess of 1.0. Since these val- 
ues indicate supercritical flow, the flow must un- 
dergo a hydraulic jump to a greater depth, which 
is not possible for the assumed bankfull condi- 
tions. Thus, simplifying the hydraulic conditions 
to a uniform flow assumption is not feasible for 
currents within the gullies. 

Obviously, these flow velocity calculations are 
not representative of the actual situation and 
more detailed information on the hydraulic con- 
trols (downstream and upstream) or actual veloc- 
ity measurements are needed. Our observations 
suggest flow velocities are actually in the 1-3 m/s 
range during ebb. 

EROSION AND RECESSION RATES 

Erosion of gully headwalls is causing their pro- 
gressive elongation into the mudflats and pre- 
sumably into the ponds. Rates of recession of the 
gully headwall and adjacent lateral walls were 
measured at 11 sites established in 1992 and at 3 
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additional sites established in 1993 (Fig. 8). Net 
recession rates were measured between 28 May 
and 22 September 1992,22 September 1992 and 2 
June 1993, and 2 June and 22 September 1993, 
while measurements on 26 August and on 22 
September 1993 permit comparison of erosion 
and recession resulting from a single month's 
cycle of flooding tides (Appendix A). 

The amount of recession of the scarp crests 
was highly variable within a gully, as well as 
among the sites (Table 6). Maximum recession 
rates ranged from 0.1-4.9 m during May to Sep- 
tember 1992 , 0.4-6.3 m during September 1992 
to June 1993, and 0.0-9.8 m during June to Sep- 
tember 1993 (Table 6). 

At each site, however, some parts of the scarp 
crests did not retreat at all. This spatial variabil- 
ity in recessional rates is evident in plots of the 
scarp crest location with time (Fig. 30). Reces- 
sion rates for the September 1993 flooding cycle 
were a maximum of 1.4 m. The extreme rate of 
change of 45 m was generated by the develop- 
ment of a new network of shallow (0.5 m) gullies 
in the mudflats between C and Bread Truck 
ponds during the 1992-93 winter (Fig. 30c). 

The variability in recession rate reflects the 
nature of the erosional processes in causing rapid 
short-term changes (Table 2). Recession appears 
to be caused mostly by current erosion of the 
lower, unvegetated part of the near-vertical gul- 
ly walls during ebb. Because the uppermost 20 
to 30 cm of material is consolidated and root- 

bound, this soil and root mat are undermined by 
current erosion and only fail after an erosional 
niche of approximately 0.5 m or deeper is cut be- 
low it. 

Eroded sediments form deposits within the 
gullies and are eventually transported down-gul- 
ly into the Eagle River. Along steep scarps, blocks 
of consolidated sediments bound by roots fall 
and roll into the gully bottoms where currents 
eventually may break them down by scour or by 
rolling them along the gully bed. The lateral 
walls of gullies, which tend to develop low angle 
slopes as headwalls recede inland, fail mainly by 
retrogressive slump flow, the lower half or more 
of the slope creeping slowly as a mudflow into 
the gully channel. On gentler slopes, blocks of 
rootbound material remain intact as they are 
transported downslope by slow-moving mud- 
flows that are active in the latter stages of the ebb 
cycle. Because this sequence of events happens at 
different times and rates, recession varies within 
as well as among the study sites (Table 6). 

If our measurements of recession rate are char- 
acteristic, erosion will cause increased drainage of 
ponds within the next 10 to 15 years. Two ponds 
in particular will likely be affected: one is Bread 
Truck, on its northern side, and the other is the 
pond complex between the Bread Truck and C 
ponds (Fig. 5). Further analyses of recession rates 
are needed to determine if the 1992 to 1993 rates 
are representative of more than this 1-year 
period. 

Table 6. Headwall recession rates in 1992 and 1993. 

Recession range (m) 
Erosion Location May-Sept 92 Sept 92 -June 93 June-Sept 93 

site Drainage       Position* Min Max Min Max Min Max 

1 B+ L 0.0 2.1 0.3 3.2 0.1 3.9 
2 B L 0.0 4.9 0.0 2.0 0.0 1.2 

3 C L 0.0 0.6 0.0 0.9 0.0 0.0 
4 C H 0.1 3.1 0.5 1.5 0.0 3.8 
5 C L 0.0 1.3 0.0 0.8 0.0 0.2 

6 D—S. Fork L 0.1 2.4 0.0 0.6 0.0 1.1 
7 D—S. Fork H 0.0 1.1 0.0 0.4 0.0 0.8 
8 D—Cent. Fork L 0.0 0.1 0.0 1.0 0.0 U.4 
9 D—Cent. Fork H 0.0 0.5 0.1 6.3** 0.0 9.8 

10 D—Cent. Fork L 0.0 0.2 0.0 0.5 0.0 0.0 

11 D—N. Fork L 0.0 0.5 0.0 0.4 0.0 1.0 

12 F L —   — — 0.0 3.1 
13 F L — — — — 0.1 1.8 
14 F L — — — — 0.0 1.2 

*L = lateral wall, H = leadwall. 
t See Figure 8. 

**45- m shallow erosion extenc ing intc mudflats (Fig. 30). 
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SEDIMENTATION RATES 

Sedimentation rates vary with morphological 
unit and, in a general sense, with elevation. The 
overall trend is an increase eastward from the 
Eagle River levees, across the mudflats and into 
the ponds. Marshes, however, apparently had 
lower accretion rates than the ponds (Table 7), 
while within gullies, rates could far exceed these 

values. Lower sedimentation rates in marshes 
may reflect problems in sampling within the 
thick sedges, including an unknown amount 
trapped in the vegetation, rather than the actual 
rate of accretion. 

The relationship of rate to elevation is in part 
a response to the number of times sites are inun- 
dated, but other factors appear important as 
well. Assuming a general elevation of 4.6 m for 
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Table 7. Gross sedimentation rates in 1992 and 1993. 

Range (mm) 
Morphological Summer Winter Summer 

unit 92 92-93 93 

Levee 1-2 1-5 1-5 
Vegetated upper mudflat 3-6 3-10 1-8 
Unvegetated lower mudflat 5-12 7-12 3-10* 
Pond—plate 18-35 8-28 2-12 
Pond—cup 5-38 6-15 
Marsh 2-10 (est) NDt ND 
Gully 100-300 28-75** 60** 

* Larger values from craters. 
t ND = nodata. 

** Based on small sample size. 

Table 8. Number of flooding events reaching 
critical heights to cover landforms in 1992 and 
1993. 

Number of flooding events 
Critical height        Summer 92   Winter 92-93  Summer 93 

Ponds (4.6 m) 
Mudflats (4.87 m) 
Levees (5.21 m) 

21 
13 
2 

66 
36 
9 

23 
15 
4 

ponds to flood (a 9.48-m Anchorage datum tide), 
Table 8 shows a minimum of 21 sediment-bear- 
ing tidal floodings would have filled ponds, 
mainly during the late July to early August and 
late August to early September tidal cycles. 
Through September 1992 to May 1993, the 
ponds were inundated by a minimum of 66 sedi- 
ment-bearing tides monthly (except December), 
with the highest tides in March and April. Al- 
though there may have been additional flooding 
during summer because of higher discharges, 
the range in sedimentation rates for ponds dur- 
ing the winter with more flooding tides was 
similar to that of the previous summer (1 to 38 
mm). This similarity may reflect several other 
factors, including lower sediment concentrations 
in winter flood waters, or ice cover effects, such 
as the freeze-on and removal of pond bottom 
sediments during freezeup or breakup. From 
May to September 1993, 23 sediment-bearing 
floods occurred, mainly from July through Sep- 
tember. These rates were generally lower than in 
either the summer or winter of 1992, ranging 
from 1 to 15 mm. The reasons for these reduced 
rates are not yet known. 

Gross sedimentation rates were higher within 
ponds than on river levees (Table 7); this ap- 
pears related to the total number of flooding 
events covering each landform. During the en- 
tire period, 110 tides exceeded the 4.6-m ele- 

vation necessary to enter the ponds (Table 8). In 
contrast, levee elevation data suggest that dur- 
ing the same period, only 15 tides were suffi- 
ciently high to inundate them completely. The 
average sediment accumulation in the ponds 
from May 1992 to September 1993 was 46.5 mm, 
yielding a gross rate per tidal cycle of 0.4 mm. 
The average rate per tidal flooding on levees is 
0.3 mm. 

The higher rates of sedimentation in ponds 
than on river levees clearly show the more im- 
portant role of tidal inundation than Eagle River 
floods as a sediment source and thus, within the 
study area, sedimentation is tidally dominated. 
The large amount of suspended sediment in 
Knik Arm increases its importance relative to 
the Eagle River, and contrasts with other tidally 
dominated salt marshes and mudflats where 
glaciers are not important sources of marine sus- 
pended sediments. The role of the river is less- 
ened by its apparently lower suspended sedi- 
ment transport rate, including the lack of sedi- 
ment influx during winter. 

The amount of material that originated by re- 
suspension of pond bottom sediments ranged 
from 8 to 16 mm for the summer of 1992, or ap- 
proximately equivalent to the thickness of new 
sediments deposited in the ponds during the 
same period (Table 7). During the late August to 
early September flooding cycle, 3-6 mm of new 
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material was deposited, while 2-6 mm of materi- 
al had been resuspended and redeposited. Dur- 
ing the winter 1992-93 period, resuspension sedi- 
mentation ranged from 2 to 15 mm, or similar to 
that of the summer 1993 amounts. 

Within gullies, deposition occurs mainly along 
the lateral slopes away from the channel thalweg. 
Depending on the depositional process, rates 
could range as high as 10 to 30 cm for the sum- 
mer period, with several or more centimeters 
being deposited during a single flood and ebb 
cycle. These rates primarily reflect adjustments in 
the gully cross section, rather than deposition 
from tidal flood waters. Mass movements of 
slope material account for the majority of the 
sediment deposited on lateral slopes. Sedimen- 
tation rates are therefore highly variable from 
place to place. Note that the 1992-93 winter and 
1993 summer gully measurements are not direct- 
ly comparable to the 1992 summer measure- 
ments because most of the 1992 stakes within 
the center of the gully were lost to erosion or 
burial. 

SYSTEM DYNAMICS AND REMEDIATION 

Eagle River Flats is a dynamic estuarine salt 
marsh that is actively undergoing progressive 
and significant changes in the physical environ- 
ment. These changes result from the interaction 
of multiple physical processes with various fac- 
tors that include external forces such as a high 
tidal range, a glacial river, two relatively large 
sediment sources and a cold climate. The location 
of ERF within an active earthquake zone adds 
further to the complexity and the potential for fu- 
ture rapid, but probably unpredictable, physical 
changes. If the area subsides, or conversely up- 
lifts, because of an earthquake, major changes in 
the hydrology and terrain can be expected. While 
pond areas may increase because of subsidence, 
as happened in 1964, the drainage system and 
river channel may respond with increases in 
rates of erosion or sedimentation because the 
drainageways will be out of equilibrium with the 
altered physical environment. In addition, 
ground explosions and cratering during the use 
of ERF as a military firing range since the early 
1940s have caused physical changes to the ter- 
rain, hydrology and surface drainage. Craters, 
for example, have locally increased erosion in 
drainages and enhanced gully expansion. 

The inherent complexity of this dynamic envi- 
ronment makes it extremely difficult to predict 

what effects potential remedial measures for WP 
contamination will have on the physical system 
and conversely what short- and long-term ef- 
fects the physical system will have on the effec- 
tiveness and success of proposed remedies. Un- 
derstanding both the system's response and the 
effects of remedial measures are critical to de- 
veloping cleanup strategies. Further analysis of 
the processes and factors determining tidal flat 
hydrology and sedimentology are required to 
predict the system's response to a particular re- 
medial technology. The remediation process 
may be enhanced or hindered by the physical 
system. Questions regarding remediation will 
be addressed in our continuing investigations of 
the physical system dynamics of Eagle River 
Flats. 
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APPENDIX A: RECESSION RATE SUMMARY 
(sites located on Figure 8) 

Erosion rate (m) Erosion rate (m) 

Hub    Stake Summer '92 Winter Summer '93 

Drainage B 
Site 1 (established 17 May 92) 
B           28           1.3             2.1 3.9 

96 1.3 3.2 2.1 
26 2.1 0.6 0.6 
98 1.3 0.5 0.9 
29 0.6 0.9 0.9 
97 0.0 0.6 0.1 
27 0.0 0.3 0.3 

Min 0.0 0.3 0.1 
Max 2.1 3.2 3.9 

Site 2 (established 27 May 92) 
A           92           0.0             0.1 0.0 

38 0.0 0.4 0.0 
87 0.1 0.3 0.6 
48 4.9 2.0 0.9 
86 0.4 0.0 0.0 
43 0.0 0.0 0.0 
91 0.1 0.3 0.3 
47 0.2 0.6 0.0 
93 0.0 0.4 0.0 
45 2.0 1.3 0.2 

100 — — 1.2 
101 — — 1.2 
102 — — 0.8 

Min 0.0 0.0 0.0 
Max 4.9 2.0 1.2 

Parachute gully (drainage C) 
Site 3 (west side, established 27 May 92) 
31          32           0.1             0.0 0.0 

81 0.0 0.4 0.0 
41 0.0 0.3 0.0 
88 0.6 0.0 0.0 
33 0.0 0.9 0.0 

Min 0.0 0.0 0.0 
Max 0.6 0.9 0.0 

Site 4 (south side, established 27May 92) 
85          34           1.0             —             — 

95 0.8 0.5 0.0 
44 0.7 — — 
80 3.1 1.5 0.0 
49 0.2 — — 
78 0.1 — — 
42 0.3 0.8 3.8 

Min 0.1 0.5 0.0 
Max 3.1 1.5 3.8 

Site 5 (east side, established 27 May 92) 
94          84           0.1             0.8 0.0 

36 0.1 0.2 0.2 
76 0.2 0.6 0.1 
40 0.0 0.1 0.0 
89 0.7 0.0 0.0 
37 1.3 0.2 0.0 

Min 0.0 0.0 0.0 
Max 1.3 0.8 0.2 

Hub    Stake   Summer '92  Winter Summer '93 

"In between" drainage-southern fork (drainage D) 
Site 6 (west side, established 28 May 92) 
64 57 

4 
68 

3 
71 
5 

51 
2 

56 
Min 
Max 

2.4 
0.8 
0.1 
0.1 
0.4 
0.1 
0.9 
1.8 
1.0 
0.1 
2.4 

0.0 
0.3 
0.0 
0.1 
0.1 
0.0 
0.0 
0.6 
0.3 
0.0 
0.6 

0.0 
0.0 
0.0 
0.3 
1.1 
0.0 
0.0 
0.0 
0.3 
0.0 
1.1 

Site 7 (southeast upstream side, established 28 May 92) 
66 6 

61 
1 

53 
7 

52 
Min 
Max 

1.1 
0.1 
0.1 
0.0 
0.0 
0.1 
0.0 
1.1 

0.0 
0.2 
0.3 
0.0 
0.4 
0.2 
0.0 
0.4 

0.5 
0.4 
0.0 
0.0 
0.0 
0.8 
0.0 
0.8 

"In between" drainage-central fork (drainage D) 
Site 8 (east side, established 28 May 92) 
13 65 

8 
58 
17 
60 
12 
54 

9 
62 

Min 
Max 

0.1 
0.1 
0.1 
0.0 
0.0 
0.1 
0.1 
0.0 
0.0 
0.0 
0.1 

0.0 
1.0 
0.1 
0.0 
0.4 
0.0 
0.5 
0.1 
0.0 
0.0 
1.0 

Site 9 (south side, established 28 May 92) 
10 72 

20 
73 
23 
63 
25 

Min 
Max 

0.0 
0.1 
0.5 
0.0 
0.0 
0.0 
0.0 
0.5 

0.4 
0.1 
0.1 
0.2 
0.1 
6.3 
0.1 
6.3 

Site 10 (west side, established 28 May 92) 
16 55 

15 
70 
18 
67 
24 
75 
22 
59 
21 
69 

Min 
Max 

0.1 
0.1 
0.0 
0.1 
0.0 
0.2 
0.0 
0.0 
0.0 
0.1 
0.0 
0.0 
0.2 

0.3 
0.0 
0.2 
0.1 
0.1 
0.2 
0.1 
0.1 
0.1 
0.0 
0.5 
0.0 
0.5 

0.0 
0.0 
0.4 
0.0 
0.0 
0.0 
0.1 
0.0 
0.2 
0.0 
0.4 

0.0 
0.0 
0.0 
0.7 
9.8 
0.6 
0.0 
9.8 

I 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
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Erosion rate (m) 
Hub    Stake Summer 92 Winter Summer 93 

"In-betweer i drainage" ■ northern fork (draü 
Site 11 (east side, established 28 May 92) 
79          19 0.0 0.0 0.0 

46 0.2 0.0 0.0 
39 0.1 0.0 0.0 
83 0.1 0.0 0.0 
50 0.1 0.0 0.0 
77 0.1 0.0 0.0 
14 0.1 0.0 0.0 
82 0.1 0.0 0.0 
35 0.1 0.0 0.1 
90 0.0 0.0 1.0 
11 0.0 0.0 0.0 
30 0.5 0.4 0.1 

Min 0.0 0.0 0.0 
Max 0.5 0.4 1.0 

Erosion rate (m) 

Bread Truck drainage (drainage F) 
Site 12 (on southern offshoot to west, established 2 July 93) 
100      104 — — 0.5 

103 — — 0.0 
102 — — 0.8 
101 — — 2.1 
110 — — 3.1 

Min — — 0.0 
Max — — 3.1 

Hub    Stake Summer 92 Winter Summer 93 

Site 13 (on southern offshoot to west, established 2 July 93) 
109      105 —             — 1.8 

106 —             — 1.7 
107 —             — 0.1 
108 —             — — 

Min —             — 0.1 
Max —             — 1.8 

Site 14 (north of hydrostation, established 2 July 93) 
111      112 —             — 0.0 

113 —             — 0.0 
114 —             — 0.1 
115 —             — 1.2 
116 —             — 0.4 
117 — — 0.0 

Min — — 0.0 
Max —             — 1.2 
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