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Introduction

This Section provides the rationale for the study and an outline of study objectives. In
brief this study addresses the impact on channel form associated with gravel
extraction practices and associated instream works for flood hazard management.
This was done through a literature review of gravel extraction case studies, the
development of a conceptual model for the explanation and prediction of channel
response to gravel extraction, completion of a case study in a Vermont stream and
validation of the model through application to the Vermont case study. Finally these
findings were used to formulate recommendations for the management of Vermont
streams as a basis for further discussion.

Literature Review

In this Section a comprehensive review of case studies pertaining to the
morphological impacts of gravel extraction from numerous States as well as Europe,
Africa, New Zealand and Canada is described. In total observations from 70 different
river systems in 11 countries were reviewed and summarized. Morphological impacts
were found to be consistent for rivers of similar form and size regardless of
geographical location, climate and topography. Consequently, generalities can be
made from collective assessment of case studies. In general the morphological
impacts varied depending upon the location of the reach relative to the mined reach,
the size of the watershed, the amount of gravel extracted relative to the supply, stream
type (braided, meandering, sinuous or straight) and whether extraction practices were
active or inactive. In the majority of instances flood hazard benefits were short lived
and the gravel mining resulted in the de-stabilization of the channel with a
commensurate increase in property loss and aesthetic and habitat degradation in both
the mined reach and reaches upstream and downstream of the zone of mining. The
type of mining also had a bearing on the degree of morphological impact. The
stripping of gravel bars had less impact then pit mining within the river. Pit mining
within the floodplain was only an issue when lateral migration of the channel resulted
in capture by the pit and avulsion of the channel system.

Conceptual Morphological Response Model

The above studies were used to formulate a model for the prediction of morphological
impacts using a decision tree approach. The model represents a comprehensive and
unique approach to the prediction of the response of gravel bed rivers to a disturbance
affiliated with gravel extraction and associated flood hazard reduction measures. The
model provides a suitable format for the development of a smart systems computer
model. Such a model would provide practioners and decision makers with a
systematic methodology for the prediction of the morphological impacts associated



Section 4:

with gravel extraction and associated instream works for the reduction of flood
hazard. Further, the model would be suitable for use in costing proposed mitigation
works and therefore an instrumental step in the development of a prioritization
algorithm for the allocation of limited resources.

Granville Case Study

This Section deals with an analysis of historic aerial photographs for the White River
through the Town of Granville (the “subject” channel). Photographs were available
for the years of 1939, 1962, 1974 and 1995 for this region. The 1939 and 1974 photo
series were subsequent to major flood flow and “maintenance” events (gravel mining
and flood hazard mitigation works). The 1962 and 1995 photo series were taken 5
and 22 years after such events respectively.

The “subject” channel was subdivided into three distinct reaches: Reach 1 (upstream
of the zone of mining); Reach 2 (the zone of mining from the Bowl Mill Bridge to a
point downstream of the confluence of the White River and Alder Meadow Brook)
and Reach 3 (downstream of the zone of mining to the first crossing of Route 100).
The White River through the “subject” reach has experienced channel “maintenance”
on four confirmed occasions since 1938 and possibly on a fifth occasion in the late
1920's.

The photographs were digitized and corrected for scale based on ground proofing.
Morphometric parameters including the length of the thalweg, the width of the active
channel, channel surface area, maximum and average normal shift were then
determined for each photo year or Epoch. The same analysis was conducted for a
“reference” channel. The West Branch of the Tweed River near Pittsfield was
selected for this purpose because instream modifications were believed to be minimal
and land use, topography, climate and watershed size were similar to that of the
“subject” reach.

Pairwise comparison on the observations by Epoch indicates that the White River
through the zone of mining has narrowed and straightened. Maximum and average
normal shift were not determined for this reach because of the influence of
maintenance activities. Downstream of the mined reach the channel has straightened
and widened. Maximum normal shift has increased indicating increased lateral
instability while average normal shift has declined. The later observation is consistent
with channel straightening. The reach upstream of the zone of mining was not
impacted because geologic controls prevent the headcutting of nickpoints and other
grade discontinuities. In contrast, the Tweed River was found to relatively constant
over the study period with a slight increase in width and normal shift. The
morphological response of the White River is significant in comparison to the
“reference” stream. The observed responses are also consistent with the observations
reported from the literature review.

il
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Section 6:

Validation of The Conceptual Morphological Response Model

This Section describes the application of the conceptual model to the Granville case
study. The model was applied to the three Reaches as defined in Section 4. Reach 1
showed no impact because of the step-pool form and bedrock control. Reach 2 has
been subject to extensive gravel extraction and instream “maintenance” practices
since the 1920's resulting in widening of the active channel and channel incisement.
Large Woody Debris, large scale roughness elements (large boulders) and riparian
vegetation have also been modified through the years. The model was also applied to
the most downstream reach. Although some bank stabilization works are evident in
this reach it is largely unmodified directly through gravel extraction practices.

Reach 2 is dominated by erosional forms resulting in Valley Formation. This process
results in the formation of a new active-floodplain channel system inset within the
existing system but at a lower elevation. This scenario was adequately predicted by
the proposed model. The new channel has an increased flow conveyance capacity and
consequently provides the intended flood hazard reduction but does so at the expense
of considerable loss of property within the mined reach and the de-stabilization of the
channel downstream of the zone of mining. The downstream reach is dominated by
sedimentation forms leading to aggradation and the formation of chutes and cutoff
channels. The formation of the bifurcation in 1998 was satisfactorily predicted by the
model. Flood hazard in this lower reach initially increased as a consequence of the
maintenance works. The development of the bifurcation resolved the imbalance
between the elevated sediment load an the lack of stream competence by decreasing
channel length and thereby increasing longitudinal slope and stream power. This
interim quasi-stable form occurred with the loss of tillable farmland.

The proposed model indicates that eventual stabilization of Reach 2 and the
commensurate decline in total sediment yield together with the fining of the sediment
load may once again de-stabilize Reach 3. The lower reach will attempt to increase
its flow length and thereby decrease its longitudinal slope to reduce its stream power
to match its sediment load characteristics. It may accomplish this through increased
meander development and propagation rates.

It was concluded that the proposed model provides a useful tool for the prediction of
channel response to a disturbance for channel systems similar to the White River
through the Granville reach. Further testing and development of the model is
recommended for general application to Vermont streams.

Flood & Erosion Hazard Management

The results of the literature review, Granville case study and the conceptual model
were used to outline a general flood and erosion hazard management approach
regarding instream works and gravel extraction practices in gravel bed streams in the
State of Vermont. The recommendations are organized around watershed size and
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stream type (braided, meandering, straight) and they are intended for discussion
purposes only.

In terms of watershed size channel systems of less than 38.6 mi? (100 km?) were found
to be very sensitive to instream works. In contrast channel systems in watersheds
exceeding 386 mi’? (1000 km?) were found to be the least sensitive. Regarding stream
type, braided channel systems were found to be the least sensitive while meander and
straight channel systems were progressively more sensitive respectively.
Consequently, gravel extraction in small channel systems is not recommended.
Gravel extraction in moderately size watersheds may be permitted in braided systems
and selected instances if a well defined management plan is followed. This may be
defined using a sediment budget approach based on selected particle size fractions
such that stream sediment load requirements downstream of the mined reach are
satisfied. The instream programs must address issues of channel form and particle
roughness, bed material gradation and structure, and the preservation of riparian
vegetation and floodplain connectivity. Similarly, gravel extraction in large
watersheds, particularly in braided channel systems, may be allowed in a controlled
manor following completion of a well defined management plan.

v
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DEFINITION OF TERMS

clarification.

Active Channel: the channel that conveys flow during dry weather periods and frequent flood flow
events up to the flood flow rate having a recurring interval of one occurrence on average every one and
one half to two years.

Aggrade: see Aggradation.

Aggradation: the deposition of sediment in the channel raises the base elevation of the channel.
Alluvial Channel: a channel formed in sediments reworked by the stream.

Avulsion: a rapid and catastrophic shift in channel form or position.

Bank Destabilization: refers to the transformation of a stable bank configuration to one that is
unstable, leading to either massive failure of the bank or slow but progressive removal of bank
material. This may occur by a number of processes. One common means of bank destabilization is
bank oversteepening through erosion at the bank toe, also referred to as basal scour. In this instance
bank material at the base of the bank is removed through erosion by stream flow. The result is often
undercutting of the upper bank leaving an overhang (the upper portion of the bank is suspended above
the channel bed) or oversteepening of the bank (the slope of the bank exceeds the angle of repose).

Bankfull stage (depth): that bank height within the active channel that corresponds to the bankfull
flow.

Bankfull flow: the flow responsible for formation of the active channel that just fills the active
channel. This flow rate has a recurrence interval of approximately one occurrence on every one and

one half to two years.

Basal Unit: the bank stratigraphic unit overlying the channel bed at approximately one third bankfull
stage.

Braided: to branch and rejoin producing a netlike pattern of channels.
Capacity (sediment): stream capacity is a measure of the total mass of sediment of any given particle
size that the channel can move; (hydraulic): stream capacity is a measure of the maximum flow rate

the channel can accommodate before spilling over the top-of-bank of the lowest bank.

Competence: refers to the largest particle diameter that the stream can move at a specified flow rate
(normally computed at bankfull stage).

Vi



Degrade: to downcut of lower the elevation of the channel bed (see Degradation).

Degradation: a reduction in the elevation of the channel bed through the process of scour or nickpoint
migration.

Downcutting: see Degradation.

Flood Plain Channel: that portion of the stream valley inundated by less frequent or rare flood flow
events, e.g., those flows that exceed the conveyance capacity of the active channel (see Active
Channel).

Geomorphic Activity Rate: The rate of change of a geomorphic parameter through time. For
example, channel cross-section width changes by 10 feet over a period of 10 years. The geomorphic
activity rate is 1 ft/yr. In the following 10 year period channel width increased by 2 ft/year. This
represents a doubling of the geomorphic activity rate.

“Hungry” Water Syndrom: Clear water is capable of entraining larger particles and moving more
sediment than sediment laden water. This condition may be related to the dampening effect sediment
within the water column has on the vertical component of flow turbulence. The vertical component of
flow turbulence is required to provide lift on a particle and to maintain it in suspension. “Hungry”
water can be created by a reservoir or the armoring of a stream wherein the sediment load been carried
by the stream is reduce relative to its capacity to carry sediment.

Incised: the channel becomes entrenched deeply into the surrounding terrain and functionally
separated from its flood plain such that the capacity of the active channel exceeds bankfull flow.

Incision: the process of degradation resulting in entrenchment of the active channel (see Incised).

Morphological Impacts: This term refers to changes in the form of the river; these changes could be
widening caused by bank erosion, deepening caused by degradation or changes in plan form shape (see
Plan form).

Nickpoint: a nickpoint is a discontinuity in bed elevation encountered by the flow as it progresses
downstream. The drop may be likened to the riser on the step of a staircase. As the water flows over
the riser it accelerates. The acceleration increases erosion along the riser causing it to erode in the
upstream direction. The whole step moves headward or upstream. As the step moves headward the
riser may get progressively smaller. Eventually the riser becomes hydraulically insignificant relative to
other stream roughness elements and it ceases to migrate upstream.

Plan Form: this term refers to channel forms when viewed from the air. For example, a meandering
river has a sinuous form similar to a sine curve formed by a soundwave. The amplitude, wavelength

and radius of curvature of the sine curve are examples of measures of channel plan form morphology.

Scour: the process of wearing away or eroding the channel bed or banks through the action (force and
abrasion) of the sediment-water mixture being conveyed by the channel.

Sinuous: curving from side to side; winding like a sine wave.
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Structural Failure: refers to damage or destruction of bridges, storm sewer outlets, pipelines, etc.,
that are located in or along the banks or bed of the channel. This may occur either by degradation of
the channel bed which undermines footings and splash pads and exposes buried pipelines or through
bank de-stabilization which outflanks and exposes the bank structures, or both.

Thalweg: the line joining the deepest points on successive channel cross-sections to form a
longitudinal profile of the channel bed.

Back to Table of Contents
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State of Vermont Impact Assessment of Instream Management Practices On Channel Morphology

SECTION 1.0
INTRODUCTION

1.1 Background

Gravel extraction and instream works for flood hazard abatement (maintenance) have been common
practice in Vermont channels up until 1985. Channel instability resulting in property loss, as well as
degradation of aesthetic and habitat value lead the State of Vermont, Department of Environmental
Conservation to regulate these activities through a permitting program. The permitting process
significantly reduced the amount of gravel extraction and flood hazard mitigation work undertaken in
Vermont channels since its inception. Proponents of continued “maintenance” argue that the lack of
such work has resulted in the development of massive gravel bars within many channels. These bars
deflect the flow conveyed by the channel into the banks contributing to bank failure and property loss.
The influx of bank sediment also contributes to the loss of flow conveyance capacity necessary for
flood hazard abatement. Record floods on June 28, 1998 lead to a renewed interest in the
“maintenance” approach to channel management for flood and erosion control based on this “common
sense” approach. This approach, however, ignores natural stream processes. Other alternatives have
been put forward that work with the morphological tendencies of the channel system and are,
consequently, more sustainable and less maintenance intensive. Proponents of the “alternative”
method of channel management argue that the massive bars are a consequence of the disruption to
channel processes caused by the “maintenance” activities and that the use of the term “maintenance” is
itself indicative of the conflict created between the imposed and natural tendencies of the channel
system. The acceleration of property loss and structural damage to bridges, roads, culverts, storm
sewers and pipelines associated with gravel extraction practices is well documented. As a result of
studies on the impact of gravel mining on bridge structures the US Agency of Transportation (USA0T)
and the Federal Highway Administration (FHWA) will not make federal funds available for bridges
damaged by such practices. Further, there is considerable debate as to the flood hazard benefits actually
attained through the “maintenance” approach.

1.2 Study Objectives and Approach

A river channel forms in response to both the water and sediments generated within a watershed. A
stable channel form is one in which the forces acting on the boundary are balanced with the resisting
forces such that the channel is just able to move it’s sediment load. When the sediment load is altered
through in-stream gravel extraction practices, this balance is upset and morphological impacts often
occur. As noted above, gravel mining and associated instream works for flood and erosion hazard
control have been common practice in Vermont streams up until 1985. These practices have come
under question because of apparent morphological impacts. The purpose of this study was to:

1) determine if morphological impacts from gravel extraction and instream works experienced in
other geographic locations can be applied to Vermont conditions;
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ii) develop a conceptual model for the prediction of morphological response to instream
disturbances based on the findings from the literature review;

1i1) examine the morphological response of a Vermont river to gravel extraction and instream
maintenance practices;

iv) validate the conceptual model though application to the Vermont case study; and,

V) derive general guidelines pertinent to the management of Vermont streams based on the above
findings.

1.3 River Form and Balance

A river’s function is to transport water and sediment through the landscape. In all regions, humid,
semi-arid, mountainous or flat, the river’s function is the same. Luna Leopold wrote in “4 View of the
River”:

“Mountains on the continental surfaces are gradually worn away by the ubiquitous weathering of their
rocks, and the transport of weathered products downhill by the action of water, wind and gravity. The
weathering processes that change hard rocks to erodible material incorporate water at every stage.
Furthermore, water is the principal agent of movement of the weathered material that makes up the soil and
supports vegetation, of the sedimentary rocks formed by the accumulation of the weathering products, and of
the channels along which they are carried.”

Consequently, the primary geomorphic function of a channel is to convey sediment and water
generated through weathering and hydrologic processes in the watershed within which the channel has
formed. Since alluvial channels are able to adjust their boundaries the form of the channel is a product
of the physical characteristics of the materials within which the channel is worn and the quantity and
properties of the sediments and flows conveyed by the channel.

A stable channel form is one in which the forces tending to erode the channel boundary within which
the channel is worn are just balanced by the resistance of the materials (1), such that the channel is just
able to move its sediment load. Lane (1952)' (2) describes this balance as a proportionality between
the physical characteristics and mass of sediment carried by the river and the ability of the river to
perform work as measured by the product of slope and flow rate. This balance is dynamic in that
vagaries in the flow and sediment inputs cause the channel to alter its morphology. The channel is
considered ‘stable’, however, if these alterations do not represent a change in mean channel dimensions
beyond a consensual range of variance over some predefined time period. A change in boundary
material composition, the hydraulic characteristics of the channel or the magnitude and physical
characteristics of the sediment supply to the channel represent potential disruptions to this balance.

Lane, E.W. (1955). “Design of Stable Channels”, American Society of Civil Engineers, transactions,
120. Pp. 1234-1279
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Depending upon the magnitude of these disturbances and the sensitivity of the channel system,
morphological adjustment could occur. The extraction of gravel from the river bed constitutes such an
impact by altering the sediment regime. Instream works such as channel armoring, enlargement and
the removal of Large Woody debris and riparian vegetation alter channel hydraulic geometry, boundary
material resistance to scour and the hydraulic characteristics of the channel. These modifications may
also result in morphological adjustment to the channel.

Back to Table of Contents
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SECTION 2.0
LITERATURE REVIEW

2.1 Methodology

This study used a two track approach to acquire information on the impacts of gravel extraction from
bar scalping (or skimming), instream pit mining (dredging) and flood plain mining. An Internet and
database search was complemented with phone interviews and e-mail correspondence with
professionals (Appendix A-Sec 2) on the impacts of gravel extraction. The literature review focused
only on morphological and flood related impacts while comments from professionals in the field were
more far ranging. Summaries of the correspondences and papers reviewed as well as a detailed
discussion of the key findings from the literature search are presented in Appendix A Section 2 of this
report.

A table format covering key physical attributes and impacts was used to standardize the review and
reporting process. Some of the studies did not contain all of the information on the physical attributes
and morphological impacts outlined in the table. Never-the-less, the majority of the studies contained
sufficient information to be sufficient for comparison with other studies and subsequent interpretation
of the reported findings. Tables A2 to A19 in Appendix A Section 1 document the main findings from
each relevant study.

The studies were divided into two categories. Those that gave watershed specific information, and
those that contained overall reviews or analysis of gravel mining impacts. Tables A2 to A18 contain
watershed specific information (case studies). Studies that contained only review information are cited
by river in Tables A19. This method was adopted to avoid duplication of information. For example, if
Chache Creek was mentioned in more than one study, it only got one listing in Tables A2 to A19.

Only information written in the studies was included in the tables. For example, personal knowledge
could inform one on the climate or hydrology of the Alps or Cascades, however, if that information
was not provided in the study it was not catalogued in the tables. This was done to minimize
interpretation of the paper. The information in Tables A17 and A18 was provided by Mr. Randy Klein,
a consulting hydrologist, for three rivers with which he was personally familiar. This information
came from published and unpublished studies prepared by a professional in the field.

The literature review included an Internet and database search using the key word combinations, some
of which yielded no results, listed in Table 2.1. Notes and information from interviews with
professionals in the field are found in Appendix A Section 2 The phone interviews lead to Aldaron
Laird, Scott McBain and Bill Trush of California and Mike Roell of Missouri. These researchers are
conducting literature searches on the impacts of in-stream gravel mining for the National Marine
Fisheries Service (NMFS) and the Missouri Department of Conservation. Reference lists form Larid,
McBain and Trush and draft copies of Mike Roell’s work were used to find applicable studies.
Reference lists from these studies were used to identify other pertinent publications. Following
identification of relevant publications the Vermont Department of Libraries conducted the database
search to locate the publications.
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Table 2.1 Summary of Key Word Combinations Used in Internet Search

Key Word Combinations Some Yielded | Yielded
Results Results

river gravel extraction/river gravel mining/stream gravel
mining/geomorphology in-stream management/flooding rechannelization
geomorphology/channel alteration geomorphology/river gravel °
dredging/stream channel enlargement/stream Channel geometry
alterations

stream blockage removal/river debris removal

gravel extraction/debris removal/gravel mining/river debris/stream

blockage/blockage removal/stream channel geometry/stream channel
enlargement/gravel dredging/geomorphology channel/rechannelization °
stream mining/gravel mining and streams/stream management

Back to Table of Contents

2.2 Summary of Case Studies and General Observations

Data from a review of case studies in the literature included observations from 70 rivers in 10 different
States within the U.S.A. as well as observations in seven other countries around the world. The
countries other than the United States include:

1)  Austria
2) Canada
3)  England
4)  France
5)  Japan

6) Kenya

7)  New Zealand

The review papers included many of these case studies and other data including data collected in
Taiwan. This assessment focuses on the case studies. Physical data describing the case study
watersheds, their approximate size and location, are summarized in Table 2.2. The case studies
represents a good cross-section of watershed sizes, geographical locations, stream types (braided,
meandering, etc.) and climatic regimes.

In summarizing and interpreting the case studies some discrepancies may occur due to differences in
the definition of terms used by the various researchers. Despite this potential problem the literature
review demonstrates that rivers in Europe, Japan, Africa, New Zealand as well as Alaska and the
continental United States (despite widely varying climate, topography, surficial geology and other
basin characteristics), typically exhibit similar morphological responses to in-stream gravel mining.
These impacts vary with:
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a) the location of the subject channel segment relative to the mined reach, i.e. upstream of the
mined reach; downstream of the mined reach; and, within the mined reach;

b) the magnitude of the disturbance making the impacts scale dependent;

c) the method and history of extraction, i.e. current (active) or historic (inactive); and,

d) other intervening factors such as geologic controls, changes in land use and flow control
structures.

Table 2.2 Summary of Rivers Cited in the Literature as Case Studies on the Morphological
Impacts of Gravel Extraction Practices

Ref. River Location CDA | Ref. River Location CDA
(mi%) (mi%)
46, 14,7 | Skykomish Washington 535 42 Naugatuck Connecticut 307
74 Mad Vermont 139 74 White Vermont 18
74 Trout Vermont 74 Browns Vermont 92
70, 61 Puyallup, White | Washington 1000 | 54 Clackamas Vancouver
& Carbon
59 Middle Arve France 766 43 Crooked Arkansas 462
39 Lower 80 Lower Mackenzie, Oregon, 741
Mississippi Stony Ck California
4 Illinois Arkansas 672, 15(a) Amite, Tanoa, Boque | Mississippi,
King & 530, Chitto, Buttahatchee, | Lousianna
Crooked Ck 300 Tombigbee
17,7 Dry Ck California 217 79 Salzach Austria
58 Griffre France 125 7 Lower Manawata New Zealand 2300
19 7 Small Basins Alaska <39 65 Athi, Thwake, Kenya
Keiti & Muooni
19 13 Medium Alaska 39to | 12, Russian California 1484
Basins 386 12(a),7
19 5 Large Basins Alaska >386 | 8 Redwood Ck California 278
27 Amite Louisiana 772 3 Little Bighorn Oregon 239
7 Humptulips Oregon Lower Eel California 3113
Wynoochee
7 Cache California 1150 | 68 Wooler England 20.3
67,80,5 | Tujunga Wash California 115 Water
Mad California 485 Lower Van Duzen California 426

CDA is the Catchment Drainage Area,
Reference (Ref.) numbers refer to the citations provided in Reference section.
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A summary of the main findings from the review of these case studies is provided in Table 2.3.

The above morphological impacts have been observed with all types of gravel mining including
scraping, in-stream pits and flood plain pits. Although avulsion was more evident when instream pits
were used or when a floodplain pits captured the channel flow, this specific form of adjustment was not
commonly reported. On a more general note, gravel mining tends to:

1) cause the mined reach of the channel system to become incised; and,
i) initially reduce the supply of coarse material to the downstream reach.

These initial impacts de-stabilize the channel system followed by a myriad of adjustments as the
channel attempts to find a new balance between sediment load, boundary erodability and the forces
exerted on the boundary. The adjustment process may either be discontinuous but generally
progressive or catastrophic. Once a reach has become incised its flow conveyance capacity increases
and it is more susceptible to bank erosion and property loss during high flow events and catastrophic
failure during rare flood flow events. Flood damage and bank erosion also result in damage to or
premature failure of riparian structures such as bridges, fords, storm-sewer outlets and pipelines. The
US Agency of Transportation (USAoT) and the Federal Highway Administration (FHWA) have
documented negative impacts to bridges caused by degradation associated with in-stream mining. As a
result, federal funds are not available for bridges damaged by gravel mining.

The following sub-sections provides a general description of the impacts of gravel mining for the three
relative segments as noted above.

2.2.1 Common Impacts Within The Mined Reach

Common initial impacts of in-stream gravel extraction within the zone of mining include:

incision (disconnection of the active channel and its floodplain);
bank collapse;

channel widening;

degradation (deepening of the bed);

channel straightening; and,

a decline in sinuosity.

TmoU0w >

The exceptions to these general findings appears to be related to the type of channel system and the
magnitude of the extraction relative to the supply of material. Channel systems that were initially
braided became narrower and single thread systems as incisement occurred if extraction exceeded
supply. Another possible variant is related to whether gravel extraction is active or inactive and the
degree of instability within the upstream channel segment. If gravel extraction is inactive and large
quantities of sediment are entering the channel through adjustment processes in the upstream channel
segment, then aggradation can occur within the mined reach. Where the longitudinal slope in the mined
reach is sufficiently steep to pass the increased sediment load on to the downstream segment,
downcutting may continue within the mined reach until other negative feedback mechanisms arrest this
process.
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Table 2.3. Summary of Impacts Of Gravel Mining From Literature Review of Case Studies

River (Ref.) Location & Impact u/s of | Impact d/s of | Impact Within Mined Extraction
CDA ( mi%) Mined Reach | Mined Reach | Reach History
Mad (74) Vermont (139) W1, Ins, Deg, 1986
White (74) Vermont (=18) Geol Agg, W1 W1, Ins, Qcar>Qur 1998
Trout (74) Vermont Ins, Deg, W1 1997
Browns (74) Vermont (92) Agg W1, Deg 1980's
Skykomish (46,14,7) | Washington W1, Agg, Bra, Shifting Active since
(535 & 1780) 1961
Naugatuck (42) Connecticut Bar!, Geol W1, Bar! I'l, W1, Deg 1980
(307 mi?)
Puyallup, White & Washington Ins, Agg (limited Active
Carbon (61) (1,000) reaches)
Salmon Ck, British Hcut Ins, Deg, St, I'{, Str, N/r
Clackamas (54) Columbia, Avul
Oregon (n/a)
Middle Arve (59) France (766) initially W1,then Deg, Active
Ins, Bra~Single Thread,
Wl
Crooked (43) Arkansas (462) Hcut, W:d1 Agg, d1, Ins, W1, ¢!, W:dt 1969
w.dt
Lower Mississippi N/r (N/r) Chutes, ¢!, Wi, ¢! Active
39) Multiple
Channels
Amite, Taniphahoa, Louisiana (N/r) Hcut I'l, Ins, W1, ST, Active
Boque Chitto, Mea-Str
Buttahatchee,
Tombigbee (15a)
Illinois, King & Arkansas (300, W1 W1, Hom, PoolL! (2 of N/r
Crooked (4) 672 & 530) 3), PoolL1 (1 of 3)
Salzach (79) Austria Ins, Deg, AL-RC, W1, Active

Bra-Single Thread, ¢ 1
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Table 2.3. Contd.

River (Ref.) Location & | Impact u/s of Impact d/s of Impact Within Mined Years Since
CDA ( mi?) Mined Reach Mined Reach Reach Extraction
Dry Ck (17,7) California Hcut, AL-RB W1, AS=0, Deg, Ins, | N/r (dam u/s
(217) w:dt, dt 1950)
Russian (12, California Deg, W1 Ins, W1, Deg, ST, Active
12a,, 7) (1483) dt, Barst!, I'l, Win,
dp:dg !, ool
Qacr>Qsre
Stony Ck (25) California Bra-Ins, £1, W1 ¢!, Wi, Ins, Bra-Single Thread, Active
(741) Deg, I' Deg, initially W! now
W, Ins,
Wooler, Water England Hcut Ins, Deg, Initially W1 1979
(68) (20.3) Currently W, E1,
Little Bighorn (3) | Montana Agg, T'l, W1 Deg, Qcap>Qgrr, ST, 1987 (53% of
(239) r',wri main stem
channelized)
Mad (Klein, California Hcut Ins, Deg, ¢!, Deg, W1, d1, Nrif!, Still active
1999) (485) Arl, W1, &1, al | RifL1
Lower Van California Deg, E1, W1, al,d! Still active
Duzen (Klein (426)
1999)
Lower Eel (Klein | California Deg, W1, &1, al,d! Still active
pers comm, (3113)
1999)
Griffre (58) France (125) | Hcut Deg Ins, Deg~Agg (after Aggrading areas
mining stopped), W1 still mined
Bra-Step Pool, Str,
Low Gradient
Athi, Thwake, Kenya (N/r) Agg Ins, Deg, W1 (except Still active
Kaiti, Muooni Muooni AW=0) (extraction
(65) exceeds supply)
7 basins (19) Alaska Hcut, Deg (4 of bl Arl (5 of W1 & ST (50f7),vl, 1986-1996
(<38.6) 7),E1,P1 7L, P, Agg, Braf, duyg!
dAVEJ'
13 basins (19) Alaska (38.6 | Hcut (1 of 13), ¢! (4 0f 13), davet, WI, Widt, Qgt 1996-1979

to 386)

Deg (8 0of 13),
W1, Pt (10f13)

dave!, W1, Agg

& ST (8 of 13)
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Table 2.3. Contd.

Agg=Aggrading

Arl=armor decreasing
Avul=Avulsion

Barl= erosion of bar forms
Brat=Increase in braiding

Cf= meander cutoff

d1=increase in channel depth
d,yg=average channel depth
Hcut=Headcutting
Hom=Homogenization of bed material
Qgr = flow with RI=1.5 years
Qcap= flow capacity at top-of-bank
Qg1 =increase in sediment load
Nkp 1= nickpoint migration
N/r=Not Reported

PoolL ! =Pool Length Decreasing
RB=Rock bed

RifL=Length of Riffle

AL=Alluvial

ArT=armor increasing
BarT=increase in bar formation
Bra=Braided
CDA=Catchment Drainage Area
d! = decrease in channel depth
Deg=degrading

River (Ref.) Location & | Impact u/s of Impact d/s of Impact Within Mined Years Since
CDA ( mi?) Mined Reach Mined Reach Reach Extraction
5 basins (19) Alaska Hcut (2 of 5), Agg, dyyg! Qsl, Wi, Wid1,Q¢T & 1997-1986
(>386) Deg (1 of 5) St (1 of5), Agg, d!
Redwood Ck (8) California Hcut, Deg Ins, Deg, Bars!, W:d1, Active since
(278) Hom, T'| 1987
Amite (27) Louisiana w:d1 Deg initiated, Mea-Bra, I'l, Ctf, N/r (massive
(772) w:dt, Arl Ww:d1 quantities
extracted)
Humptulips & Oregon Ins, Deg, AW=0 N/r
Wynoochee (7) | (N/r) (Extraction
exceeds
supply)
Lower New r't, ¢1 I't,p! Deg Active
Manawata (7) England
Cache Ck (7) California Nkp1, Deg Bra, Shifting Ins, Deg, W1, Active
(1150) QcarQuir
Lower Oregon Deg Deg Ins N/r
Mackenzie (80) | (N/r)
Tujunga Wash | California | Nkpt', Deg, Ins, W1, Deg, dp:dg! | N/t
(67, 80, 5) (115) \Al
Legend

dp:dg 1 =loss of pool riffle definition

Geol=Geologic Control

Ins=Incised

Qus=flood of inset channel

Qur=maximum flood on record

Qg ! =decrease in sediment load

Nrif=Number of Riffles

P=Wetted Perimeter

PoolL T =Pool Length Increasing
RC=Rock controlled

RI=Recurrence Interval
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S1=increase in gradient S |=decrease in gradient

AS=0 (no change in gradient)

Str=Straight

W = constricting

W:d!=width to depth ratio decreasing

AW=0 (no change in channel width)

a1 =increase in meander amplitude
I"t=increase in sinuosity

AT=increase in meander wavelength

¢ 1= increase in bed material size(coarsening)

Sin=Sinuous

W 1= widening

W:d1=width to depth ratio increasing
Win= winnowing

ol =decrease in meander amplitude

I'! =straightening (decrease in sinuosity)
€ 1=increase in meander migration rate

Al =increase in meander wavelength

¢ I =decrease in bed material size (fining)

Back to Table of Contents
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2.2.2  Common Impacts Within Channel Segment
Upstream of the Mined Reach

The observations reported for the channel segment upstream of the mined reach were the most
consistent. Most case studies reported degradation of the bed of the river though the process of
headcutting. Headcutting may be associated with an abrupt discontinuity in the bed (a nickpoint) or
more simply an over steepening of the longitudinal gradient. The exceptions to this general finding
were streams that limited headcutting due to structural or geologic controls. Other exceptions included
channels located downstream of major flow control structures such as dams or urbanizing watersheds
in which channel incision had already occurred. In the former case incision may be related to the
“hungry water syndrom” while in the later case it may have been related to an increase in flow rate and
volume.

2.2.3 Common Impacts Within Channel Segment
Downstream of the Mined Reach

The incisement of the channel in both the zone of mining and the upstream segment may initiate a
process of Valley Formation. This later process results in the formation of a new active channel and
floodplain terrace inset within the original floodplain but at a lower elevation. As such Valley
Formation results in severe property loss and the influx of large quantities of sediment to the channel
system through degradation of the bed and bank collapse. The influx of sediment from the upstream
channel segment may result in aggradation within the mined reach (as noted previously) and a
concomitant loss of flow conveyance capacity. In many instances the flood hazard reduction benefits
obtained through gravel extraction are more than offset by aggradation. Downstream of the extraction
zone, sediment is deposited within the channel resulting in aggradation of the river bed and an
associated loss in flow conveyance capacity. Aggradation also leads to river widening through bank
erosion and plan form adjustment. Table 2.4 summarizes the reported morphological impacts in terms
of aggradation or degradation for channels for which mining has been reported to be active or inactive.

Table 2.4. Case Studies Reporting Channel Aggradation or Degradation
Relative To Current & Historic Mining Practices

State of Aggregate Number of Case Studies Number of Case Studies
Extraction Reporting AGGRADATION | Reporting DEGRADATION
Inactive 7 0
Active 1 5

It can be seen from Table 2.4 that the channel segments downstream of the mined reach have a
tendency to aggrade once extraction within the zone of mining is terminated. As noted in Table 2.4,

12
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channels experiencing active gravel extraction tend to degrade in the downstream channel segment.
This appears to hold whether the volume of material extracted exceeds supply or whether the coarse
material is selectively removed within the mined reach resulting in a finning of bed materials. The
reported impact as shown in Table 2.4 is channel degradation leading to incision, widening, and loss of
bed armor.

Plan form adjustment tends to be more varied depending upon channel gradient and sediment
composition relative to stream competence and capacity. There was insufficient information from the
available case studies to draw any conclusions in this regard.

2.3 Discussion of the
Morphological Adjustment Process

Gravel extraction for flood hazard reduction or for the commercial value of the aggregate differs little
from conventional flood reduction measures when gravel extraction is undertaken at a large scale.
Indeed the two management strategies are often linked. At a lessor scale gravel extraction can occur as
an independent activity involving the removal of gravel bars through scalping (or skimming) on a
periodic basis. On a larger scale gravel extraction can occur as instream pit mining (dredging) or
floodplain mining. The skimming of gravel bars is the least intrusive of the mining activities while
gravel mining through instream dredging has a greater impact on channel morphology. These activities
can result in:

1) widening;

2) deepening;

3) straightening;

4) damage or removal of riparian vegetation;

5) loosening or destruction of sediment structures (imbricate forms);
6) the clearing of Large Woody Debris.

These activities mirror traditional flood mitigation strategies. Consequently, this discussion will deal
with the two activities as if they were one and the same.

Pit mining within the floodplain typically becomes an issue when the channel erodes laterally and is
captured by the pit resulting in channel avulsion. The morphological impact from these activities is not

addressed in this study due to the random nature of the impacts and the lack of documentation.

The following Sub-Sections provide a discussion on the adjustment processes and modes of response
as interpreted by the study team based on the literature review.

13
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2.3.1 Channel Response Within the Mined Reach

The active channel in “stable” alluvial systems has been found to be in accord with flows of recurrence
intervals of 1:1.5 to 1:2 years (Leopold et al., 1964)>. Gravel extraction and flood hazard reduction
measures typically enlarged the active channel through lowering of the bed and widening of the banks.
This has the effect of:

1) increasing bank height in the active channel;
2) disconnecting the floodplain from the active channel; and
3) increasing the conveyance capacity of the active channel.

The enlarged active channel may contain flows ranging from the 1:5 year to those in excess of the
maximum flood on record. Consequently, the original active channel may have the conveyance
capacity in excess of the original flood plain channel. The impact on stream power within the enlarged
active channel is twofold:

a) during rare flood flow events unit stream power increases; while,
b) during flood flow events equal to or less then the 1:1.5 to 1:2 year flood, unit stream power
initially decreases.

The former impact occurs because larger flood flows are contained within the enlarged active channel
before they can spill out onto the original floodplain. The later impact occurs because the smaller
flood flows are now spread out over a wider channel. Recall that the mid-bankfull to bankfull flow
events transport the most sediment and therefore, are responsible for the formation of the active
channel. In an in-regime channel system, the dimensions of the active channel represent a balance
between the forces exerted on the boundary by these flow events and the resistance of the boundary
materials. This balance has been upset with two principle effects:

1) the frequent flood flows (mid-bankfull to bankfull flow) may no longer be able to move the
larger particles previously transported by the stream at these flows; and,
i) the rare flood flows may be able to scour the boundary materials within the enlarged active

channel and cause catastrophic failure resulting in channel avulsion.

The above scenario is complicated by other factors associated with instream works including:

Removal of Large Woody Debris (LWD) from the channel;

Modification or removal of riparian vegetation;

Removal of aquatic vegetation;

Armoring of the bank materials with cobbles and boulders from the channel bed;

The destruction of imbricate sediment structures and the loosening of previously embedded
materials; and,

ARSIl

2 Leopold, L.B.,Wolman M.G. and Miller, J.P. (1964). “Fluvial Processes in
Geomorphology,” W.H. Freeman and Co., San Francisco. 522 pp.
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6. The alteration of form roughness associated with the straightening of the channel and the
loss of pool-riffle definition.

In those instances where the sediment transport potential remains sufficient to transport the sediment
load, at mid-bankfull to bankfull flow, an erosional environment may dominate. Bed degradation is
the most commonly reported initial response. Where the sediment transport potential is not sufficient
to transport the sediment load at these flow rates the stream may drop its sediment load within the
previously mined reach. In the former case the channel may continue to incise thereby increasing the
flow conveyance capacity of the channel even after cessation of mining operations. If the channel was
not already straight or straightened during the “maintenance” program, it will have a tendency to
straighten thereby increasing channel slope and unit stream power. The increase in slope may be
partially or completely offset, however, by the decrease in bed elevation through incision. Never-the-
less, the higher flow capacity of the enlarged active channel will tend to increase stream power for rare
flood flow events and the potential for scour of the bed and banks.

Incision of the bed also increases the height of the banks of the enlarged active channel. The banks
may also be susceptible to basal scour resulting in an oversteepened state and an increase in the
potential for bank failure. The bed armor that may have been placed on the banks is now suspended
above the point of secondary maximum boundary shear stress near the bank toe. Failure of the banks,
the second most common observation, tends to widen the channel. This has two major consequences:

a) an increase in channel width (W) further increases channel flow conveyance capacity; and,
b) the bank materials may represent a major influx of sediment.

Once again the additional enlargement of the already enlarged active channel affects unit stream
power. Unit stream power increases yet more for rare flood flow events but decreases for mid-bankfull
to bankfull events with the increase in channel width. If the sediment transport potential is sufficient to
transport the sediment load despite the increase in channel width, then degrading conditions may
continue until the channel has widened or lost sufficient slope to arrest the downcutting process. If the
stream is no longer capable of moving its sediment load then sedimentary processes may dominate.

Within the sedimentary dominated environment the initial response is homogenization of the bed
materials (if not already homogenized through instream mining activities) and infilling of the pools (if
not previously destroyed). As a result the pool sections tend to become less well defined and shorter,
while riffles extend in length. Excessive aggradation may completely bury the pools resulting in a long
riffle or run. Consequently, the number of riffles decline while the length of riffles increases.

In the second stage of adjustment, the river’s predisposition to concentrate flow results in the
development of bar heads (incipient bar forms). This leads to deposition of materials in low bed shear
stress regions eventually resulting in an alternating pattern of sediment bars. These bar forms can
become massive over several to tens of years after cessation of mining operations if stream capacity
and competence is less than the supply of material. Where stream competence and capacity remain
relatively high the concentration of flows may also occur but through different processes. The loosened
bed materials are susceptible to winnowing. The loss of fines that comprise the matrix within which
the coarser materials are found can cause slumping of the coarser particles leaving a depression within
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which the flows may concentrate. This region of concentrated flow is described as an inset channel. In
the sedimentation environment the continued development of the bar forms may also result in the
constriction of flow area and the formation of an inset channel. Consequently, both erosional and
depositional environments can result in the formation of an inset channel.

The concentration of flows within the inset channel due to the formation of bars has two primary
effects:

1) The upper portion of the bars may become vegetated with wood species and stabilized as
part of the development of a new flood plain; and,
i1) The toe of the bars may deflect flow into the opposite bank.

The concentration of flows within the enlarged channel and the deflection of flows against the banks
opposite the bar forms increases the channels ability to erode its boundary. The channel may respond
by re-initiating the downcutting process, tend to widen or both downcut and widen depending upon the
absolute resistance of the bed and bank materials and their relative resistance one from the other. If
downcutting dominates the channel will repeat the above steps until:

1) the channel slope has been reduced or channel width has increased to the point where unit
stream power is insufficient to erode the bed;

2) the channel erodes into a more resistance stratigraphic unit; or,

3) the bed becomes armored.

Following completion of the adjustment phase involving high rates of downcutting, the sedimentary
environment is re-established. The formation of bars re-occurs and the channel may re-initiate attack
on its banks through basal scour. This process leads to oversteepening and eventual collapse of the
destabilized banks. The influx of bank materials and sediments derived from upstream sources may
aggravate the lateral instability of the channel. The development of the inset channel through cross-
sectional and plan form adjustments will continue until the inset channel is capable of moving its
sediment load while maintaining its hydraulic geometry. The new inset channel has a bankfull width
that is significantly smaller then that of the former active channel after it was initially enlarged. At this
point the inset channel represents the new active channel and the former active channel represents an
incipient floodplain channel. The incipient floodplain channel, however, may be too narrow resulting
in an entrenched system. Depending upon channel slope and the nature of the bed and bank materials
the new active channel may begin to re-meander expanding the incipient floodplain. The result is a
new active-floodplain channel system at a lower elevation inset into the original floodplain. This
process is referred to as “Valley Formation”.

The above process can be accelerated by catastrophic failure of the system during a rare flood flow
event. The increase in bank height associated with channel deepening and the increase in flood flow
conveyance capacity make the enlarged channel more susceptible to catastrophic failure. During a rare
flood flow event failure of the banks can result in:

a) avulsion (realignment of the channel);
b) degradation of the bed;
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c) the formation and rapid upstream migration of nickpoints;
d) large scale bank failure; and,
e) the movement of elevated quantities of sediment into the channel system.

The sediment introduced to the channel or freed from instream storage locations (e.g. sediments
trapped behind Large Woody Debris or boulders upstream of the mined reach) during rare flood flow
events represent a further complication to the above response scenario. The materials tends to move
downstream at different rates depending upon particle size and shape. Smaller materials may be
flushed through the system rapidly while coarser material may move through the system during mid-
bankfull to bankfull events by traveling from one riffle to the next. Consequently, these materials can
take years to be flushed through the channel system. Still larger material may remain as bed armor
until moved during a rare flood flow event. Once the supply of these materials has been exhausted and
these sediment waves have passed through the subject reach the sediment regime may return to pre-
disturbance conditions. If the change in sediment regime is significant relative to stream competence
and capacity to move its sediment load, then this alteration in the driving mechanisms must also be
addressed.

2.3.2  Channel Response Upstream of the Mined Reach

The process of downcutting within the mined reach creates a discontinuity in the bed profile. In some
instances the discontinuity is abrupt and it resembles the riser in a staircase. This form of discontinuity
is referred to as a nickpoint (also known as niche point and knickpoint point). Other discontinuities are
more gradual. However, both types cause acceleration and de-acceleration of the flow as it passes over
the discontinuity. The change in flow hydraulics increases scour potential on the bed. If the bed
materials are susceptible to movement under these conditions the discontinuity may migrate headward.
As the discontinuity progresses upstream it results in a lowering of the bed and channel incision. This
may initiate a process of “valley formation” in which the channel forms a new active and flood plain
channel system within the existing valley, but at a lower elevation as noted for the mined reach.

The process of Valley Formation introduces large quantities of sediment into the channel through
erosion of the bed and collapse of the banks. The influx of sediment may induce or aggravate
aggrading conditions in the downstream reaches. Headcutting of the discontinuity may continue until:

a) the headcut encounters a structural or geologic control point; or,
b) the break of slope created by the discontinuity diminishes to a point where it is no
longer morphologically significant.

In many instances the influx of sediment to the mined reach exceeds the amount of material extracted
or conveyed downstream. Particulary after cessation of the mining operations. When combined with a
loss in channel gradient associated with channel downcutting through mining activities, the flood
conveyance capacity within the mined reach may actually decline. The result is an unstable channel
form, property loss and loss of flow conveyance capacity within the mined reach. These Impacts are
contrary to the intent of the “maintenance” works. Further, the “maintenance” activities negatively
impact the reach upstream of the mined segment through accelerated property loss.
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2.3.3  Channel Response Downstream of the Mined Reach
The process of valley formation results in the influx of massive quantities of sediment into the channel
system. Much of this material is transported downstream, contributing to aggradation within the

downstream reaches. Aggrading conditions result in:

1) a net decrease in flow depth;
2) the loss of sediment transport potential;

These effects may lead to a variety of possible morphological impacts including:

a) the formation of massive bar deposits;

b) the siltation of pools:

c) the formation of chutes;

d) more frequent overbank flows;

e) the formation of cutoff channels;

f) the initiation of meander development;

2) accelerated meander propagation;

h) the development of a braided or multiple thread channels systems;
1) the loss of pool-riffle definition;

) channel widening;

k) channel straightening;

1) increased sediment deposition in the riparian zone;
m) shortening of pools; and,

n) an increase in riffle length.

The exact impacts are a function of stream competence and capacity relative to the alteration in the
sediment regime. If the channel is unable to move its sediment load then sedimentary processes
dominate channel response as noted above. This is the most commonly documented response mode
following cessation of gravel mining operations.

While gravel mining is still active an erosional environment may dominate as noted previously. The
primary impacts are:

i} a loss of coarse material through gravel extraction;
2) the reduction in sediment mass being supplied to the downstream reach; and,
3) a net increase in sediment competence and capacity

These impacts may have the following morphological affects:

a) a fining of the bed material;

b) degradation of the bed resulting in channel incision
c) an increase in meander propagation rate;

d) channel widening through basal scour;

e) channel straightening;
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f) an increase in channel gradient; and,
2) a decrease in channel sinuosity.

The exact combination of impacts depends upon the sediment characteristics relative to the competence
and capacity of the channel system, the type of channel system, and other extraneous factors.

Back to Table of Contents

19



0] DRIGIKAL (PRE-MSTUMIAREE]
CHANKEL THROUG BFFLE SELCTION I:':||u|.'I|||||.n|| pre 19308 chennel ‘l;lr'n]

I
w__h | Wi 2 Wt
B e = dar
ﬂJ.l:d.l.l.‘l’
Mediar Eari
b) EHLARGED CHASMEL [OLLOWING CRAVEL HIMHG
AND FLOOE HAZARD HITIATCH WOAKS (1858)
Wearn ¢ Pew = Warr
dacr q AT == dur
des dlig =<dlaer

\IE " oy
i et - : £ Wern 0 WRIF = AT
: l _—-I/Ll duer | duree dacr
dis = @ dacr=>dia

CEPDSTICH OF SERIMENTS -

d]  ELCONDAAY RESPINMSGD:  WIKNCWKG CF FRES AND SLUMEIHG OF COARSE
WATERAL RESULTIMG 1N COMCENIRATION OF FLOW 14 IMSET CHAMHEL

"‘“\i W e
_\-\_-_\_\_" _I"IF“:I_-_ EEISY: 1 — & Warre: 01 Wis = Wart
"‘\ Ve '|' AWATLD  Wacrse Won
' e [ Liean Ly dur o 1 dezr = dapr
I Ay it o 1 tlacg s s
g _I dia alid = kv
Wi Warr > Warr
& Wt W= Wi
Wis b Wix = Woa
Wea § deir sl
ﬂd'ﬂ‘ | dacr = dia
L e I diz =
AL S0CUR Hdas e D
des ¥

Figuness; :
= Prodicted Morphological Response to Grovel Mning and Flood

Reduction Activities in Lhe Weile River near Lhe Town of Cronslle

Upstream of the Conlivence with Aldermendew Brook.



f1 HICKPONT WSRATIOHN, CHAMHEL IMCISOH & BaSal SE0UN

"!\-_-

g% CHAMMEL EHLARGEMENT THROUGH BASAL SCOUR

hl HOGRADATICN AHD BAR FORMATON

] FLOCERLAIN ENLARGEWENT THROUEH
MEAHDER FORMATON AHE BAR DEVELOFMENT

4] FLOCGFLA DENELOPKENT THRCUSEH
MEAHDER FROPGGATION [RIFFLE SZC0H}

Kedal Bar -

Figure 5.1 CONTO

£ Weres
O Wl
Wiz
Wi |
- i deE L1l
Taddlr—= 4

AHHEL [pre=disiurbenes)

ROTT:

sl e

War>= Teer
s> W

i = W
iare gl
e == dia
dha < dkms

War = W
LOETHE Y E]
Wiy = W
dar -

dre = dir

Wor = Wit
Taer = ‘Wis
Wil = Wi
dmr - dect
die = ol

War < Aar
acs > Wi
Wi = Wioe
dage = alecy
dig = dan

Wy Ingf) phave becozion nrw Nosdplaln chenncd
(W) wldle Wen i (i} tbovo broems e oo
pcHan chane] (30w, The femn epplica b iduar



State of Vermont Impact Assessment of Instream Management Practices On Channel Morphology

REFERENCES

1.Aquafor Beech, letters to Vermont ANR, Nov, 19, Nov. 25, 1998

2. Arkansas Gravel Mining Task Force: An Economic Impact Analysis of Stream Bed Gravel mining in
the State of Arkansas, Nov, 1996

3. Beschta, R.L.. 1998. Long-Term Changes in Channel Morphology of Gravel-Bed Rivers: Three
Case Studies. Gravel-Bed Rivers in the Environment pp. 229-256.

4. Brown, Arthur, 1992. Impacts of Gravel Mining on Ozark Stream Ecosystems. Arkansas Game and
Fish Commission, June 1992

5. Bull, W.B, Scott, KM, 1974. Impact of mining gravel from urban stream beds in the southwestern
United States. Geology (2): 171-174

6. Carson, MA, Griffiths, GA, 1989, Gravel Transport in the Braided Waimakariri River: mechanisms,
measurements and predictions. Journal of Hydrology, 109: 201-220

7. Collins, B. and T. Dunne (1987). Assessing the effects of gravel harvesting on river
morphology and sediment transport: a guide for planners. Seattle, State of Washington
Department of Ecology.

8. Collins, B. and T. Dunne (1990). Fluvial geomorphology and river-gravel mining: a
guide for planners, case studies included. Sacramento, California Department of
Conservation Division of Mines and Geology.

9. Collins, Brian D. , Thomas Dunne, Gravel Transport, Gravel Harvesting, and Channel-Bed
Degradation in Rivers draining the Southern Olympic Mountains, Washington, USA
Environmental Geology Water Science, 13 (3): 213-234, 1989

10. Crossett, Cathy, pers. comm and “Overmining causes Undermining (It’s a Mad Mad River” in the
AFSC Hydraulic Engineering Conference.

10a: Dunne, T, et. al, 1981, Geologic and Geomorphic Implications for Gravel Supply, Salmon-
Spawning Gravel: A Renewable Resource in The Pacific Northwest? Proceedings p 75 - 100

11.Follman, E.H. 1980. Interdisciplinary overview of gravel removal. In: Woodward-Clyde
Consultants, ed. Gravel removal studies in arctic and subarctic floodplain in Alaska - technical report;
pp. 331-384. U.S. Fish Wildl. Serv., Biological Services Program, FWS/OBS-80/08. 403 pp.

12. Florsheim, J., Goodwin, P., and L. Marcus. 1998. Geomorphic effects of gravel extraction in the

Russian River, California. In Bobrowsky, Peter. T. (ed). Aggregate Resources: A Global Perspective.
A. A. Balkema Publishers, The Netherlands, pp. 87-99).

51



State of Vermont Impact Assessment of Instream Management Practices On Channel Morphology

REFERENCES

12a: Information on Russian River, author unknown

13. Forshage, A. and N.E. Carter. 1973. Effect of gravel dredging on the Brazos River. Southeast.
Assoc. Game Fish Comm. 24: 695-708.

14. Galay, V.J., K.M. Rood and S. Miller. 1998. Human Interference with Braided Gravel-Bed
Rivers. Gravel-Bed Rivers in the Environment pp. 471-512.

15. Griffiths, GA, 1979: Recent sedimentation history of the Waimakariri River, New Zealand, Journal
of Hydrology, 18 (1): 6-28

15A:Hartfield, P.1994. Headcuts and their effect on freshwater mussels. Pages 131-141 in K.S.
Cummings, A.C. Buchanan, and L.M. Koch, eds. Conservation and management of freshwater
mussels. Proceedings of a UMRCC symposium, 12-14 October 1992, St. Louis, MO. Upper
Mississippi River Conservation Committee, Rock Island, ILL.

15b. Hartfield, 1997, Abstract, Consequences of Sand and Gravel Mining Within and Adjacent to
River and Stream Channels in Missouri and Louisiana from Southern Division of the American
Fisheries Society conference, 1997

16. Harvey, B.C. and T.E. Lisle. 1998. Effects of Suction Dredging on Streams: A Review and an
Evaluation Strategy. Fisheries Habitat, August 1998.

17. Harvey, M.D., Schumm, SA, 1987, Response of Dry Creek, California, to land use change, gravel
mining and dam closure pages 451-460 in Erosion and Sedimentation in the Pacific Rim,proceedings of
the Corvallis symposium, August 1987. International Association of Hydrological Sciences
Publication 165

18. Jiongxin, Xu, 1996, Underlying gravel layers in a large sand bed river and
their influence on downstream-dam channel adjustment: Geomorphology, v. 17,
n. 4, p. 351-360.

19. 1980. Woodward-Clyde Consultants, ed. Gravel removal studies in arctic and subarctic floodplain
in Alaska - technical report; U.S. Fish Wildl. Serv., Biological Services Program, FWS/OBS-80/08.
403 pp.

20. Federal Highway Administration (FHWA) to the California Department

of Transportation (Caltrans) after 17 bridges failed during the 1995
storms in CA. 1995

52



State of Vermont

Impact Assessment of Instream Management Practices On Channel Morphology

REFERENCES

21. Federal Highway Administration (FHWA) , Stream Channel Degradation and Aggradation: Causes

and Consequences to Highways, 1980, FSWA/RD-80/038

22. Jacobson, R., Primm, A, 1997, Historical Land-Use Changes and Potential effects on Stream
Disturance in the Ozark Plateaus, Missouri, USGS Water Supply Paper 2484

23. Jacobson, R, Pugh, A, 1997, Riparian-Vegetation Controls on the Spatial pattern of Stream-
Channel Instability, Little Piney Creek, Missouri, USGS Water Supply Paper 2494

24. Kondolf, G.M., 1998, Environmental effects of aggregate extraction from river channels and
floodplains, in Bobrowski, P. T., ed., Aggregate resources - A global perspective: A.A, Balkema,
Rotterdam, Netherlands.

113 - 130.

25. Kondolf, G.M., and Swanson, M.L. 1993. Channel adjustments to reservoir
construction and instream gravel mining, Stony Creek, California. Environmental
Geology and Water Science, 21:256-269.

26. Kondolf, G.M. 1993. The reclamation concept in regulation of gravel mining in
California. Journal of Environmental Planning and Management, 36:397-409.

27. Kondolf, G.M. 1994. Geomorphic and environmental effects of instream gravel
mining. Landscape and Urban Planning. 28:225-243.

28. Kondolf, G.M. 1994. Environmental planning in the regulation and management of
instream gravel mining in California. Landscape and Urban Planning. 29:185-199.

29. Kondolf, G.M. 1995. Managing bedload sediments in regulated rivers: examples
from California, USA. Geophysical Monograph. 89:165-176.

31. Kondolf, G.M. Large-scale extraction of alluvial deposits from rivers in
California: geomorphic effects and regulatory strategies. in Proceedings of the
Fourth International Workshop on Gravel Bed Rivers, P. Klingeman, ed. (in press)

32. Kondolf, G.M. Hungry water: effects of dams and gravel mining on river channels.
Environmental Management. 21: (in press)

33. Kondolf, G.M. 1994. Reclamation and instream gravel mining in California. in
Western Wetlands: Selected Proceedings of the 1993 Conference of the Society of
Wetland Scientists, Western Chapter, Davis, California. p.136-142.

53



State of Vermont Impact Assessment of Instream Management Practices On Channel Morphology

REFERENCES

34. Kondolf, G.M., J.C. Vick, and T. Ramirez. 1996. Salmonid spawning habitat
restoration in the San Joaquin River basin, California: a evaluation of project
planning and success. Report No. 90, Centers for Water and Wildland Resources,
University of California, Davis, June 1996. Available from the Centers for Water
and Wildland Resources, University of California, Davis, CA 95616.

35. Klein, R., A. Lehre, B. Trush, and D. Jager. 1994. Mad River Scientific Design and Review
Committee: Aggregate Extraction Prescriptions for 1994, Mad River, Humboldt County, California.

36.Letter from R. Klein & B. Trush to M. Lamprecht (US Army Corps of Engineers) re: increase in
mining from Mad River. 1998

37. Statement by R. Klein for Oct 6, 1998 Board Hearing re: Mad River.

38. Kuhnle, R.A., R.L. Bingner, G.R. Foster, and E.H. Grissinger. 1998. Land Use Changes and
Sediment Transport in Goodwin Creek. Gravel-Bed Rivers in the Environment pp 279-292.

39. Lagasse, P.F., B.R. Winkley, and D.B. Simons. 1980. Impact of gravel mining on river system
stability. J. Waterway, Port, Ocean Div., Amer. Soc. Civil Eng., 106 (WWE)L: 389-404.

40. Lehre, A , Klein, R, Trush, W. 1993, Analysis of the effects of historic gravel extraction on the
geomorphic character and fisheries habitat of the Lower Mad River, Humboldt County California,
Appendix F to the Draft Program Environmental Impact Report on Gravel Removal from the Lower
Mad River, Department of Planning, County of Humboldt, Eureka, CA

41. Leopold, L, Dunne, T, 1978, Water in Environmental Planning, Freeman p 22-30

42. Macdonald,A., 1988, Predicting channel recovery from sand and gravel extraction in the Naugutuck
River and adjacent flood plain in Abt. S.R., and Gessler, J. editors, Proceedings, 1988 Annual
American Society of Civil Engineers National Conference on Hydraulic Engineering, Colorado
Springs, CO, aug 3-12, 1988, American Society of Civil Engineers p 702-707

43. Maner, M, Rodgers, M, 1998. Assessment of Gravel Mining on Channel Stability and other
Factors in Crooked Creek. Arkansas Dept. Pollution Control and Ecology

44. Meador, M.R. and A.O. Layher. 1998. Instream Sand and Gravel Mining: Environmental Issues
and Regulatory Process in the United States. Fisheries Vol. 23, No. 11, pp. 6-12.

45. McKenney, R., Jacobson, R, Wertheimer, R., 1995, Woody Vegetation and Channel

Morphogenesis in low-Gradient Gravel Bed Streams in the Ozark Plateaus, Missouri and Arkansas,
Geomorphology 13 (1995) 175 - 198

54



State of Vermont Impact Assessment of Instream Management Practices On Channel Morphology

REFERENCES

46. Milhous, R.T., S. Miller and V.G. Galay. 1998. Case Study of Gravel-Bed River Management:
The Skykomish River Near Gold Bar, Washington. Gravel-Bed Rivers in the Environment pp. 705-724.

47. Mossa Joann, Mark McLean, Channel Planform and Land Cover Changes on a Mined Floodplain,
Applied Geography 17(1):43-54 1997

48. Mossa, J., annd Autin, W.J., 1998, Geologic and geographic aspects of sand
and gravel production in Louisiana, in Bobrowski, P. T., ed., Aggregate
resources - A global perspective: A.A, Balkema, Rotterdam, Netherlands, p.
439 - 464.

49. Effects of gravel removal on aquatic biota. In: Woodward-Clyde Consultants, ed. Gravel removal
Guidelines Manual for Arctic and Subarctic Floodplains. U.S. Fish Wild. Serv., Biological Services
Program, FWS/OBS-80/09..

50. Mount, Jeffery, The California State Lands Commission. 1993. California’s Rivers: a status and
trends report on public trust resources. California State Lands Commission,

Sacramento. (Contributed text on channel geomorphology, hydrology, and impacts

of dams, instream gravel mining, etc.)

51. Mueller, J.W., T.J. Garaday, and R.C. Riley. 1998?. Applying Geomorphic Priciples to Sands and
Low Plasticity Silts in the Sugar Creek Watershed Project. Watershed Science Institute Water
Management Centre NRCS State Office - Oklahoma Case Summary Report. United States Department
of Agriculture, Natural Resources Conservation Service.

52. National Marine Fisheries Service, National Gravel Extraction Policy 1999
53. Neill, CR, 1983, Bank erosion vs bedload transport in a gravel river in Elliott, C.mM. editor, River
Meandering, Proceedings of the Conference Rivers ‘83, American SOciety of Civil Engineers New

York, p 204-211

54. Nelson, K, Instream Sand and Gravel Mining, from Impacts on Warmwater streams Guidelines for
Evaluation 1993, American Fisheries Society

55. Norman, Best Management Practices for Reclaiming Surface Mines In Washington and Oregon,
Washington Division of Geology Open File Report 96-2, Dec. 1997

56. Parker, G, Klingeman,PC, 1982. On why gravel-bed streams are paved. Water Resources Research
18:1409-1423

55



State of Vermont Impact Assessment of Instream Management Practices On Channel Morphology

REFERENCES

57. Pauley, G.B., G.L. Thomas, D.A. Marino, and D.C. Weigand. 1989. Evaluation of the effects of
gravel bar scalping on juvenile salmonids in the Puyallup River drainage. Final Report to the
Washington Department of Fisheries, Service Contract No. 1620. Coop. Fish. Res. Unit, Univ. Wash.,
Seattle, WA. 150 pp.

58. Piégay, H., and Peiry, J.L., 1997, Long profile evolution of a mountain
stream in relation to gravel load management - Example of the Middle Griffe
River (French Alps): Environmental Management, v. 21, n. 6, p. 909-919.

59. Peiry, J.L, 1987, Channel Degradation in the Middle Arve River, France. Regulated Rivers Res.
Management, 1: 183-188

60. Poulin, R, Pakalnis, R, Sinding, K., Aggregate Resources: Production and Environmental
Constraints, 1994, Environmental Geology 23:221-227

61. Prych, EA, 1988, FLood Carrying capacities and changes in channels of the lower Puyallup, White
and Carbon rivers in western ashington, USGS-Water Resources Investigation 87-4129, 69 pp

62. Rivier, B. and J. Seguier. 1985. Physical and biological effects of gravel extraction in river beds. In:
Alabaster, J.S., ed. Habitat modification and freshwater fisheries; pp. 131-146. Butterworths, London.

63. Roell, M.J. 1999. Gravel and Sand Extraction in Missouri Stream Systems: Potential Effects and
Proposed Actions - Draft. Missouri Department of Conservation. January 1999.

64. Roell, M.J. 1999. Sand and gravel Mining Literature Review. Missouri Department of
Conservation.

65. Rowan, J., Kitetu, J, Assessing the Environmental Impacts of Sand Harvesting from Kenyan
Rivers in Bobrowski, P. T., ed., Aggregate resources - A global perspective: A.A, Balkema, Rotterdam,
Netherlands.

66. Sandecki, M. 1989. Aggregate mining in river systems. Calif. Geol. 42: 88-94.

67. Scott, K.M , 1973, Scour and fill in Tujunga Wash-a fanhead valley in urban Southern California,
1969. USGS Professional Paper 732

68.Sear, D.A. and D. Archer. 1998. Effects of Gravel Extraction on Stability of Gravel-Bed Rivers:
The Wooler Water, Northumberland, UK. Gravel-Bed Rivers in the Environment pp. 415-432.

69. Shankman, D, Samsom, SA, 1991, Channelization Effects on Obion River flooding, Western
Tennessee, Water resources Research 27(2): 247-253

56



State of Vermont Impact Assessment of Instream Management Practices On Channel Morphology

REFERENCES

70. Sikonia, W. 1990, Sediment treansport in the lower Puyallup, White and Carbon Rivers of Western
Washington, USGS WRI 89-4112

71. Simons, D.B., R.M. Li, P.F. Lagasse, and J.D. Schall. 1982. Study of channel response to gravel
dredging along the Tennessee-Tombigbee Waterway. Contract No. DACWD 1-81-C-0140. U.S. Army
Corps of Engineers, Mobile, AL.

72. Simon, A. and C.R. Hupp. 1992. Geomorphic and vegetative recovery processes along modified
stream channels of west Tennessee. U.S. Geological Survey, Nashville, TN. Open-File Report 91-502.

73.Stefan, Lyle, NRCS, White River Watershed Stream Assessment, 1998
74.Vt ANR Options for State Flood Control Policies and a Flood Control Program. Jan 1999

75.Vt ANR, Summary of Stream Alteration Laws and Regulations Of New England and Other Selected
States, 1998

76.Vt ANR, Memo, River Gravel Excavation Policy and Stream Management, Canute Dalmasse to
Senator Cheryl Rivers, 8/1/98

77. Norman, Dave. Washington State Department of Natural Resources. 1998. River Avulsion into
Flood-Plain Gravel Pit Mines 1995/96. Washington Geology Vol. 26, No. 2/3, September 1998.
Washington Division of Geology and Natural Resources

78. Washington States Sand And Gravel Removal Assessment Guidance for Managers of Fish and
Wildlife Habitat, 1996

79. Weiss, F.H, Mangelsdorf, J, 1982, Morphological Investigations on the lower Salzach River
downstream of Salzburg. Int Assoc. Hydrol. Sci. Publ. no. 137 p 209-218

80. Williamson, Bella, Beschta, Grant, Klingeman, Li and Nelson

1995, Gravel Disturbance Impacts on Salmon Habitat and Stream Health
Volume [: Summary Report
Volume II: Technical Background Report

81. White, R, 1987, Instream Gravel Mining, Channel Shape, And the Suitability Of Streams for Trout
and Salmon, Montana State Univ.

82. Wyzga, Baartlomiej, Changes in the Magnitude and Transformation of Flood Waves Subsequent to
the Channelization of the Raba River, Polish Carpathians, Earth Surface Processes and Landforms,

21:749-763, 1996

83. Zmuda, M., 1987, Nonmetallic Mining Impacts to the Fisheries Resource in Central wisconsin,
Wisconsin Dept of Natural Resources

57



