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I. INTRODUCTION

A, OVERVIEW

Elkhorn Slough is a tidal embayment, approximately 7 miles long, located in Central
Monterey Bay (Figure 1), The mouth of the slough discharges into the Moss Landing
Harbor Jocated immediately to the West. Historically, the stough joined the Salinas River
Channet at the [ighway 1 Bridge and flowed north about 0.5 miles before discharging to the
Pacific Ocean through a small opening in the coastal sand dunes. Moss Fanding Flarbor was
created in 1046 when a new harbor entrance channel was dredged throuph the sand dunes
directly west of the Elkhorn Slough mouth at Highway 1. The 1943 U.S. Army Corps of
Engineers (COE) plan for the new entrance called for a dredged entrance channe] 200-feet
wide and 20-fcet deep. The new dredged opening at the mouth of the Monterey Submarine
Canyon allowed deep dralt vessel access and wis also subject 10 less sCVETE wave action than

the previous mouth.

As part of the proposed Harbor improvement project, the ariginal project plans also
specified construetion of tide gates at the month of Elkharn Siongh to prevent tidalinfQuence
and damape to low-lying lands up the slough. These tide pales were not constructed.
Additional information on the history of the federal project is contained in the Mass Landing
Harbor, Montcrey County, Scction 111 Study Tnitial Assessment (U5, Army Corps of
Enpincers, 1989).

Immediately foliowing the opening of the new harbor entranee, local landowners were aware
of the jnereased tidal currents in the slongh. (CF. accounts in ABA Consuliants, 1989 and
QOliver, et. al, In Press). As a result of the ‘ncreased tidal velocity, bank protection was
requircd around the Highway 1 bridge abutments and some local landowners constructed
levees to protect adjacent luw-lying arcas. Frosion resuited in the on-going loss of fand
adjacent to the channel extending severzl miles upstream of the slough mouth.

_ The crosion of the slaugh bas continued during the past 45 years and is currently considercd

to be the largest problem facing the slough (Oliver et. al,, 1989; Silberstein, 1991). As a
consequence, the Moss Landing Harbor District in 2 letter dated April 11, 1988, requested
o study of erosion problems and patential salutions under Section 111 of the 1268 River and
Harbor Acl.  In the initial asscssment (U.S. Army COL, 1989), the U.S. Army COE
concluded that the Harbor opening was largely responsible for the erosion problems and
recommended that a reconnaissance level study be initiated to provide additional
information on hydrodynamic conditions in the slough, the potential success of the supgested
solutions, and the portion of the erosion probiem directly attributable to the Federal project.

1S OEMELFHG DOC0E11-52 1
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B. STUDY FURPOSE

In response, the San Francisco District of the Corps of Engineers requested a Tidal
Hydraulic Exrosion study of Elkharn Slough, in December, 1891, The purpose of this present

study is:

"...to determine i the Corps’ Moss Landing Harbor Navigation Project has
caused, or is causing, any erasion of the vegetated marshlands in Clihorn
Slouph. The study will also examine other possible causes that may have led
to the current erosion condition at Tlkhorn Slough.  Lastly, the study will
evaluate and recammend solutions to the corrent erosion probiems that cxist

at Bikhorn Slough.”

C.  STUDY METHODOLOGY

The COL designated -approach to the above requested study was to gather available data
on historical and existing conditions in the slough and to develop a hydrodynamics mode! to
simulale tidal cirenlation i the slough {or the follonwing conditions:

1. Txisting (1991) Conditions (with the Federal Navigation Project, and
with upstream levee breaches along Elkhorn Slough);

2. Withoot-Navigation-Project or Levee Breach Conditions (with pre-1946
conditions at mouth of the slough);

£ Navigation Freject Conditions only {without upstream levee breaches);
and -

4, 1985 Highway 1 Bridpe and Levee Breach Conditions anly {with pre-
19456 conditions at ymouth of Slaugh}.

Based on comparison of the desipns of the abutments an pilings of the existing {1985}
Highway 1 britlge with those of the previous bridge, the COL determined that there wus no
significant difference in the hydrauvlic effects of the two bridges. Therefore, all madeling

conditions assumed the existing (1985) bridge configuration.

Counsidering the limited funding available for the study and the signilicant lack of detailed
Lathymetric data available to deline the slough geometry, it was determined that a one-
dimensional, link-node hydrodynamic computer maodel of the slough would be wsed in the
study. Awvailable (limited) bathymetric data would be vsed to define the system geometry
for each condition, and the flow repgime would be estimated under a ranpe of tida)

conclitions,

VAL EH,DOCE 3157 2
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It is recognized that & ong-dimensional model is only 4 peneral qpprﬁxlmatmn ol the actoal
3-dimensional system. Furthermore, the actual process of slough channel erosion in cohesive
sediments has muliple causes and is poorly vndersiood. Finajly the lack of detailed historic
or current bathymetric data and the lack of available calibration data reduce the level of
detafl in which the system can be medeled. Thus, the primary value of the modeling results
is for intercomparison benveen the madeled scenarios (0 compare the relative effects of the
various changes which have occurred in the system on the velocity regime. To supplement
the modeling results, we have included seme field observations in the Elkhorn Slough
systemn, and some comparison data from marsh slowgh channels at other locations in
Cahfornia.

L
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{I. HISTORICAL CHANGES AND PRESENT CONDITIONS

A. HISTORICAL CHANGES IN THE SLOUGH AND ADJACENT AREAS

Elkhorn Slough has been subject to & variery of natural and, during the past 150 years,
human induced changes. These have been summarized in the 1989 Slough Master Plan
(ABA Comnsultants, 1989} and by Silberstein (1991). A hricl sumimary af the changes is
provided below, and summarized in the sketclies in Fipuere 2 (used by permission from

Silberstein, 1991).
1. 1854-1910 (Tigure 2a)

The first map of the system was produced in 1834 by the .8, Coast and Geodetic Survey
(precursor to NOAA). The most signiticant ¢hange 1o the slough was the construction of
the SPRR tracks along the south and east bank of the slough, separating these areas of salt
marsh from the main slongh channel.

2 18101946 (Figore 2b)

In 1910, a breach was cit in the sand dunes south of Mess Tanding ta allow the Salinas
River io discharge directly to the Ocean. This eliminated botl freshrwater [ow and sediment
transport from the historic channel, which paralleled the sand dunes and {lowed norih to join
Elkhorn Slough, then discharged to the ocean 0.5 miles north of the present harbor opening.
The loss of freshwater inflow to the slough system s discussed in the Slovgh Master Flan
(1989). However, the overall impacts of the diversion of the Salinas River have not been
analyzed jn detail; they were likely very significant. In addition to providing a source of
freshwater to mamtain a {resh and brackish wetland system, the variations in river [owe
would lave created a dynamic hydravlie systern in the river adjacent la the slough. Teriadic
floods conveying 100,000 cfs or more would have dramatically altered the river channel and
river mouth morphology. During high {low events, the river month wounld hove widened and
deepened and the entire system converted to fresh water. As ood flows receded, strong
tidal action would have persisted for some period of time before littoral and wave transport
af sand recreated the sand siil, Tedueed the channel apening, and limited tidat cirenlation.
A similar process oceurs on appraximately an annual basis at the mouth of the Salinas River

foday.

Tn addition to fresh water, the large [oods econveyed cnormous quantities of sediment.
McGraph (1987) estimates that the Salinas River eonveyed an average of about 1 million
cubic yards (cy) of sediment annually; during extreme Doods (=>80,000 cfs) it was capable
of transporting several million cy dafly. “This would have produced a strongly depostted
sedimment environment. Thus, from a geomorphic perspective, diversion of the Salinas River
represented an enormous change to the systen.

L ETHEMEL KHE DOCHE31-92 4
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Subsequent to the diversion of the Sulinas River, the next major impacts to the slough
resulted from the on-going construction of dikes and the draining of the salt marsh areas
adjacent to the slough to allow apriculture and ranching. The salt ponds on the north side
of the slough near Highway 1 were construeted in this era.

3. 1946-1977 (T*ipure Zc)

The construetion of the Moss Landing Flarbor in 1946 represents the most significant change
during this period. The opening of the new entrance at the mouth of the submarine canyon
and the construction of the jetties allowed the rapid commercial suceess of the new harbor.
The new opening initiated full tidal cireulation to the area histarically subjected to muted
tidal exchange, initiating the erosion in the slough which s the topic of the present study.
During this period, major tribmtary slongh channel ind marsh systeins were-cul off from tidal
cxchange to allow continued or new agricultural use. These areas included the Oldd Salinas
River Channel/Tembladero Slough (south of the Potrero Road tide gates), Moro Coho
Slough, and Bennett Slough in the north area of the harbar.

4, 1977-Present (Iapgure 2d}

The past 15 years have heen primarily an era of conservalion in the Slough. Major portions
of the Slough are managed by public agencies in National Istuarine Reserve Status. The
mast significant physical change during this period was the reopening of the South
Marsh/Parson’s Slough and adjacent wetlands to tidal circulation. This has resulted in both
positive and negative cflects: the area is biclogically rich, supporting a diversity of salt
marsh and mudflat vepetation and wildlife species. However, shareline and chanpel erosion
is a severe problem here also. A more detailed discussion of the problems and some
potential solutions ate dizcussed in suhsequent sections of this report. During the 1980 the
problems associated with (he ongoing erosion in the slough became more widely publicized
following analysis by.researchers at the Moss Landing Marine Laboratories.  On-going
erosion is currently perceived as the major problem causing environmental deterioration in

the slongh.

B. FIELD OBSERVATIONS OF PRESENT CONDITIONS

Althongh the study budget did not include collection of detailed new data, several field trips
were made 1o the site to observe existing conditions. Additional information on present
conditions is contained in other references (ADA Consultants, 19583 Oliver, et. al, no date).

Observations were made along the north bank of the slough far a distance of abont two
miles vpstream of the mouth of the slough at Flighway 1. Similar ohservations were made
along the south bank. TField observations were also made in the South Marsh/Parsan’s
Slough area in the company of California Drepartment of Fish and Game and [lkhorn
Slough Foundation representatives. Spot observations of slough bank conditions were made

JELTTNENEL KHO DO 3.5 5
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further upstream in the system. -These sife visits consisted primarily of ebserving bank or
channel erosion, and assessing the potentia] causes. In addition, one set of tidal velocily
measurements were collected across the Ilighway 1 bridge opening during the maxdmum elbb
tide on July 4, 1992 to provide a check on the hydrodynamic model funectioning.

The résnlts of our limited feld abservations are shown in Figure 3. Very active bank erosion
is evident along both the north and south banks of the slough upstream of Highway 1. As
shown in Photo 1, there is a vertical heacwall 5 ta 6 feet high along the north bank that is
actively retreating. Erosion is breaching levecs and eroding into the former salt ponds north
of the slongh. Active erosion along the south bank is destroying a residual Jevee on the
Vierra property, reintroducing tidal circulation to formerly diked and drained areas. The
Vicrras have lost a significant amount of property along the south bank to erosion during
the past 45 years {David Vierra, personal eommunication),

Upstream of Seal Bend, active erosion is ewident in the salt marshes nerth of the slough
ehannel. The outer edge of the salt marsh s eroding northward, and the slouph channels
which provide tidal eirculation are deepening and widening (see Oliver et al, no date). This
was also evident in the marshes south of the channel except where the channel banks hadl

been profceled by riprap.

In the South Marsh, severe erosion is ocenrring along the marsh margins 4t the base of the
surrounding hillsides. As shown in Photos 2 and 3, base erosion is cavsing failure of the
hillsides and threatening both access routes and upland trees, A more natural hillside-marsh
transition occurs along the north shore marshes. Asg shown in Photos 4 and 5, a stable
vegetated marshplain intersects the hillside and no erosion is evident.

In contrast to the exiensive salt marsh areas north of the slough channel, the wetlands in the
South Marsh consists primarily of intertidal mudflats, It appears that land subsidence has
Jowered the marshplain surface by about 2.5 feet (from abowt MITHW to about MSL)
during the past century since diking by the SPRR Jevee. Drying out of the marsh allows an
irreversible compaction of the sediment resalting in a towering of the land surface. As a
result of this subsidence, when the marsh was reopenad to tidal circulation in 1983-84, the
clevation {approximately 0.0 feet NGVD) was appropriate for intertidal mudflats, not saft
marsh vegetation. The pre-apening 1983 DFG enhancement plan was clearly a response to
the subsidence. The plan attempted to create a more diverse habitat by excavating some
areas and mounding the spoils to create wvepetated zones st higher elevations. This
subsidence may be a major cause of the erosion that is occurring in the South Marsh. The
form of the erosion (Photos 2 and 3} is typical of that seen around the periphery of
reservoirs (resnlting from the presence of ponded warter). This would imply that the weltting-
drying eycle (which resulis from tidal exchange}, combined with small wind generated waves
are major contributors to bank {ailure. Unlike the slough chamiel banks near Highway 1,
the Anpers of the South Marsh are not subject to high velocity tdes. Rather, it appears (hat
because of subsidence, when the marsh was reopened to tidal action in 1984, the marsh
contained ponded water duzing approxdimately half of each ridal eycle. This has allowed

6
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wave action and bank eollapse a8 a result of repular wetting/drying. The subsidence has
created an enommous tida) prism which is exchanged through the SPRIX bridge at Parson’s
Slough. The channel under the bridge is about 125 feet long and reporiedly 15 1o 20 feet
deep. This large volume of tidal exchange (and the increased depth of Elkhorn Slough
downstream) is causing tidal erosion in Parson’s Slough, which is deepening and extending
headward into the South Marsh and the Five-Fingered Marsh area. High velocity Nows may
also be removing some of the material being eroded from the hillsides, preventing the
development of a more stable shoreline around (he South Marsh as the hillsides erode and

contribute sediment.

The erosion along the main Elkhorn Channel (Fipure 3 and Photo 1} is a result of the -
increased tidal currents associaizd with the new harhor opening in 1946. This erasion has
continued over the past four decades. It will continue 1o gecor at various locations
thronghout the Slough for deeades to come. The rate of erosion was increased by the
additional tidal prism resutting from the levee breaches in the South Marsh/Parson’s Slough

area in the 19807,

While the eauses of the erosion are evident, the actual mechanism of etosion is less elear,
This has implications for the type of solwtion to be recommended and the mte at which
erpsion mipght cease following implementation. Channel downentting is clearly the result of
high velocity [Tow creatmg bed shoear stress. Bank erosion on the owtside of bends may also
be the result of high velocity flow impinging direcily on the banks. IHowever, at other
shareline locations, wave erosion, wetl(ing and drying, and transverse transport of eroded
materials may be important companesnts of bank erosion. The channel top width (about 600
feet) is sufficienily large that wind-generaled waves and perhaps, small boat wakes have
sufficient fetch to attack the bank directly. This, counpled with the wettmg-dryuw as a result
of the tidal cycle, can lead to bank collapse. The deepening of the main channel by 15 or
20 feet has created a steeoer transverse gradient, and as the material is eroded, it moves
down into the deeper portions of the channel where high velocity tidal flows then convey it
out throngh the system. The type of erpsion mechanism has some implications for the
desimn of an erosion reduction project. If the actual tidal current velocity is responsible, the
sill or constriction at the Highway 1 bridge would have to be sufficiently high to actually
reduee tidal exchange and current veloeity, If the present extensive depth at the channel
center is erucial to the ongoing erosion, it may be possible to reduce erosion with a partial
sill, which raises the bed elevation but does not extend vertically into the intertidal zone.
This js discussed in greater detajl in the section an Crosion Control Alternatives.

C. HYDROGRAPHIC CHANGIES

1. Intrmoduction

In this section, an overview of bathymetric changes resulting from erosion in Elkiorn Slough
is presented. In addition, some discussion of the changes in wetland areas subject to tidal

1ARSTHAMEL KHOTHACWE-3].52 7
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circulation and changes in the potential and actval tidal prism' are discussed.  This
discussion s Important as jt quantifies (to the extent possible with limited data) the acival
changes which have oceurred bascd on historical records. In addition, it allows some
discussion and comparison of the magnitude of change based on hydraulic geometry relatians
using tidal prism data and comparison with ather marsh systems. These simple, peometry-
based relationships are based on observations of other natural or altered slough systems.
They are useful in that physically-based, hydrodynamic modiels are still relatively limited in
the information they can provide about the actual complex problems of erosion, long-term
change, and future equilibrivm conditions.

The analyses in this section represent an extension of the study by Oliver, et. al. {no date)
which provides the first quantitative assessment of ¢rosion in the slough system.

2. Methods

The information used in this study was restrieted to data available in the literature. The
primary type of information of interest was historical and existing bathymetric data for the
main Glkhorn Slough Channel. Tt should be emphasized that the lack of detailed
topographic and bathymetrie data for the slovgh and adjacent wetlands i a scrious
hindrance to the development of a refined analyses of the histarical changes or existing
conclitions in the system. While representing a costly investment, detailed aerial mapping
of the slough (at either 100-scale, 1-fmot contours or 200-scale, 2-foot comtours)
supplemented by bathymetric cross-sections would provide an invaluable benchmark for
existing slough conditions and quantifying historic changes and future system evolution.

Limited batiymetric data in Elkhorn Slough were available fram the 1909 USC & GS map
(Figure 4), the 1940 U.S. Army COE map and 1988 cross-sections {Cliver et. al., no date).
The 1909 bathymetric data consists solely of a series of 16 thalweg® depths extending 2.25
miles up the slough (Figure 3). The 1940 U.S. Army COL maps (which were apparently not
available in previous studies) represent & valuable addition to the understanding ot the “pre-
liarbor” slongh and Salinas River mouth conditions. The Jocation of some of the available
cross-sections are shown m Figure 3; plots of some of the cross-sections are included in
Appendix B. Included in the 1940 data are detailed cross-sections of the oripinal river
channe! mouth, depiction of the Salinas River channel between the mouth and Flkhorn
Slough, and eross-sectians from the Highway 1 Lridge vp to Seal Bend. - Data on subsequent
U.S. Army COL bathymetric maps are confined tn the actuat harbor entrance channel and
do not extend upstream beyond the Highway 1 bridge. These COL surveys are associated
with periodic dredging of the Feders]l Navigation projects (Entrance channel and South
Harbor Channel) and are availuble at about 4-year jntervals, Maps from the 1947 survey -

Tidal prism refers to the volume of water hetween high and low tides 1hat is exchanped during 3 given
tidal cpcle.

*The thalwep represents a line following the deepest portion of the chatnel.

JEESOVEMEL IS0, OO 1152 5
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were vsed to model the "post-harbor opening” Lathymetry of the neéw entrance area
extending up {0 Highway 1 bridge. Data {rom 1984 and 1987 surveys were used to deline
the current entrance channel bathymetry., Some additional detailed bathymetry in the
vicinity of the Highway 1 bridge (extending 30 feet downstream and 120 feet upstream) was
collected in 1981 znd is available from the 1986 CalTrans Highway 1 Bridge replacement
project. The most recent data available is a series of six channel cross-sections collected by
Oliver et, al. in 1988 (Figure 6). (Tor use in this study, cross-sectional data was obtained
manuaily from the figure shown in the paper, as the ariginal data was unavailalle). These
cross-sections are contained in Appendix 13,

To determine overall slough and wetiand areas, an expanded version of the courrent USGS
7.5 minute map (Blkhorn Slovgh Quadrangle} was wsed. Recent changes in levees, etc,
were noted based on field observations. Some addinonal areal determination was made
using the 1987 acrial photographs, These are unrectified, so some distortion occurs. A
compariton of the estimated area of the South Marsh/Parson’s Slough arca showed a
difference of about 209% using the USGS map and the aerial phofo. For consistency, we
psed the TISGS map for all subscquent aren calculations, recognizing the limited level of
accuracy. In the South Marsh limited topographic data was available from 1983 California
Department of Fish and Game Enharcement Plan Map.

A series of historic asrial pliotographs of the slough, {moest focusing on the mouth of the
slough) are available. A number of them are organized in a UL.S. Army COLE sponsored
study an coastal processes in Moss Landing {Dames and Moare, 1974). P'hotos are available
for 1941 1944, 1946, 1950, 1958, 1961, 1962, 1965, 1967, 1970, and 1972, Detailed color-
infrared aerial photos were available frorn 1987, This air photo coverage has recently been

reflown (May, 1992).
3. Resulis

a. Bathymetric Changes

The cross-sectional shape of the mouth of the system at 1he Pacific Ocean is shown in Figure
7 for 1940 (Salinas River mouth, pre-harbor opening) and 1947 (New harbor entrance). It
should be noted that the natural river mouth opening was extremely dynamic and hkely
varied dramatically in cross-section as a function of flow in ihe Salinas River, wave climate,
and tidat regims. The 1944 photo suggests a river mouth width of about 190 feet, while the
1945 phoio indicates a width of 100 feet. Doth are significantly narvower than the surveyed
1940 cross-section. The 190% UUSC&GS manp indicates an opening estimated to be
approximately 100-200 feet wide with a maximum depth of about -5 [eet NGVD. Dased on
these data, the 1946 Harbor entrance opening expanded the channet area by approximately
5 times from the 194(-1945 opening avea of about 1,000 square feet to about 5,300 square

feet,
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The changes in channe] cross-section at the Highway 1 bridge are depicted in Figure 8. The
channel thalweg has decpened by 15 feet, from -7 feet NGVD in the pre-Harbor (1909,
1940) conditions to -23 feet NGVD in the 1980%. Belaw tde areas have increased [rom
3,588 square feet in 1940 to 6,359 square feet in 1988, an increase of 2,771 square feet.

Upstream of the Highway ! bridge, comparison of historic and corrent cross-section data
becomes more difficult: The detailed 1940 surveys extend only about 1.5 miles beyond the
bridge. A comparisan of the most upstream 1940 cross-section and the most recent {1988)
cross-section is shown in Figure 9. It can be seen that the 1988 channel is considerably
deeper at this location. At the mast upstream location of the 1909 thalweg data with 1983
data indicates the differences are less sipnificant. This is shown more clearly in Tigures 10a
and b which depict the longitudinal profile changes in the system. The greatest depth
changes (15 to 17 feet) have occurred at the Ilighway 1 bridpe. This results from the
Venturi effect of the bridge, resulling in maximum channel velocities.  Thalweg depth
increases are about 12 fect at Mile 1, 10 feet at mile 2 and 5 feet near mile 3 upstream of

Highway 1.

As shown in Figure 100, the diflerence between the 1940 (pre-harbor) and 1947 (post-
harbor) profile between Highway 1 and the occan reflect the greatly increased depth (and
potential for tidal exchange), the extremely steep channel gradient downstream of the bridge,
and the shortened flow distance. The current (1984 and 1988) channel profiles upstream
of the bridge reflect a Aattening of that initial gradient in response to inereased tidal velocity

ane tidal prism exchange.

Comparing the 1940 and 1988 cross-sections in the lower system reaches and making some
approximations for erosion in the upper slough reaches (relatively small), we estimate that
about 1.2 million cubic yards of sediment have been eroded from the channel and banks
during the intervening 42 year period. About 60% was eroded between C5-1 and C5-2

{Figure 4). o

b. Wetland Areas and Hydraulic Geometry Relationslip

Based on available maps, it appears that preseatly an area of about 2,641 acres is subject
tey tidal cireulation upstream of the Highway 1 bridge. As summarized in Tuble 1, it appears
that historjcally about 2,875 acres were tidally inf(Juenced area wpstream of Highway 1. Of
these 404 acres are represented by the open water of the main slaugh channel and 2,237
acres are tidal wetiand or meddat. An area of 234 acres are currently diked wetlands or salt
ponds and are not subject to tidal exchange at this time.  Specilie interest has been
expressed in the National Estnarine Reserve Wetlands both as a result of severe erosion
problems at the reserve and hecavse of the potental jnereased erosion downstream by the
reopening of these wetfands to tidal action in 1983-84 For these reascns, the Iloserve
wetland (referred to as the Sonth Marsh/Parson’s Slaugh areas) are tabulated separately in
Table 1. In addition to the Reserve Wetlands, other areas have been restored to tdal action
in the past decade. Flowever, the net elfect on downstream erosion from these is much less

e P
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than that of Reserve Wetlands. For example, the North Marsh (118 acres) contributes
relatively little tidal prism becaunse of controlled tidal exchange, while areas of the former
salt ponds (250 acres) have been recently reconfigured to reduce tidal exchange. :

An initial estimate of the potential diumal tidal prism' in the system was made as follows:
For the main slough-open water reaches, the estimated area was multiplied by the divrnal
tidal range (5.51 feet). For tidal wetlands, the tidal prism represents the volume of water
in the channels and stored on the marshplain areas. Typically, for a given marsh, this is
calculated nsing detailed topographic maps and channel surveys. As these are vnavailable
for Elkhorn Slough, regression relationships between marsh area and ticlal prism measured
at other California tidal wetlands were vsed (Haltiner and Williams, 1987). These may
somewhat underpredict the Blkhorn Slovph wetlands as a result of the increased erosion of

slongh channels during recent years.

Tor the South Marsh/Parson’s Slough area, the limited aveitable data indicate that the
ground elevation is at about Q.0. feet NGYVD. This is well below the typical marshpluin
clevation, which normally forms at an clevation approximately equal to MHHW {about 2.7
feet NGVID). If correct, this suggests that marshplain has subsided about 2.7 vertical feet
from its natural elevation. This amount of subsidence has been observed in other coastal
wetlands which have been diked off from tidal circulation for an extended period. The
subsequent sediment drying results in a non-reversible campaction of the clay soils and the
oxidation of the organic portion of the marsh soil. Subsidence of 3 to 5 feet has been
doeumented in San Francisco Bay marshes, As a resultof this subsidence, when the South
Marsh and Parson’s Slongh areas were reopened to tidal eirculation, the resulting tidal prism
was much greater than is normal for a sall marsh of comparable size. The California
Department of Fish and Game 1983 restoration plan for the marsh recognized the problem
of subsidence. The plan was an attempt to create 4 diversity of habitat by excavating
partions of the subsided marsh and using the material ta create some higher marshplain
areas which would support wetland vegatation. While the 1983 Department of Fish and
Game plan has been criticized for both aesthetics and performance, these particular
coneepts appear to have been sound. Without the grading, the area would have all been
sntertidal mmdllat. The grading provided some diversity. However, the plan did not
recognize the impacts of the greatly increased tidal prism, which is responsible for the deep
scanr hole under the SPRR. bridge, the decpening of Parson’s Slough, perimeter erosion, and
the contributicm of increased tidal [ows to erosion in Elkhorn Slough.

Although the opening of these wetlands added only about 25% of wetland arca to the slough
systemn above Highway 1, the addition of tidal prism was about 37 percent (Table 1).

wpapentinl® tidal prism is the volume of water comained vepween hiph and low tide. "Actuzl” tidal prism
ic the volumne of tidal water that flows il and put of the system during a tidal cycle. [n areas with full tidal
circulation they are jdentical. Where damped tidal exchange oocurs, the aciual iidal prism is less than the
potential. "Diurnal® tidal prism refers to the tidal prism between MHHYW and MLL% based on the most

recent 19-year tidal epoch,
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TARLE L

ESTIMATED WETLAND AREA AND POTENTIAL DIURNAL TIDAL PRISM

Open Water Tiiked
{mnin siongh Tidal Wetland Tatal Tidnl Aren Wetlan:d
channel}
Tidal Tidal Tidal
Area - Prism ATl Prism Area Trism Area
{acres)  (acre- {acresy  {acre- facres)y  {acre- {ncres)
[ie1) fect) {eet)
Clkhorn Slonph
fnot including 404 2,726 1,703 1,703 2,107 302D 234
South Marsh}
South Marsh/ s34 1463 534 1464
Parzon’s Slough
Total (Elkhom
Stongh at Flighway A4 2,237 2641 5,393 234
1 bridpe) -

YWsing the 1587 aerial photo, this arca was estimnatcd to be about 420 acres.
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Some discussion of the post-harbor entrance channel changes can be made based on these
tidal prism estimates and "hydravlic geometry” relationships. Hydraulic geometry relers to
an analysis in which slough chapnel characteristics such as depth or cross-section area are
related to a "dominant discharge”. The approach was originally applied 1o [uvial systemns
by Leopold and Maddock (1953) and later applied to a tidal slough in the early 1960’
(Myrick and Leopold, 1863). It has been extended to California tidal slough systems for use
in designing slongh channels in wetland restoration prajects (Haltiner and Williams, 1987).
The basic concept is that the peometry of tidal slongh channels is determined by the tidal
prism which they convey. Our observations on a puntber of marshes indicate that the
maximum channe! depth and eross-section and area for slough channels evolves to an
equilibrium conditinn based on the tidal prism. These relationships apply to slough channels
subject to fp}] tidal circulation, and not affected by wave action, diking, dredging, etc.
Clearly Elkhorn Slough in its pristine condition did not function like an estuarine slouph;
wave action and sand transport at the mouth of the systemn created a sill which maintained
the actpal tidal prism below the potential tidal prism. However, the opening and
maintenance of the harbor month has allowed LElkhorn Slough to evolve in a manner sinilar
to estuarine sloughs, which are typically subject to full tidal circulation.

There are some sipnificant differences: in addition to increasing tidal flow, the harbor maouth
dredging represents a form of downstream "base level” lawering, This may increase chanmel
degradation beyond that solely due to:tidal scour. In some respects, this 1s analogous to the
"odly" formation which oceurs.in [uvial systems when downstream base level is lowered,
Although the flow volume may remain unchanged, a "knickpoint® or gully headwall moves
upstream thraugh the primary and secondary channel in successive phases. Downslream
primary channels erode initially, and the erosion process proceeds npstream.  Cver time,
secondary branch channels then respond to the drop in base Ieve]l aof the main channel. In
tidal systems, the effect may be increased beeause as upstream intertidal areas erode, the
tidal prism (discharge) actvally increases and initiates new erosion dovmstream in the main
channel. However, when the base level decrease is subtidal, the actual [luid turbulence and
pully formation process is likely to b less erosive than in a fluvial system.

An ecxample of slough channet erosion resuiting from downstream dredging in a system
comparable to Elkhorn Slough can be observed m Moo Bay, California; this small central
coast harbor was alse created Ly dredging a previously smatler natural entrance channel,
The entrance and main harbor channel are now maintained by periodie dredging.. The
interior portions of Morro Bay are shallow anct subject to full tidal circudation. Studies have
shown that the intertidal mudflats and salt marsh areas of Morra Bay are depositional as a
resutt of Quvial sediment transport by creeks, acolian movement of sand from the dunes, and.
Tittoral transport of sand through the harbor mouth (Flaliiner and Thor, 1991). Flowever,
the main and secondary slough channel systems in the Bay are eroding. Review of historic
maps and photos (Asquith, 1991} shows that the channels have deepened and grown in
length in response to the main harbor dredging. Thus, the downstream base level lowering
by dredging appears to induce additional channe] scour beyond that doe solely to tidal

action.

LEASTIHEMEL S HO PRS- 11-72 12



E-. ra F "3

baviiet]

K

B ]

f

B

While the Flkhorn Slough channel erosion is not identical to that observed in estuarine
systems, it ig similar and the hydraulic geametry of the equilibrium system can be expected
to be similar. As discussed earlier, we initially estimated the potential divrnal tidal prism

in the Elkhorn Slough system (Table 2).

Extending the hydraulic geometry relations {n our 1957 work (which were developed from
data on smalier marsh systems), some approximate predictions of channel conbgurations can
be made. These are also summarized in Table 2, At the Highway 1 bridge, based solely on
tidal prism, a thahveg depth of about 24 feet and a channel arca of 4,200 square feet would
be predicted. The actual depth is 25.5 [eet; cross-section area is 6,400 square feet. Forn
natural marsh of this size (2,641 acres), a tidal prism of 2,700 acre-feet would be predicted.
Our estimate of the current tidal prism is 5,393 acre-feet.

For the South Marsh, the actual tidal prism is 1,464 acre-feet compared with that predicted
for a pon-subsided marsh of the same area {334 acres) of 550 acre-feet, Based on the actval
tidal prism, a maximum channel depth at the SPRI railroad bridge would be estimated to
Le about 16 feet and cross-sectional areas of 1800 square feet would be predicted. An
approximate depth of 20 feet below MHHW currently oceurs. The actual cross-section is

-about 2,000 square feet at this time. Because the opening is confined (o the narrow opening

under the bridge, it js deeper than predicted,

Based on these data, some pencral observations can be made. The 1946 harbor opening
allowed Elkhorn Slough ta respond as a typical fully-tidal estuarine slough channel. While
mch greater than the pre-harbor conditions, the channel dimensions are within the general
seale of size for 2 marsh area of this size and tidal prism. However, the cross-sectional area
and channel width at Highway 1 exceed predictions substantially. The reason for this may
be the overall Tack of sediment in the system or the specific effect of dredging in the harbor
mouth. The depth of the channel at the Highway 1 bridge is probably not increasing very
much at this time. Channel erosion is prabably occurring furiher up the channel, perhaps
between miles 2 and 4 (Figure 10a). In the south marsh, the tidal prism greatly exceeds that
of n natural marsh due to subsidence. Diuring the past decade, the opening under the SPRR
tracks has responded to this Jarge tidal prism. Channel deepening in Parsan’s Slough has
probably slowed at SPRR bridge, but may now be accurring further upstream.

Overall, the lack of sediment in the system as a result of the 1910 diversion of the Salinas
River and the ongoing dredging of the harbor entrance have prevented a new siable

equilibrinm from developing.
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TADLL 2
’? TYDRAULIC GEOMETRY RESULTS!
Tidal T'eism Mpyimum Channel Depih Cross-Sectional Aren Top Width
(oero-fect) (Feet) fsquore leet) {leet)
Pred. ,  Pred. . 3 I'red 3 Pred.
Acrnal Equil? Actual  Pred Equil. Acxl Pred. Equil? Actual  Pred, Equil
.. Eikhern Slough .
{not including 3,929 2107 MA 21 I8 MA 3300 2,100 MA 360 110
Seuth Marsh)
South Marsh 1,464 550 +20 16 11 +2000 1800 1,000 1250 275 180

_Total (Elkhorn

Slough at Highway  canq  5ag0 255 24 19 4400 4200 . 3,000 650 400 300
1 1 bridge with ? . -

% South Marsh)

Bt KMaSA

ki

!

“
A1 depth and areas are measured belaw MHHW,
*Rased on the tidal prism considered to represent equilibrium conditions in a tidal marsh of the area.
*Based on the actual tidal prism.

o *Canfined by bridge.
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ITT. MODELING STUDY

A INTRODUCTION
To quantily the effects of the 1946 Harbor opening and the 1983-84 marsh levee breaches
{which opened the South Marsh/Tarson’s Slough to tidal circulation), and to identify

potential erosion sohitions, a computer modeling study was conducted. A description of the
model and the input date are included in the following sections. The following

configurations were analyzed:
1. 1940 conditions (pre-harbary: No upstream levee hreaches;

2 1940 conditions with vpstream levee breaches (to determine what the
effcet ol the 1983-84 levee breaches would have been without the 1946
harbor opening);

2 1947 canditions without levee breaches {io determine the effect of the
new entrance harbor?;

4. Present conditions {with the levee breaches);

3. Present conditions (withont the levee breach);

6. Present canditions with t.he propased rock sill {elev: -5.0 feet NGVD);
7. Present conditions with the proposed rock sill {elev: -3.0 feet NGVD),

The intent of the model runs was to identify the erosion causes and determine if a rock sill
across the channel at the Highway 1 bridpe is a feasible erosion solution.

B. MODEL DESCRIPTION AND INPUT DATA

1. Deseription of ESTFLO

All mmmerical simulation of the Elkhorn Slough systern was conducted using E5STEFLO, a one-
dimensional hydrodynamic madel sirnulating vnsteady, well-mixed, suberitical, gradually
varied flow. ESTFLO uwses a “three-point” bnplicit finite difference method to solve the
conservation af mass and momentum equations, in the Iongitudinal direction (Sobey, et. al.
1980%, The program uses the Thomas algorithm to solve the matrix resulimg from the

implicit differencing,.

LEATENOOEL EHO. DOC0E 1T 14
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A staggered grid is employed in the finite differencing; at each grid point, head is computed,
while in between each grid point, discharge is calculated. The algonthm employed requires
a uniform spatial step between grid points. Our mode] of Elkhorn Slough used a 300 meters
(984 [get) space step. All input and output in the mode] uses SI units. We converied the
input and output into English units accordingly.

Friction effects are accounted {or through the Darcy-Weisbach {riction factor. Tlis factor
is calculated nsing roughness height for each reach, The Colebrnok-White formula is vsed
in the conversion, using the assumption that the [low is characterized as "rough.”

Version 28 of ESTFLO was developed by Rod Sobey (Department of Civil Engineering,

University of California-Berkeley). For the maodeling of Elkhora Slouph, we used version
3.0, a version of 2B modified to accommodate non-uniform ¢ross-section geometries.

2. Input Data

To model of the Elkhorn Slouph system, we specified the following characteristies in
ESTFLO: '

. Tidal cycle

- Networlk layout and boundary conditions
- Initial conditions and ttme siep
. System geometry and roupghness

a. Tidal Cycle

To simulate the cffects of tidal action on the stough system, we calculated a mean monthly
tide for the tide station located at the Railroad Bridge at Elkhorn Slough. The mean
monthly tide simnlates the full range of high and low tides which occur during the entire
year. This mean monthly tide was derived from the mean monthly tide for San Francisco,
California, as computed by the National Oceanic Atmospheric Administration (NOAA).
NOAA obtained this tide hy dropping out the lang-term constituents of the tidal cycle,
leaving a tidal month that closely matches the hourly duration characteristics of a full tidal
cvele, inchuding the effects of the spring and neap tides. In all our runs, we used a tidal
duration of 742 hours, or approximately 31 days. Figure 11 shows the mean monthly tide

nsed in our simuolation.
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b. Network layout and boundary eonditions

In performing calculations, ESTTLQO analyzes the system as a network of reaches. Each
reach consists of a set of nodes, separated by a uniform distance. We used a 300 meters

space step between nodes for all of our simulations.

These reaches are joined together inta a system by specifying boundary conditions at the
nodes at cither ends of the reaches. At the junction of two or more reaches, we delined the
head nodes to have identical values (to satisly conservation of energy). At the ends of the
reaches, we cither defined the discharge to be zero (l.e. a dead-end reach), or equal ta the
tidal boundary condition. Figures 12a and 12b show the layout of the link-node models used.

Figure 121 shows the model layount for our simulations of present day conditions. Reach 1
represents the channe! and jetty created by the Federal Navigation Project. Reach 4 and
5 represent Morth and South Harbor, respectively. Reach 6 simulates the Sguth
Marsh/Parson Slough Area, and reaches 2 and 3 represent Rlkhorn Slough itsel. Different
conditions were simulated by rernaving or adding the appropriate reaches. TFFor instance, the
1982 Conditions were deseribed by removing reach 6 from the system in Figure 12b.

In evaluating the effect of a rock sill vnder the Highway 1 Dridge, we removed the Nortis
and South Harbor reaches from the simulation. The inclusion of these reaches in the
presence of the sill caused the numerical solution to become unstable. (In this type of
numerieal modeling, the inclusion of n junction of four channel links [as shown in Figure
12b] occasionally results in a numerical instability In which the finite difference scheme
cannot converge to 2 solution. This may also occur with very suallow channels, which
hecome dry at low tides.) The rermoval of these arms had a negligible effect on the modeled
shear stress distribution in the immediate vicinity of the junction.

The Highway 1 bridge is shown as node 4 in the system (in reach 2). The tdal boundary
condition was applied to node 1 in reach 1, which represents the western limit of the

Navigatinn Project jetty,

In our simmlation of the 1940 and 1947 conditions, we used the lnk-node layout shown in
Figure 12a. Reaches 1and 2 represent Elkhorn Slough. Reach 3 represents the ald Salinas
River north of Elkhorn Siough. Reach 4 represents the Salinas Jiiver south of Elkhorn
Slough (approximately the same distance the South Harbor is from Elkhorn Slongh in the
present-day conditions). Reach 6 simulates the South Marsh/Parson Slongh Area. Reach
7 describes the Federal Navipation Project immediately after construction in 1747 (and thus
was left out in the simulation of the 1940°% condition). '

I3 our simulation of the 1940 conditions, the Highway 1 bridge s node 1 (in reach 1). We
applied the tidal boundary at the mouth of the old Salinas Raver {(node 46 in reach 3). To
model the 1947 condition (after construction of the Navigation Praject), we applied the tidal
boundary at both the mouth of the old Salinas River (node 46) and at the mouth of the

ELEEAENIEL A FMIEADE 1 418 1t
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Navigation Project {node 52 in reach 7). Reach 5 was added in Jater simulations to
investipate the effect of the levee breaches had they occurred in 1940,

e, Initial conditions and_time step

We started all head nodes in the link-node system at the first high water in the mean
monthly tide (1.72 feet NGVD). All discharge nodes were started at zero,

Al conditions simufated, except for the 1947 conditions (without levee breaches), used a
time step of 120 seconds, For that exception, we used a time step of 180 seconds, because
the shorter time step cavsed the solution (o heeome unstable. (The 120 secand time step
may have been too small, permitting numerical reflections off of the reach junctions to
propagate through the solution, eventually resubting in an indeterminate salution,)

ahiness height

Rathymetric data vsed in defining the systen geometry wos obtained from historical maps
and recent studies of the aren. To deseribe the Present Conditions in Elkhorn Slough, we
vsed cross-scetions from 1988. The location of six cross-sections available from this study

are marked in Figure &,

Presant conditions in the North and South Harbor were talien from surveys done on July 5
and 24, 1984, by Towill, Inc. for the U.S, Army COE. The 1934 bathymetry under the old
Highway 1 Lridge was obtained from As Built drawings from the State of California
Department of Transportation {Caltrans) dated December 5, 1985.

Conditians in 1940 and 1947 were obtained from COL cross-sections made in 1940 and
1947. The 1940 soundings included Flkhorn Slough up to 14,000 feet upstream from the
Highway 1 bridge, and the Old Salinas River from approxmately Mass Landing to the

mouth of the Jliver.

In the upper reaches of Blkhorn Slough, we used the 1988 upstream cross-sections 1o
simulate carly conditions {1940}, Channel degradation in the upper reaches of Llkhorn

Slough appears to be relatively small.

The geography of the South Marsh/Parson Slough Area was obtained from enlargements of
U.S. Geologieal Survey (1JSGSY 7.5 minvte Quad maps. We charactenzed this area as a
hasin with a bottom elevation of 0 feet' NGVD. A channe] extended throngh the basin,
starling with an invert elevation of 20 feet (-6.10 meters) NGVD at the junction with
Elkhorn Slough, and rising to an elevation of -6.36 feet (-2 meters} NGVD at the end of the

marsh reach.
The historical maps used in obtaining cross-sections for 1940 and 1947 (as well as thalweg

elevations for 1909) were all referenced to the local mean Jower low water (MLLW) at that

17
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time. To enable us to make comparisgns across time, we referenced all clevations to the
National Geodetie Vertical Datum (NGVYD), also known as the Mean Sea Level of 1929,

The 1909, 1940, and 1947 data were correcied by using information provided by
NOAA/Mational Ocean Service (NOS) for the Elkharn Slough Railroad Bridge at Moss
Landing (Station 941 3663}, and by assuming MLLW increases approximately 5 inches every
century. The NOS figures specified the valve of different tidal datems with respect ta
MLLW, {or the period of Tuly 1976 to September 1977,

Ta aceount for friction eflects in the system, we set raughness height to 5 cm for all reaches,

3. Kodel Output

ESTFLQO computes the head and discharge at all nodes in the system. We present the
output and analysis al the Highway 1 Bridpe, cross-section C5-2, and cross-section CS-3, with

output every half-hour at those sections.

Using the discharge and head informatian, we computed mean velocity over each cross-
section, and plotted the shear stress distribution, as a function of percent of time af
cxccedenee. Mean wall shear stress at the above sections was calenlated vusing the following
equation (Fischer, et al 1979): )

Ta © _pthS
where:
Te is mean wall shear stress
o is density of water
fr is gravitational constant

R, is hydraulic radjns
S is cnergy slope

Energry siope is comnputed using a forward-differencing scheme.  Flydraulie radius is
caleulated as the mean of the hydraulic radii at the section and the section one node

upstrean.

While it is cleat that erasion resulis from increased shear stress, the actual opset and rate
of erosion is difficult to predict. Channel bed erosion begins when the bed shear stress

HELSENEMELICHD, DECne 317 : 18
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exceeds a critical threshold value, This threshold is a funetion of the bed material density
and cohesiveness, and varies. In peneral, the critical shear stress threshold ranges from
about 0.5 to 2.0 paseals (Pa) (Nicholson and O'Cennor, 1986). In the following model
studies, the change in a bed shear stress between 0.0 and 2.0 paseals is analyzed.

C. MODELING RESULTS

As deseribed previonsly, the médel was run in different configurations to evaluate historical
changes and evaluate a preliminary solation. The modeled Tuns were:

Run #1 1940 conditions (pre-harbor):  Na upsiream Jevee
breaches
Rum #2 1940 conditions with upstream levee breaches (to

determine what the effect of the 1983-84 Jevee breaches
would have been without the 1946 harbor opening)

Run #3 1947 conditions without levee breaches {to determine the
effect of the new entrance harbor) '

Run #4 Present conditions {with the levee breaches)
Run #5  Present conditions (without the levee breach)

Runs #6-% Presant conditions with a level rock sill {elevs: -3.0, -3.0, -
2.0 feet NGVD at Highway 1)

Runs #10-11 Present conditions with a notched rock sill (elevs: -5.0
and -3.3 feet NGVD at Highway 1)

LRun #12 Present conditions with a rock sill (elev -2.0 feet NGVD
at Mighway 1) and .2 rock sill at the SPRR tracks in
Parson’s Slough (-3.0 feet NGVD).

As described in seetion B, the output for cach madel run eonsists of discharge and water
elevation at each cross-section throughout the representative tidal month. For vse in ernsion
analysis, discharge and elevation wera converted to an average cross-section velocity and .
chenr stress. These result in an enormous amount of data output which is not feasible to
include directly in the report. Since most af the historic changes of interest have been in the
lower reaches of the slough, we present the results primarily for the reach at the Highway
1 bridge and the next reach upstream {C3-2). For these two locations, plots of the velocity
and the shear stress distribution during the tidal month are included in Appendix C. For
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comparative evalnation, the estimated shear stress distributions for various cambinations of
the runs are presented in Figures 13 through 19.

Figure 13 presents the shear stress distribution for the pre- and post-harbor entrance
conditions at the Highway 1 bridge. -The enormous increase in the frequency of higher shear
stress during both ebb and Aood tides is evident. Figure 14 represents the same comparison
{further upstream (CS-3). The increased shear stress is evident, although not as great as at

Highway 1. Greater influence of the ebb tide on shear stress is evident.

Figure 15 represents a hypothetical comparison, showing the shear stress at Highway 1 prior
to the new harbor opening with and without the npstream levee breach. The resuits incicate

a somewhat increased shear, However, the eonsiricted Salinas River mouth still precludes
full tidal circulation and high shear.

Figure 16 depicts mode] results for the present bathymetry at Flighway 1 with and without
the upstream levee breaches. These indicate a significant increase in shear stress associatec
with the additional tidal prism added by the 1983-84 levee breaches. While an increase js
expected, the magnitude of the increase is surprising. Our hydraulie geometry resulis
indicate that the levee breaches increased tidal prism by about 37 percent, yet the shear

stress increase are much greater. '

Figures 17, 18, and 19 show the effects of our initial sil! configuration. Our initial runs used
a level sill with elevation of -5.0 feet NGVD. When this did not markedly reduce the
velacity distribution, we raised the sill elevation to -3.0 feet NGVD. This results in an
enormous inerease in the shear stress at the sill (Figure 17) and a reduced shear stress
upstream at CS-2. However, the CS-2 shear stress distribution was still substantizlly higher
that the 1940 condition at this location. Therefore, we made a series of additional runs 1o
test various solution scenarios. Figure 18 shows the stress results al CS-2 with a Highway
1 rock sil at elevation -2.0 fect, and a run with a rock sill at the SPRR tracks (-3.0 feet) at
the Highway 1 rock sill (-2.0 feet}. These show a substantial reduoction of the CS-2 shown
to about one-third of its present value. While neither of these provides the level of shear
shown for the 1940 conditions, based on typical critical threshold shear values, they would
be adequate to prevent further erosion of the slough and mitiate deposition.

Figure 19 depicts the CS-2 shear stress values for a notched rock sifl at Highway 1. This sill
opening would have bottam elevations of either -5.0 or -3.3 feet. The 5.0 feet opening
reduces the CS-2 shear by half, while the -3.3 feet opening reduced the shear to one-third
of its present level. Although more detailed modeling is required 1o design the structure,
jt is likely that 2 notched weir with these configurations would adequately reduce erosions

TAtEE.

The implication of the modeling results are described in tite following sections, and some
conceptual level designs are presented in Section V.
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- Based on the results of the field observations, the hydraulic geometry analyses and the
hydrodynamic modeling, some reconnaissance-level observations and conclusions can be

made:

IY. OBSERVATIONS AND CONCLUSIONS

The pre-1946 slough system had undergone signilicant alterations from
a prstine eonditinon.  The mast jmportant of these were the 1910
diversion of the Salinas Iliver and the diking and draining of various
wetland areas. The logs of Salinas River inllow reduced freshwater
inflow and moest importantly, eliminated the major sediment supply to
the entire system.

The diking elirinated circulation from major wetland areas. It appears
to have resulted in large scale subsidence of several feet over a large
area; subsidence in the South Marsh/Parson's Slough area was
especially impartant.

Prior to 1946, the actoal tidal exchange in the Elkhorn Slough, Salinas
River, and other slaughs was relatively small in comparison to the
enormous potential tidal prism because of the rastricted exchangs
through the Salinas River Mouth.

The 1946 opening of the new harbor entrance and maintenance of the
dredped entrance channel allowed full tidal exchange. The resulting
higher tidalvelocities initiated rapid erosion in the downstream reaches
of Elkhorn Slough. A maximum degradation of about 135 vertical feet
has accurred. The amonnt of channel degradation which has occurred
since 1946 decreases furiher upstream. However, it appears that the
channel and bank erosion is proceeding upstream and over time, more
active erosion in the upper slough reaches may occur. The rate of
channe] deepening in the most downstream reaches has likely
decreased. However, the channel is very actively widcning in respanse
ta the increased channel depths. To date, an estimated 1.2 million oy
ol material have heen eroded {rom the system. The erosion is causing
significant loss of salt marsh and intertidal wetland habitat thronghout
ihe lower reaches ai the system, converting these areas to subtidal
hahitat. Without the subsequent leves breaches, extensive erosion
would stil] be aceurring as a result of the 18946 harbor opening. Rapid
erosion adjacent to the Highway 1 bridge would likely have slowed, but
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active erosion would be accurring in the channel and wetlands further
inland.

The levec breaches ol 1983-84 signilicantly increased the tidal prism
(estimate to be about 27 percent) to downsiream reaches. The
additional tidal prism has definitely increased erosion in the
downstream reaches. The hydrodynamic model indicates a large
increase in shear siress in these downstream reachies.  The actoal
increase in eroston potential is difficult to quantify. The 1981 Caltrans
bridpe survey seems to indicate that most of the channel downeutting
at Highway 1 hard oceurred yrior to the levee breaches. Since then,
bank erosion and ehannel widening have been the dominaut erosion
process.  Our hydraulic peometry concepts would suggest that the
additional tidal prism from the levee breaches is responsible for a
depth increase of about 3 feet and an increase in channe! cross-section
of about 33% in the reaches below the Parson’s Slangh-Elkhorn Slough
junction. The levee breaches would nat have greatly increased erosion

upstream of the junction.

Based on limited topographie data, it appears that prior subsidence had
lowered the Sootly Marsh and Parson's Slough area by 2 to 3 feet.
When opened to tidal action in 1983-84 these areas contributed a large
increase (379} to the 1otal tidal prism enusing erosion downstream.
Flad these areas been opened to Elkhorn Slough without 1946 Iarbor
opening, they would have had little efiect on the system. The sili at the
mouth of the Salinas River would have contineed to limnt tidal
exchange. However, because the main slongh was subject to full tidal
exchange, the 1983-34 opening allowed full tidal circulation into these

arens. |

Because of the subsided nature of the South Marsh, the marging of

. South Marsh werte subject to erosion and forces which did nat exdist

prior to the diking off of these areas. In its pristine (pre-diked)
eondition, the marpins of the marsh were pratected by tidal marsh, just
a¢ the hillside-narsh interfaces are in marsh areas of the slough which

were never diked. -

-~ A sill across the chonnel at the Higlway 1 bridge can be designed to

reduce tidal circvlation and associated ercsion. To replicate pre-harbor
entrance channel conditions, it will have to substantially redoce the
channel width and depth. A notched sill appears to be the preferable
design to allow continued navigation hbetween the slowgh and harbor.
A stll across Parson™ Slough at the SPRE Dbridge in the Reserve also
appears desirable. In addition to reducing erosion in the South Marsh,
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the teduction in tidal prism will reduce the size of the structure
required at Highway 1.

The geomorphic response of the system to these structures will be
pradual. Erosion will continise to aceur until the slough invert is raised
by subsequent deposition. The rate of restoration of the channel
toward the pre-harbor conditions could be inereased by addition of
sediment to the channel or South Marsh. While this has signilicant
repulatory and environmental implications, there are clear benefits
from this considering the sediment-poor regime which corrently exists.
This could involve placement of dredee spoils opstream of the
proposed sill ar in the South Marsh area. The South Marsh would
particularly hepefit by the placement of sediment to recreate the
historic marshplain.  This would improve habitatr, reduce internal
crosion and reduce the downstream erosion by reducing tidal prism.
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V. EROSION CONTROL ALTERNATIVES

A, NOFROQIECT

The "no project” scenario considers the condition that no Federal action would be taken, and
the present conditions of a dredged harbor entrance would be continued. Under this
aliernative, erosion of the channel battom and banks and subsequent ernsion of the marsh
lands would continue to oceur. The erosion damage, which has so far occurred primarily in
the downstream half of the slough system, would gradually exiend upstream. Over an
extended period of time (50 to 100 years) the system would evalve until the channel and
rnarsh system is in equilibrinm with thie tidal scour and sediment regime. Bascd on available
daia, it is not possible to predict the final conliguration of the system in detail. Clearly, it
would involve wider and deeper channels and reduced areas of marshplain and intertidal
mudlats, The hydraulic peometry and modeling results suggest (hat the rale of chapnel
deepening in the slough near Ilighway 1 has lkely decreased. However, widening js still
actively occurring, and crosjon of marshes upstream is evident.

Based on available cstimated habitat damage, the "no project” scenario does not represent
a practical solution to the problems which are occurring. [f @ major crosion control project
is not implemented in the short-term, we would recommend additional data collection to
manitor the corrent rate of erosion and prediction of the equilibrinm conditions and the time
frame over which these might develop.

B. SHORELINE PROTECTION

Limited reaches of shoreline ate currently prolected by revetment. These include the
Highway 1 bridge approaches, SPRR levee and struciures, and sume reaches of private
property. However, the cost of providing continuous shoreline protection along the slough
would be prohibitive and the ecological consequences unacceptable.

. TIDAL BARRIER NEAR THE HIGHWAY 1 BRIDGE

1. Introduciion

The concept of some type of tidal barrier at the Highway 1 bridge was contained in the
original U.S. Army COE Harbor design guidelines in the early 1940’s. The intent at this
time was to prevent salt water intrusion probleins to agrcultural areas up the slough. This
project was never implemented, though similar structures were built on the Old Salinas River
Channel (the Potrere Road tidegates) and at Moro Cobo Slough by local interests. While
preventing upstream tidal circulation, these have had severe adverse ecological impacts.
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The Elkhorn Slough Master Plan (ABA Consultants, 1989) recommends investigation of a
submerged sill across the main channel of Elkhorn Slough at Highway 1. The intent would
be to replicate the effect of the natural sill at the mouth of the Salinas River that existed
prior to the harbor construction. The most likely location far the sill would be immediately
upstream or downstream of the Highway 1 bridge, {sce photos 6 and 7) with a number of
differént possible configurations.

A second constriction could be constructed at the SPRR bridge where Parson’s Slough drains
the South Marsh and adjacent wetlands.

These appear to be the most feasible approaches to arresting the erosion which has been
ongoing for the past 45 years, In addition, they offer the potential lor pradval future
restaration of the pre-1946 bathymetry if this is desirable, This project would represent a
major ¢ngineering structure, with significant environmental ramifications.  The analysis,
environmental review and compliance would represent a majar percentage of the actual cost
of canstructing the project. IMowever, In the absence of less structural solutions, this appears
ta be the preferred option.

The following scctions describe the preliminary hydraulic modeling results, design concepits,
and coneept-level costs. A brief discussion ol the environmental considerations is also

ineluded,

2. Muode]l Resolis

The computer model was initially run with a vniform sill elevation at -5.0 feet NGVD for
the cross-section at the Highway 1 bridge opening. A second run was made with a higher
sill elevations of -3.0 and -2.0 fecet NGVD. The resulting velocity regimes are contained in
Appendix C.1, while the shear stress distributions were presented in Figures 17, 18 and 19.
These sugzest thal to substantially reduce tidal velocity af various upsiream cross-sections,
the sill must extend nearly into the intertidal zone. However, a number of different sill
configurations could achigve similar results. For example, a notched sill, with higher elevation
on the sides and a deeper center opening could be constructed. The depth of this notch
could extend from as little as -3.0 to as much as -10.0 feet NGVD in depth to allow
navigation andfor more complete water circulation, A deeper noteh would require a more
constricted opening to achicve the same level of [Jow reduction. The mode] output indicates
that maximum ebb and fOow tide velocities and associated shear stress would increase greatly
at the sill, creating sipnificant forces on the structure and possible pavigation hazards,

A shallow sill could also be constructed, with sill top elevation of -10 to -1 feet NGV,
This type of sill would reduce the effect of the downstrecam dredging on upstream erosion
but not preatly affect tidal circulation. It would allow deposition of sediment behind it
somewhat in the same manner as a grade control structure in a river. Over time, deposition
would raise the channe! bed. Tlowever, its effect would diminish upstream in the system.
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The detailed hydraulic effects ol a specific structure are beyond the capability of a 1-
dimensional model to simulate. However, the mode] results clearly show that a structure can
be constructed to reduce upstream ergsian.

3. Preliminary Design Concepts

One preliminary concept develaped for the rock sili consists of 2 notched berm construeied
of guarry stone (Figurc 20). The berm would be about 360 fect long oriented perpendicular
ta the ehannel axis. Flow would aceur over the lower crest constructed at about elevation
-5 feet NGVD, with a widih of about 150 feet, The crest elevation for the remainder of the
berm would be abiove the typical fide range, and as shown at elevation +3 feet NGVD. The
structure. cross-section would be trapezoidal in shape (Figure 21). Armor stone would
consist of praded rip rap with a median weight of about 500 pounds. The remainder of the
rock (core rock) would he smaller stone with a wide gradation.

In the preliminary concept we show the strueture Incated on the ocean side of the existing
State Highway 1 Bridge, roughly alang the old highway bridge alignment, ‘This location is

preferable because

1. it is the narrowest part of the channel;

2. sheet pile abutments exist; and
3. vehicular access exists.

Additional issues of properly ownership, impacts to the bridge, etc. would have to be
considered in the Onal location selection.

The sill was notched to minimize impacts to navigation. The sill elevation of -5 feet NGVD
would provide approximately three [eet of draft at Mean Lower Low Water (MLLW). The
remainder of the structure would be above water at most tides. It must be siressed that this
concept is shown for illustration purposes only. The {inal sill eross-section would require

detailed hydraulic analysis.

Soil boring logs in the Highway 1 Dridge construction plans were reviewcd. Very weak,
compressible soils (soft organic clay and peat) were identified, primarily above -30 fect
NGVD. Consequently, the concept includes dredging the upper layer of soil to pravide a
better foundation for the sill. Subsequent analyses should include settiement potential and.
bearing capacity under static and earthiquake loads.

A crest width of 10 feet was selectad far the hipher portion of the berm so that lund-based
construction cquipment could be used. Water bascd equipment eould also be used.

JELSDEIELEHOL M08 3152 26
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The concept includes horizantal culverts through the berm to allow adjustment of flow rates
with gates. These were included to stress the importance of providing some lexibility in the
design, and providing some flexibility in the system performance. This would accommodate
hoth uncertainly in the design and future changes in the system.

Other structures may be possible alternatives to the rock sill. A cellular caller dam structure
canstructed with interlocking steel sheet piles is one potential alternative. A reinforced
concrete baffle wall supported on piles is another altermative. Both alternative structures
would replace the high-crest portion of the rock berm. A rubble berm would still be vsed
for the low crest porijon of the sill. These alternatives may involve fewer foundation
problems and could possibly lower costs,

4, Construction Cost Estimate

The following table provides the concept-level estimaie of construction cost. A large
contingency was applied to réflect the preliminary natere of the estimate. Costs are at
summer, 1992 levels. Engineering design drawing and specifications, and construction
management atlowances are provided. This estimate daes not include {easibility studies,
detailed modeling or envitonmental Teview costs,
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TABLE 3

CONCEFT-LEVEL CONSTRUCTICON COST ESTIMATE
ELKHORN SLOUGH SILL

- RUBBELE ALTERNATIVE
1992
BID ITEM DESCRIFTION QUANT. UHIT UNIT TOTAL
PRICH PRICI:
1. Mobilization 1 LS b 200,000
2. Diredging 5,000 CY $30.00 240,000
3. Caore Rock 33,000 TON $50.00 1,650,000
4, Armor Roek 6,000 TON $85.00 510,000
5. Culverts 6 FA $20,000.00 120,000
G. Navigation Adds I L3 10.000
SUB TOTAL $2,730,000
CONTINGENCY (25%) 680,000
TOTAL CONSTRUCTION $3,410,000
Engineering and Design (Plans and Specifications) 170,000
Construction Management 70.000
TOTAL PROFESSIONAL SERVICES $240.000
TOTAL PROJECT COST $3,650,000
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E, Environmental Considerations

Construction of a channel sill, and/or a silt at the SPRR Bridge/Parson’s Slough Channel
would have enormous implications for ihe slough ecology and hydraulics. Resolution of
these would require detailed environmental analysis and coordination with local, state and
federal resource agencies. In anticipation of this, the U.S. Army COE requested initial
review by the U.S. Fish and Wildlife Service. The Pianning Aid Lstter (U.S. Fish and
Wildlife Service, 1992) provides a brief overview of the resources of the Sloupgh, possible
effects and recommended studies. It is likely that these future studies would be undertaken
both as part of a feasibility level study and in conjunction with the NEPA/CEQA process,
Significant changes o water quality, impacts to vegetation, fish and wildlife, and navigation
issues would require analysis. It is possible that the cost of pre-project manitoring,
envirommental studies, compliance, and post-project monstoring covld represent a major
portion of the actual construction costs of this project.

In addition to the effects in the Slough, moedifieation of hydrodynamic and sediment regime
in the Slough would have significant effects in Moss Landing Harbar. Our data supgest that
erosion of the Elkhorn Channel has generatéd a large volume of sediment that has been
conveyed out of the Slough and into the Harbor. Flow much material is deposited in the
Harbor channe) and must be dredged is unclear.  Reduction of erosion would represent the
benelicial reduction of deposited miaterial downstream. However, the reduction of tidal
exchange from the Slough by a sill at the Highway 1 bridge or SPRR bridge at Parson’s
Slough would also represent a large decrease in the tidal exchange through the entrance
channel, ieading to a decrease in «bb tide scour.

D. SOUTH MARSH/PARSON'S SLOUGH

1. Overvicw

Based on the limited available data, it appears that the erpsion in the Sonth MarshfParson'’s
Slough area is a complex response to a nuniber of [actors: the diking of the area which
resulted in significant subsidence; the 1946 opening of the new Marbor entrance, which
created full tidal action dnd resulted in a deep main Elkhorn Slough channe] immediately
adjacent to the SPRR bridge; the 1983-84 opening of the area to tidal cireulation for

restaration.

The resulting erosion appears to be of two forms: (1) channel deepening and widening at
(he SPRR bridge which is extending headward and over the next few decades, will lead to
a more extensive system of entrenched channels; (2) erosion at the system marging due to
a lawer base (marsh) ievel and subsequent wave action and wetting-drying cycles, It s
nnclear whether the eroded material is being removed from the system or being deposited
an the marsh surdace. Ilowever, there is no indication that the crosion of the hillsides
around the marsh perimneter is slowing, or allowing development of a stable slope.
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2. Potentinl Solntions

In the San Francisco Estuary where subsidence has lowered marsh elevations, a number of
different restoration approaches have been used.

g Where a depositional sediment environment exists, some areas have
been allowed to evolve without interferenes. In these areas, natural
sedimentation gradually raises the marshplain (over 30 to 60 years) and
the area gradually reverts to a naturaj condition of marshplain (near
MHBW elevation) and appropriately-sized slough channels.

b. In other locations where a more rapid reversion fo appropriate
marshplain clevation is desired, dredge spotls are proposed for use in
raising marshplain clevations.

C. A third approach has been (o constrict the tidal opening and reduce
the tidal prism ¢xchange.

For the South Marsh, it does not appear that the {irst approach (no action) is acceptable.
There does not appear to he an available sediment source other than the eroding hillsides.
Since the erosion is causing dhmage to the adjacent tratls, at roads, and ecosystems, a more
Active approach secms warranted.

We would recommend a combination of approaches (b) and (¢}, Constriction of the SPRR
bridge opening would reduce the rate of erosion and headward extension of the Parson's
Slough Channel system. This is a smaller version of the same solution represented by the
sili at Highway 1. For that reason, it may be appropriate to construct the Parson’s Siough
Project initially and manitor the results pricr to undertaking the larger Highway 1 project.
The degree of consiriction necessary is not immediately evident. Excess constriction may
result in water quality problems as a result of stagnation. Underconstriction may not halt
erosion. If the long-term poal is to restore the South Marsh/Parson’s Slovgh area as a
natural tidal inarsh, the opening under the SPRR bridge should be sized to that appropriate
[or a natural slough channel draining a marsh of this size {534 acres). DBased on our
hydraulic peometry data, this would require an opening with a channel invert elevalion of
about -7.0 feet NGYD and a cross-sectional area of about 1,000 square feer (Lelow
MEHW). If a channel were designed to actively restrict tidal eirculation, it would have to
be much smaller, with a sill elevation of abaoul -3.0 {eet NGV, Cost and desipn data were
not part of this study. They would depend on site specific issues such as access, substrate
conditions and design critena. As a rough estimate, the rock sill would be about 25-pereent
the size of the Highway 1 siil, and the cost may be proportional.

If a patural salt marsh habilat is desired in this area, it would require imponing sediment

to reereate the appropriate natural elevations. If the entire area (400-500 acres) has actually
subsided to about 0.0 fect NGV, an enormous amount of fill {about 1.5 million cubic
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yards) would be required to recreate the natural topography (see Photo 5). Clearly this is
not feasible at this time. A more manageable approach may be to create a fringing marsh
terrace around the system margins to retard erosion. This would have a form similar to the
shown in Photo 5 which occurs in the unsubsided wetlands north of the slough. If fetch
distances are not excessive, this could prevent wave action and allow for eventual

stabilization of the hillsices.

Even this alternative would be a substantial undertaking considering the length of shoreline
affected. The terrace wonld be at elevations of +2.0 to +2.5 feet NGVD, with a width of
about 50 feet and a gradual slope to the existing bottom. This may tequire about 4 to 6 cy
of fine-grained material per lincar foat of bank protected. Active planting of pickieweced
and some vegetalion protection during the establishment stage may be required.

We would recommend a pilot project involving several hundred linear feet of protection to
determine if the approach is feasible. Clearly, a detailed topographic map of this arca and
more specific study of the arca i needed to accurately quantify past changes and plan
solutions. On an interim basis, a number of surveyed shoreline cross-sections, monitoring
the SPRR bridge openinp, and establishment and monitoring of a number of sedimentation
plates in the South Marsh would provide valuable data regarding the ongoing evolution of

the system.

1
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Project Team/Acency Contacts

Tlhis work was performed for the San Franciseo District Office of Army Corps of Enpineers,
Scott Miner was the project manager for the COL, Jeffrey Cole served as the contract
manager, Elizabeth Apueila was the Contracting Officer and Thomas Kendalt, P.E. was the
Acting Chief, Water Resourees Branch.

The peomorphic and hydrodynminic analysis as well as overall report production was
conducted by Philip Williams and Associates, Ltd. in San Franciseo, CA, The project team
in¢luded:

Jeffrey Halliner, Ph.D., P.E. : Project Manager/Principal in Charge
Johinny Lin: Hydrochynamics Modeling

Michacl Wick: Hydraulic Gf:mﬁﬁ[ﬁr and Map Analysis

Peter Goodwin, PILD., 115 Hydrodynamie Modeling, Supervision
Brad Lvans: Graphics

Michelle Steinberg and William Leigh: Report Produclion

The conceptnal design and estimate were preparcd by the San Franciseo Olfiec of Moffatt
and Nichol Engineers under the direction of Robert Hatialio, 5.

In reviewing the existing conditions and histaric changes (o the system, we reeeived valuable
help from the {allowing: :

Mark Silberstein, 'R0 Exccutive drector; Elkbhorn Slough Foundation
Andrew De Vogelaere, PhID: Research Coordinator; Elkhorn Slough
Foundation

Sleven Kimple: Reserve Manapger; California Department of Fish and Game
John Oliver, Ph.D.: Marine Ecologist; Moss Landing Marine Laboratories
David Vierra: Local landowner; longiime family ownership ol land adjacent
to the siough.
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SECTION B-1°

1940 Cross-sections
{obtained from LA Army Corps of Enginecrs Bathvmetric Survey ol 1940)
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SECTION C.1

Velocity vs. Time for Vurious Model Runs and Cross-section J.ocations
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SECTION C2

Shear Stress Distributions for Varions Model Runs and Cross-section Locations
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