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I. INTRODUCrION 

A OVERVIEW 

Elk11om 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 L-inding 
Harbor located immediately to th,: West. Historically, the slough joined the Salinas River 
Channel al the Highway J Bridge and flowed north about 0.5 miles before disclrnrging to the 
Pacific Ocean through a small opening in the coastal sand Uunes. Moss Landing Harbor w,is 
createrl in 1946 when a new hnrbor entr:rnce channel was dredged through the ~and dunes 
directly west of the Elkhorn Slough mouth at Highway 1. The 1943 U.S. Anny Corps of 
Engineers (COE) pbn for the new en!rance c,dled for a dredged entrance channel 200-feet 
wide and 20-foet deep. The new dredged opening nt the mouth of the Monterey Submarine 
Cmyon allowed deep draft ve~sel acce% and w:10 also subject to less severe waVc action tlmn 

the previous mouth. 

k part of the proposed Harbor improvement p,nject, the original project plans alw 
specifkd construction o [ tide ga tcs at the 1110u:h o( Elkhorn Slou)lh to prevent tidal innuence 
and damage to low-lyi11g l~nds np the slough. These tide t;ales were not constructed. 
Additional infonnation on the history o[ the fcclernl project is contained in the Moss L1nding 
Harbor, Monterey County, Section 111 Study Initial A,sessmen! (U.S. Army Corps of 

Engineers, 1989). 

Immediately following the opening of the new barb or ~nlrance, local landowners were a wore 
of the increased tidal currents in the slough. (C.F. accounts in ADA Consultants, 1989 "nd 
Oliver, et. nl., In Press). As a result of the incre;1.1cd tidal velocily, bonk protection was 
req11ired around the Highway 1 bridge a!Jutmc11ls and some local landowners constructed 
levees to protect adjocent luw-lying ,1.reas. Erosion rcst1lted in the on-going loss of l;,nd 
adjacent to the channel extending several miles upstre.im of the slough mouth. 

TI1e erosion or the ~lough has continued during !he post 45 years ;ind is currently considered 
to be the larGe>t problem facing the slour,h (Oliver et. al., 1989; SillJerstein, 1991). As a 
comcquencc, the Moss Landing Harhor District in a letter dated April 11, 1988, reriucsted 
a study o[ erosion problems and potential solutions undeor Section 111 of the 1968 River and 
Harbor AcL In the initial assessment (U.S. Anny COE, 1939), the U.S. Army COE 
concluded that !he Harbor opening was lari_:ely responsible for tbe erosion problems and 
recommended that a reconnaissance level s!udy be initiated to provide additional 
information on hydrodynamic conditions in the .1lough, the potential succes,; r,f the suggested 
solutions, and the por!ion of the erosion prob km directly attribntahle to the Federal project. 

1 
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' .. B . STUDY PURPOSE 

In response, tht: SCLn Francisco District of the Corps of Engineers requested a Tidal 
Hydraulic Erosion study of Elkhorn Slough, in December, 1991. "l11e purpose of this present 
study is: 

" ... to determine i( tlic Corps' Moss Landing Hnrbor Navigiltion Project has 
caused, or is causing, any erosion of the vegetated marshlands in Elkhorn 
SlourJ1. Th,; study will ;1.lso examine other possible c,111ses that may have led 
to the current erosion condition at Elkhorn SlougJ1. L:a.stly, the study wil\ 
evaluate and rccommr.,nd solutions to the current erosion problems that exist 
nt Elkhorn Slough." 

C. STUDY METHODOLOGY 

The COE design.itcd approach to the above rcqm:sted study was to gather available data 
Gn hi~torical and existing conditions in thc slougll ancl lo develop a hydrod}'namic.s mode! to 
simulate tidal circulation in the sluugb for the foJlci,ving conditions: 

l. 

3. 

4. 

Existing (1991) Conditions (with the Feclcra\ Navigation Project, and 
with up~trearn levee bre«chcs along Elkliom Slough); 

Without-Navigation-Project or Levee Breach Conditions (with pre-1946 
conditions at mouth of the slough); 

Navigation Project Conditions only (,vithout upstream levee breaches); 
eod 

1985 Highway 1 Bridge and Levee Breach Conditions only (with pre-
1946 conditions at mouth of Slough). 

Based on comparison of tlle de~ir,ns of the abl!lmcnts an pilings of the cxi~ting (1985) 
Highway 1 bridge with those of the previous brjLlgc, the COE <letcrmincd that thure w;1s no 
signiCic.int difference in the hydraulic effects of the two bridges. Therefore, all modelini:; 
conditions ,1.<:$urned the cxi,ting (1985) bridge configuration. 

Con.sidering the limited fonding uvailable for lhe study .ind the significant lack of <lctaiied 
bathymetric d11t11 ,wailablc to dc[ine the slough geometry, it was dc,tennjned that a one­
dimemional, link-node hydrodynamic co111puter 111odel of the ~lough would be used in th,:; 
study. Available (limited) bathymetric ili,ta would be \iscd to define the system geometry 
for ench condition, an<l tl1e flow regime would be ecs1imateLI under a rani:c of tidal 
conditions. 

,~="'"''"'" 



J It is recognized llw.t 11 one-dimensio_nnl model i.> only a general approximation of the nct\lal 
3-dimensional system. Fllrtherrnore, the actual process of slough channel erosion in cohesive 
sediments has multiple ca\lses and is poorly understood. Finally the lack of detailed historic 
or current bathymetric dat:J. and the Jaclc of available calibration data redllCe the level of 
,.ktail in which the system can be modeled. Tirns, the primary value of the modeling res11lts 
is for intercomparison ber.veen _the modeled scenarios !O compare the relative effects of the 
vari01.1s changes which have occurred in the 1-ystem on the velocity regime. To supplement 
the modeling results, we have inducted some field observations in the Elkhorn Slough 
system, and some compnrison data from mnrsh slough chnnnels nt other locations in 
Califomin. 

; 
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II. HISTORICAL CilANGES AND i'RESENT CONDITIONS 

A. HISTORICAL CHANGES IN THE SLOUGH AND ADJACENT AltEAS 

Elkhorn Slough has been subject to a variety of m1tural an<l, during the past 150 years, 
human induced clianges. These lrnve been summnri7_ed in the l989 Slough Master Plan 
(AnA Consultants, 1989) and by Silberstein (1991). A hrid summary of the changes is 
provided below, and summarized in the sketches in Figure 2 (used by permission from 

Silberstein, 1991). 

1. 1354-1910 (I'igurc 2a) 

TI1e first map of the system wcis produced in 1854 by the U.S. Cmiq nnd Geodetic Survey 
(prec!lrsor to NOAA). The most .,ignificant ch:rnge to !he .,laugh was th,: cons(r1Jction of 
the SPRR trncks nlong the sontl1 and enst bank of the slough, ~eparating these areas of salt 
mnrsh from the main slough channel. 

,. 1910-1946 (Figure 2b) 

1n 1910, a breach was CL,t in the sm,d dunes south of Mos.s T.:mdiHf: to :1llow the Salinas 
River to dischnrge directly to the Ocean. This eliminated both freshw~ter flow aml sediment 
tr;insport from the historic clmnnel, which parallclerl the sand dunes and !lowed north to join 
Elkhorn Slough, then discharged to the ocean D.5 milt:, north of the present harbor opening. 
The loss of freshwater inflow to the slough system is ,focussed ;n the Slough Master Plan 
(1989). However, the overall impnct.s o[ 11\e diversion of the Salinas River have not been 
,malyzed in detail; !bey were likely very significa11l. In addition to providing a source of 
freshwater to maintain a fresh and brackish wetland system, the variations in river flow 
would have created a dynamic hydntH]ic system in the river adjacent to the slough. Periodic 
floods conveying 100,000 cfs or more would Jmve dranrntic,1lly ~ltered the river channel and 
river mouth morphology. During high l1ow events, the river mouth would have widened and 
deepened and the entire system converted to fresh water. As flood flows receded, strong 
tidul nction would have persisted for some period of time bcl"nre littornl and wave transport 
of sand recreated the snnd sill, reduced the channel opening, and limited tidal circul,ation. 
A similar process occurs on approxinrntely an :.mriual basis at the mouth of the Salinas Rivei­

today. 

In addition !o fresh water, the !Jrg~ ilood.s conveyed enormous guantitie~ of sediment. 
McGraph (1987) estimates that the Salinas River conveyed an average of about 1 million 
cubic yards (cy) o[ sediment nnnualiy; during extreme floods (>80,000 ds) it was capabk 
of trdnsporting scvernl million cy daiiy. This would have produced a strongly deposited 
sediment environment. Thus, from a i::eomorphic perspective, diversion of the Salinns River 
represented an enormous change to the system. 

4 
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Subsequent to the diversion of the Salinas River, the neXl major impact., to the slough 
resulted from the on-going construction of di~es and the draining of the siilt marsh areas 
adjllcent to the slough to allow agriculture and ranching. The snit ponds on the north side 
of the slough near Highway I w_ere constructed in this era. 

3. 1946-1977 (Firrure 2c) 

111e construction of the Moss L1nding Harbor in 1946 rerresents the most significant change 
during this period. The opening of the new entrnncc at the mOll!h of the submarine canyon 
and the construction of the jetties allowed the rapid cornrnerci~l ~uccc.ss of the new harbor. 

-- - The new opening initiated full tidal circulation to the men hi.storically subjec!ed to muted 
tidal exchaHgc, initiating the erosion in the slough which is ihe topic or the present study. 
During this period, m,1jor trlhu rn.ry slongh clian:1el r, nd mar~h systems were cut off from tidal 
exchange to allow continued or-new agrir.ultunll use. These areas indmled th<e Old Salinas 
River Oiannel/Tcmbladero Slough (south of the Potrero Road tide gates), Moro Coho 
Slough, and Bennett Slough in the north area of the harbor. 

4. 1977-Prescnl (Figure 2d) 

The past 15 years have b~cn primarily iln era of conservation in the Slough. Major portion~ 
of the Slm1gh are managed by pnblic ai;c:ncies in National Estuarine Reserve Srntus. 'f11e 
mmt significant physical change during thi.s period was the _reopening of the Sollth 
Marsl1/Parson's Slough and adjacent wetlands to tidal cirrnlation. This has resulted in both 
positivc and negative effects: the ~re~ is biologically rich, supporting a <livcrsi1y of salt 
marsh and mudflat vegctation and wildlife species. However, shoreline and channel erosion 
is a severe problem here :J]so. A more detailed discussion of the problems and some 
potential solutions me discussed in subsequent sections of thi.i report. During the 1980's the 
problems associated with lhe ongoing erosion in !he slough became more widely publicized 
following analysis by. researchers at the Mo.ss Landing Marine Ulboratorics. On·goinz 
erosion is currently perceived as the major problem causing environmental deterioration in 
the slough. 

B. FIELD OBSERVATIONS OF PRESENT COl\'DITIONS 

Although the study bm.lgct did not include collection of detailed ww <lata, several field trips 
were made to tlic site to observe existing conditions. Additional information on present 
conditions is contained in other references (ADA Consulmnts, 1989; Oliver, ct. al., no date). 

Observatiom were made along the north bank of the slongh for a distanw of about two 
miles upstream of the mouth ol the slough at Highway 1. Similar observations were made 
along the south bank. Field observations werF. also made in the South Marsh/Parson's 
Slou.eh area in the company of California Department of Fish and Game and Elkhorn 
Slough Foundalion representatives. Spot observMions of :lough bank conditions were made 
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further upstrenm in the system. These siie visits co11sisted primarily of observing bank or 
channel erosion, and assessing the potemia] causes. In addition, one set of tidal velocity 
measurements were collected across the IIighway 1 bridge opening during the maximum ebb 
tide on July 4, 1992 to provide a check on the hydrodynamic model functioning. 

The remits of our limited field observations nre shown in Figure 3. Very active bank erosion 
;s evident .i.long bolh the north and south birnb of the slough upstream of Highw.i.y 1. A:; 

shown in Photo 1, there is a vertical headwall 5 to 6 feet high along the north bank that is 
actively retrenting. Erosion i.1 breaching levees nnd eroding into the former salt ponds north 
of the slough. Active erosion along the so11th hank js destroying n re.sidunl levee on the 
Vierra property, rcintroUucinz tidal circul;Hion to formerly diked and clrained arevs. The 
Viurns have lost a si1,'Ilificant amount of property along the south bnnk to 10rosion dur;ng 
tl1e past 45 ycnrs (David Vierra, personnl co1mnunicmio11). 

Upstream of Seal Bend, active erosion is evident in the 1nlt nrnrshes north or the slou~h 
0 

chaimel. Tbe ontcr edge of the salt m~,r.,h is eroding northwJrd, and the sloueh channels 
which provicle ticlal circulation nre decpcni"g and widening (see Oliver et al, no dale). Thi.s 
was also evident in the marshes sollth of the channel except where the channel banh had 
been protected by riprap. 

In the South Marsh, severe ernsion is occurring :dong ll1e marsh m;,,gins ::it the base of the 
surrounding hillsides. M shown in Photos 2 and 3, base erosion is causing foil\lre of the 
hillsicles and threatening both access routes nnU upland trees, A more mllural hillside-marsh 
transition occurs along the north .shore marshes. A~ shown in Photos 4 and 5, a staJ;>Je 
vegetated marshpJain intersects the l1i]lside and no erosion is evident. 

In contrast to the extensive salt marsh areas north of the slough channel, the wetlands in the 
South Marsh consi.11.1 primarily of intertidal mwlflats. It appears that land suhsidencc has 
lowered the nmrshpbin surfai:C liy 'abot1! 2.5 fee! (from about MIII-IW to about MSL) 
during the pilst cenmry since cliking by the SPRR levee. Drying out of the marsh allows an 
irreversible compaction of the s,;climent resulting in a lowering of the land surface. A~ a 
result of this subsidence, when the nwrsh was reopened to ticbl circulation in i98J-84, the 
elevation (approximately 0.0 feet NGVD) wJs nppropriatc for intertidal mudflats, not salt 
marsh vegetation. The pre-opening 1983 OT'G enhm1ccrnent plan wa,; dearly a response to 
the subsiclence. Th,o plan attempted to crea(e a more diverse habitat by excavating some 
areas and mounding the spoils to creme vegetated zones at higher elevations. 111is 
subsidence may be a major c:rn.se of the erosion that is occurring in the South Mnrsh. The 
form of the ero~ion (Photos 2 and 3) is typiral of" that seen noum.l the pcripl,ery of 
reservoirs (resulting from tl1e presence of pon decl water). This would imply that th" welting­
drying cycle (which results from tidal ~xch::rnge), combined with small wind generated waves 
nre major contributors to hank failmi,. Unlike !he slough channel b,mks near Highway J, 
the fingers of the South Marsh me not subject to high velocity titles. Rather, it appears that 
because of subsidence, when the marsh was reopened to tidal action in 1984, 1he marsh 
contained ponded water during approximately half of each ti<.lal cycle. This has allowed 

6 
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wave action and bank co!lapte as a re.11.Jlt of rtglllar wetting/drying. Tl1e snbside!\Ce ha~ 
cl'eated an enormous tidal prism which is exchanged through the SPRR bridge at Parson's 
Slough. The channel under the bridge is about 125 feet long and reportedly 15 to 20 foe! 
deep. This large volume of tidal exchange (and the increased depth of Elkhorn Slough 
downstream) is cau.~ing tidal ernsion in Parson's Slough, which is deepening and extending 
headward into the South Mnrsh and the Five-Fingered Marsh area. High velocity flow.> may 
also be removing some of the material being eroded from the hillsides, preventing the 
development of a more stable shoreline around the South Marsh as the hillsides erode and 
contribute sediment. 

TI1e erosion along the main Elkhorn Channel (I'igure 3 and Photo 1) is .'.l result of the 
increased tidal curreitts associa!td wiih the new harbor opening in 19,16. This erosion has 
continued over the past four decades. It will continue lo occur at various locatioM 
throughout the Slough for decm:!cs to come. The rate of erosion was increased by the 
additional tidal prism resulting from the levee breaches in the South Marsh/Parson's Slough 
area in tl1e l.980's. 

While the causes of the ernsion arc evident, the actual mechani.srn of erosion is less elcar. 
This hi!S implications for the type of solnti,m to be recomment.kd and the rate nt which 
erosion mii;ht ceuse followinG implcmentalion. Channel downcutting is dearly the result of 
high velocity Dow creating bed shear stn:ss. Da11k ero.sion on the outside o[ bends may also 
be the result o[ high velocity Dow impingin~ direclly on the banks. However, at other 
shoreline locations, wave erosion, wetting and drying, and transverse transport of eroded 
materials may be important components of bank erosion. The charmd top width (about 600 
feet) is sufficiently large tlrnt wind-generated wnves and perhaps, sm.:i.11 boat wakes have 
sufficient [etch to attack the bank directly. This, coupled with the wetting-drying 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 steeper trnnsver~e gradient, and as the material is eroded, it moves 
down into the deeper ponions of the channel where high velocity tidal no,vs then convey it 
out through the system. The type of erosion mechanism has some implications for the 
design of an erosion reduction project. If the actual rid al current velocity is responsible, the 
sill or constriction at the Highway 1 bridge would have to bt: sufficiently high to nctu,11Iy 
reduce tidal exchange and current velocity. If the present extensive r.lepth at the channel 
center is crucinl to the ongoing erosion, it may he possible to reduce erosion with a partial 
sill, which raises the bed elevation but does not extend vertically into the intertidal zone. 
This is discussed in greater detail in the section on Erosion Control Alternatives. 

C. 1-IYDROGRAPHIC CHM'GES 

1. Introduction 

In this section, an overview o[ bathyrnctrie change~ resulting from erosion in Elkhorn Slough 
is presented. In addition, some discussion of the changes in wetland areas subject to tidal 
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circulation and changes in the potemial and actual titbl prism' are discussed. This 
discussion is important ns it quamifie.1 (lo !he extent possible with limited data) the nctu:1! 
changes which have occurred based on historicnl rnords. In addition, it allows some 
discussion and comparison of the magnitude of chnngc based on hydraulic geometry relations 
using tidal prism data and comparison with other marsh systems. These simple, geometry­
based relation.~hips are based on observations of other natural or altered slough systems. 
They arc uwfol in th,it physically-based, hydrodynamic models are still relatively limited in 
the information they cnn provitle about the actual complex problems o[ erosion, long-term 
change, and future equilibrium conditions. 

The analyses in this section represent nn extension of the stutly by Oliver, ct. al. (no da!e) 
which provides the first quantitative as,c~smcnt of cro1ion in the slough system. 

2. M~thods 

The information used in this study was rcslrictcd to dnta available in the literature. The 
primary type of information of interest was l1i.storicBl ~n<l existing bathymetric darn for the 
main Elkhorn Slough Channel. lt should bc cmph:1si7.cd that the Jack of detailed 
topographic and bathymetric data for the slough and adjacent wetlands is a serious 
hindrance to the development of a refined mialy~cs of the hiitorical chanBes or cxi~ting 
conditions in the system. \Vhilc repre~entinz a costly investm~nt, detailed aerial mapping 
of the slmigh (at either 100-sc~le. 1-foot contours or 200-scale, 2·foot contours) 
supplemented by bathymetrie cross-section~ would provide an invaluable benchmark for 
existing slough conditions and quantifying historic changes and future system evolution. 

Limited bathymctric data in Elkhorn Slough were availnbk from 1he 1909 USC & GS map 
(Figure~), the 1940 U.S. Army COE map and 1988 cross-sections (Olivtr ct. al., no date). 
1l1e 1909 bathymetric darn consists solely of a series of 16 thnlweg' depths extending 2.25 
miles up the slough (Figure 3). The 19~0 U.S. Army COE m;ips (which were apparently not 
available in previou.s studies) represent a valuable addition to th<' understanding of the "pre­
harbor" slough nnd Salinas River mouth condition.,. The location of some of the ,iv;iibble 
cross-sections are shown in Figure 5; plots of some o[ the cross-~ections are included in 
Appendix B. Included in the 19~0 data are de!.'tilcd cross-sections of the original river 
channel mouth, depiction of the Salina., River d1annel between the mouth and Elkhorn 
Slough, and cross-sections from the Highway 1 bridge up to Seal Bend. Dat.i. on subsequent 
U.S. Army COE bathymetric maps an, confined to the actual harbor entrance channel and 
do not extend upstream beyond tlir. Highway l bridge. These COE surveys are a.,sociated 
with periodic tlrcdging of the I'etlcrnl Nnv:ieation projects (Entrance channel and South 
Harbor Channel) and are available fl( about 4-year intervals. Map,; from the 1947 survey 

'Tida! prism refers tO 11\e volume of water between high and low ti<les thot ls exchanged during a given 

tidal cycle. 

'The 1lrnlweg represents a line following tile deepest portion of the chotrnel. 
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were used to model the "post·harbor opening' bnthymetry of the new entrlmte nren 
extending up io Highwny 1 bridge. Data from 1984 and 1987 surveys were used to define 
the cmrent entrance channel bathymetry. Some nddition:\l detailed bathyrnetry in the 
vicinity ol the Highway 1 bridge (extending 30 feet downstream and 120 feet upstream) waI 
collected in 1981 and is available from the 1986 CalTrnns Highway 1 Bridge replacement 
project. The most recent data available is n series of six clrnnncl cross-sections collected by 
Oliver et. al. in 1988 (Figure 6). (For use in this study, cross-sectional data was obtained 
manually from the figure shown in the paper, as the original data was unavailable). These 
cross-sections are contained in Appendix B. 

To determine ovcrall slough and wcliand arec1s, an expanded version of the current USGS 
7.5 lllinutc map (Elkhorn Slough Quadrangle) was u1ed. Recent changes in levees, etc., 
were noted based on field obscrv:11ions. Some additional are:11 ddtcrmination was made 
using the 1987 :1erial phomgraph1. These are unrcctified, so some distortion occurs. A 
comparison of the estimated area of the South Marsh/I\1rson's Slough area showed '1 

difference of about 20% using the USGS m,1p and the aerial photo. For comistency, we 
used the USGS map for all subsequent area calculations, recognizing thr;, limited level of 
accuracy. In the South Marsh limited topogr:1phk data was av:1ilable from 1983 California 
Department of Pish and Game Enhanct:ment Plan Map. 

A series of ]1istoric aerial photor,rnphs o[ the slough, (most focusing on the m0111h of the 
slough) are available. A number of them are organized in a U.S. Army COE sponsored 
study on coastal processes in Moss Landing (Dames and Moore, 1974). Photos are availal>le 
for 1940, 1944, 1946, 1950, 1958, 1961, 1962, 1965, 1967, 1970, and 1972. Detailed color­
infrared aerial photos were available from 1987. This ~ir pholD coverage has recently been 
reflown (May, 1992). 

3. Resu]is 

a. Bf![)1ymetri.c Chnnees 

The cross"sectiornil shape of the mouth of the system at the Pacific Ocean is shown in Figure 
7 for 1940 (Salinas River mouth, ve·hnrbor opening) and ]9117 (New harbor entrance). It 
should be noted that the n"tural river mo11tli opening was extremely dynamic and likely 
varieil dramatically in cross-section as a function of flow in lhe Salinas River, wave climate, 
and tid:11 rezime. The ]944 photo suggests a river mouth width of about 190 fret, while the 
1945 photo indicates a width of 100 feet. Doth arc significantly narrower tlrnn the surveyed 
1940 cross-section. The 1909 USC&GS map imlicates an opening estimated to be 
apprnximately 100-200 feet wide with a maximum depth of about -5 feet NGVD. Cased on 
these dat:1, the 1946 Harbor cntrnnce opening expanded the channel area by approximately 
5 times from the 19110-1945 opening area of about 1,000 square feel to about 5,300 square 
feet. 
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The changes in channel cross-~ection at the Highway 1 bridge are depicted in Figure 8. The 
channel thalweg has deepened by 15 feet, from -7 feet NGVD in the pre-Harbor (1909, 
1940) conditions to -23 feet NGVD in the 1980's. Below tide area~ have increased from 
3,588 square feet in 1940 to 6,359 square feet in 1988, an increase of 2,771 square feet. 

Upstream of the Highway 1 bridge, comparison of historic and current cross-section data 
becomes more difficult. The detailed 19~0's surveys extend only about 1.5 miles beyond the 
bridge. A comparison of the most upstream 19~0 cross-section and the most recent (1988) 
cross-sectio11 is shmvn in Figure 9. It can be seen !hilt the 1988 channel is considerably 
deeper at this location. At the molt upstream location of the 1909 thalweg darn with 1988 
data indicates the difference.1 are less significant. 'l11is is .,hown more clearly in Figures .lOa 
and b which depict the longitudinal profile clmnges in tlie system. The greatest depth 
changes (15 to 17 feet) linve occurrecl al the llighway 1 bridge. This results frum the 
Venturi effcd of the bridge, rcsnlling in rn,rximmn channel velocitie.s. Tlmlweg depth 
increases arc about 12 feet at Mile 1, 10 fret m mile 2 and 5 feet near mile 3 upstream of 

Highway I. 

A~ shown in Figure lOb, the differrnce between the 1940 (pre-harbor) and 1947 (post­
harbor) profile between Highway 1 and the ocean refkct the greatly increased depth (and 
potential for tidal c..xc hange ), the extremely ste"p chmrnel gradient dowmtrellm of the bridge,. 
and the shortened flow lii,tance. The current {1984 and 1988) channel Profiles upstream 
of the bridge rellcct a flattcni11g of that initial gradient in response to increased tid;i] velocity 
and tidal prism exchange. 

Comparing the 1940 and 1988 cro.1s-sections in the lower system reaches and nrnking some 
approximations for erosion in the upper slough reaches (relmively small), we estimate that 
about 1.2 million cubic yards o( sediment have been eroded from the channel and banks 
during the intervening 42 year period. About 60% wa.1 eroded between CS-1 and CS-2 
(Figure 6). 

b. Wetjand /\reas_s1_nd Hydrnulif Geometrv R.elationshiP. 

Based on available maps, it appears that presently an area of about 2,641 acres is subject 
to tidal circulation tipstream of the Highway 1 bridge. As summarized in T<lblc l, it appears 
that historically about 2,875 acres were 1idally in[]ucnced area upstream o[ Highway 1. Of 
these ~04 acre.i arc represented by the open waier of the main slnugh channel and 2,237 
acres are tid;l] we timid or mudITat. An area of 23-1 :icrcs are currently diked wetlands or .salt 
ponds nnd are not subject to tidal exchange at this time. Specific interest has been 
expressed in the National Estuarine Reserve \Vetlands both as a result of severe erosion 
problems at !lie reserve anJ hccallSe of tbe potential increased erosion downstream by the 
reopening of these wetlands to ticlnl action in 1983-84 For these reasons, the Reserve 
wetland {referred to as tlle South Marsh/Parson's Sloueh are~s) arc tabulated separntely in 
Table 1. In addition to the Reserve Wetlands, other are,is have been restored to tidal action 
in the past decade. However, the act effect on downsuearn erosion from the.IC is much Jc..,s 
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than that of Reserve Wetlands. For example, the North Marsh (118 acres) contributes 
relatively little tidal prism because o[ 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 diurnal tidal prism' in the system was made as follows: 
For the main slough open water reaches, the estimated aren was multiplied by the diurnal 
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 
caku]llled using detailed topographic maps and clmnnel surveys. ill these are una~ilable 
for Elkhorn Slough, regression relationships between marsh area and tidal prism measured 
at other California tidal wetlaml., were used (Haltin~r and _Williams, 1987). These may 
somewhat underpredict the Elkhorn Slmigh we1lands as a result of the incn:ased erosion of 

slough channels during recent years. -

I'or the South Marsh/Par,on's Slm1gh area, the limited avail:1bk data indicate that thr, 
p:rmmd ele.va!ion is at about 0.0. i"eet NGVD. This is well below the typical marshplain 
elevation, which normally forms a: an elevation approximately equal to MHH\V (about 2.7 
["eet NGVD). If correct, this Sll£mests thnt nwrshpbin has .subsided about 2.7 vertical feet 
from its natural elevation. This amount of subsidenc1, has been observed in other coastal 
wetlands which have bc:cn diked off from tidal circubtinn for an extended period. The 
subsequent sediment chyint; re.suits jn n non"revcrsihle curnpaction of the clay soils and the 
o:cidation o[ the organic portion of tl1e marsh soil. Subsidence of 3 to 5 feet has been 
documented in San Francisco Bay marshes. A:s a result o[ this subsidence, when the South 
Mush and rarson's Slough areas were reoptned to tidHI circulation, the resulting tidal pr Ism 
was much greater than is normal for a salt marsh or comparable size. The California 
Department of Fish and Game 1983 restorntion plan for the mar.sh recog11ized the problem 
o[ subsidence. The plan was an attempt to create a diversity of habitat by excavating 
portions o( the subsided marsh and using the materbl to create some higher marsl)pbin 
aren., which would support wetland vegetntion. While the 1983 Department of Fish and 
Game plan has been criticized for hoth aesthetics am.l performance, these par!icular 
concepts appear to hnvc been sound. Without the grading, the area would have all been 
intertidal mudflilt. TI1e [lrading provided some d1w.rsjty. Howevu, the plan did not 
retognize the impacts of the greMly increasecl iidal prism, which is responsibk. for the deep 
scour hole under the SPRR bridge, the ,kcpening of Parson'.s Slough, perimeter erosion, and 
the contribution of increased tidal Dows to ermion in Elkhorn Slough. 

Although tile opening of these wetlands aclded only about 25':/o of wetland arta to the slough 
system above Highway 1, tlie nddition of tidal prism was about 37 p·erccnt (Table 1). 

'·Potential' tidal prism is the volume of waier conrn in<O<l be,wccn high am! low title. • Arnrnl" tidnl prism 
is the vo]urne of Iida! water that flo"'-s in an<.! out of t!1e system ct<>rint a Iida! ~-ycle. (n aress with foll ti~al 
drculati<m t11ey are i<len,ical. Where damped ,i,Jal e.~cllante om,rs, 11\e actual lidal prism is less than the 
potential. "Diurnal" 1ida! prLsm re!<'rs 10 !he tidal pri3m between MllHW and MLLW based on the most 
recent 19-ycar ,i,lal epoc~. 
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TABLE 1 

ESTIMATED WETLAND ARFA AND POTENTIAL DIURNAL TIDAL PRISM 

Elkl,orn Slough 
(nO\ including 
South Man;h) 

South M~r<J1/ 0 

Pa1oon's Slough 

Total (E~l"'m 
Slough at llighway 
1 bridEe) 

Open Wnte,· 
(mnin slongh 

chnnnel) 

Are:1 
(acnes} 

Tidal 
Prism 
(acre­
f~el) 

2,226 

T;dal We!la"cl 

Tidal 
Arca Prism 

(acres) (SC!'C· 

feet) 

1.703 l,703 

5341 1,465 

2,237 

Total Tidnl Area 

Tidal 
me, Prism 

(acres) (acre. 
feet) 

2,107 3,929 

534 l,464 

2,6H 5,393 

'Using the 1987 aerial photo, thi< arC<1 was estimated to be about 420 acres. 

Diked 
We!lond 

Area 
(acres) 

"' 
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Some discus;ion of the pmt-lmrbor entrance clmnnel changes can be made based on these 
tidal prism estimates and "hydraulic geometry" relationships. Hydraulic geometry refers to 
an analysis in which slough channel characteristics such as depth or cross-section area are 
related to a "dominant discharge". The approach was originally applied to Duvial systems 
by Leopold and Maddock (1953) and later applied to a tidal slough in the early 1960's 
(Myrick and Leopold, 1963). 1t has been extended to California tidal slough system5 for use 
in designing slough channels in wetland restorntion projects (Haltiner and Williams, 1987). 
The basic concept is that the geometry of tidal slough channels is determined by the tidal 
prism whicl1 they convey. Our ob~ervations on a number of mnrshes indicate that the 
nwxirnum chinnel depth and cross-section and area for slough channels evolves to an 
equilibrium condition based on the tidal prism. These relntionships apply to slough cha1me)s 
subject to full tidal circulation, and not affected by wave action, diking, dredging, etc. 
Clearly Elkhorn Slough in its pristine conditlon did not function like Im estuilrine slough; 
wave action and sand trnnsport at tlte mouth of the system cremed a sill which maintained 
the actual tidi,I prism below the potential tidal prism. However, the opening and 
maintenance of the harbor month has allowed Elkhorn Slm,gh to evolve in a manner similar 
to estuarine sloughs, which are typically subject to full tid,il circulation. 

There are some significant differences: in addition to increasing tidal flow, the harbor mouth 
dredging represents a form of downstream "\Jose level" lowering. This may increase channel 
degradation beyond that solely due to tidal scour. In some respects, this is analogous to the 
"gully" formation which occurs in flt1viul systems when downstream base level is lowered. 
Although the flow volume may remain unclrnnged, a "knickpoint" or gully headwall moves 
upstream through the primary and secondary chnnnel in successive phases. Downstream 
primary channels eror.le initially, unr.l thl! erosion process proceeds upstrenm. Over time, 
secondary brnnch channels then respond to tl1e drop in base level of the main channel. In 
tidal systems, the effect may be increased bl!cause as upstream intertidal areas erode, the 
tidal prism (discharge) actually increases am.I initi:nes new erosion do,vnstream in the main 
channel. However, when the base level decrease is subtidal, the nctual fluid turbulence and 
gully formation process is likely to be Jess erosive than in a fluvial system . 

.An example of slough channet erosion re.rnlting from downstream dredging in a system 
comparable to Elkhorn Slough can be observed in Morro Bay, California; this small central 
coast harbor was also creat<cd by dredging a previously smaller natural entrance channel. 
The entrance and main harbor channel are now maintained by periodic dredgin~.- ThJ=. 
interior portions of Morro Day are shallow and ,Ubject to full tidal circulation. Studies lwve 
shown that the intertidal mudOats and sail marsh areas of Morro Bay are depositional as a 
res\llt of nuvial sediment trnnsport by creeks, aeolian movement of sand from the dunes, and . 
littoral transport of sand throueh the harbor mouth (f·Jaltiner and Thor, 1991). However, 
the main and secondary slough channel systems in the Bay are eroding. Review of historic 
mnps and photos (A~quith, 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 channel scour beyond that due solely to tidal 

action. 
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'1 
' 

' 
' 

While the Elkhorn Slnugh chrrnnel erosion is not identical to that observed in e,;t1rnrine 
systems, it is ,irnilar and the hydraulic geometry of the equilibrium system can be expected 
to be similar. As discussed earlier, we initially estimated the potential diurnal tidal prism 
in the Elkhorn Slough system (Tab!e 2). 

Extending the hydraulic geometry relations in our 1987 work (which were developed from 
data on sm,iller marsh systems), some approximate predictions of channel configurations 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 area of 4,200 square feet would 
be predicted. The actual depth is 25.5 feet; cross-section area is 6,400 sque1re feet. For a 
natunil marsh of this size (2,641 acres), a tidal prism of2,700 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 1,164 acre-fod compared with that predicted 
for a non-subsided marsh of the se1me area (534 acres) of 550 acre.feet. Bc1sed on the actual 
titlnl prism, a maximum channel deplh ~t !l:e SPRR railroad bridge would be estimated to 
be about 16 feet and cro~s-scetional are:1s of JSOO square feet would be predicted. An 
approximate depth of 20 feet below MHHW currently occurs. The actual cros.i-section is 
about 2,000 square feet at !his time. Because the opening is confined to the narrow opening 
under the bridge, it is deeper than predicted. 

Based on these data, some ecncral observntiom cau be rne1dc. The 19~6 harbor opening 
allowed Elkhorn Sloueh to respond as a typica! fully-tidal esmnrinc slough channel. While 
much greater than the pre-harbor conditions, the channel dimensions are within the general 
scale of size for a marsh area of this size and tidal prism. However, the cross-sectioned area 
and channel width at Highway 1 exceed predictions substantially. The reason for this may 
be the overall lack of sediment in the system or the specific effect of dredging in the harbor 
mouth. The depth o[ the channel at the Highway 1 bridge is probably not increasing very 
much at thi.s time. Channel erosion is probably occurring fur111er up the channel, perhaps 
between miles 2 and 4 (Figure lOa). In the south mar,h, the tidal prism greatly exceeds that 
of a na!nrnl marsh due to subsidence. During the pn.st decade, the opening under the SPRR 
tracks has responded to this large tidal prism. Channel deepening in Parson's Slough has 
probably slowed at SPRR bridge, but may now be occurring 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 stable 

equilibrium from developing. 

,<J,SD\830El.l:>l0.0,000,.l ,.,, 13 



. Elkhorn.Slough 
(not including 
South Mnrsh) 

Soulh Marsh 

. Total (Elkhorn 
Sia.ugh ni Highway 

: l bridge with 
; Sonth Marsh) 
' 

3 ,, 
~ 

' \ 

Tidnl Prism 
(ncre-fre!) 

Aciual 

3,929 

1,464 

5,393 

Prcd. 
EquiL' 

2107 

550 

2,700 

TABLE 2 

HYDRAULIC GEOMETRY RESULTS' 

Moximum Clrnnnel Deiith 
(feet) 

Actual 

NA 

:t:20 

25.5 

Pred.' 

" 
" 

" 

l'rcd. 
Equil. 1 

,s 

" 

" 

Ct'Osi-SccUonnl Aren 
(sq,,nre feet) 

Actu:tl Pred.' 

NA 0)00 

:!:2,000 '·"" 
MOO 4,200 

Prcd 
Equil.' 

2,100 

1,000 

,,ooo 

'All depth nm! areas are ,neasmed below MHH\V. 

Top Width 
{f«t) 

Ac!Ual Pred.' 

NA ;w 

125' 275 

0,0 ,oo 

'Based on the tidal prism cnnsidered to represent e~uili!Jrium conditions inn li<lal marsh of the area. 

'B:i.sed on the actual tidal prism. 

'Confined by bridge. 

Pred. 
Equil' 

"" 
,w 

,oo 



III. MODELING STUDY 

A. INTRODUCTION 

To quantify the effects of the 1946 Harbor opening and the 1983-84 marsh levee breaches 
(which opened the South Marsh,Tarson's Slough to tidal circulntion), and to identify 
potential erosion solutions, a comp\lter modeling study was conducted. A description of the 
model and the input da!e are ir.cl•Jded in the following sections. The following 
configtm1tions were analyzed: 

L 1940 conditions (pre-harbor): No upstream levee breaches; 

2. 1940 conditions with upstream kvce breaches (to determin" what the 
effect o( the 1983-84 levee breaches would have been without the 1946 
harbor opening); 

3. 

,. 
5. 

,. 

1947 conditions without levee breaches (to determine the effect of the 
new ~ntrance hnrbor); 

Presenf condition.~ (witli the kvce breaches); 

Present conditions (withm1t the levee breach); 

Present conditions with the proposed 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 run.1 was to identify the erosiol\ causes and determine if a rock sill 
across the channel at the High\yay l bridge is a feasible erosion solution. 

B. MODEL DESQ{ll'TION AND INPUT DATA 

J. Description or ESTFLO 

All num,!rical simulation of the Elkhorn Slough system was conducted using ESTFLO, a one­
dimcnsionnl hydrodynamic model simulating unsteady, well-mixed, subcritical, gradually 
varied flow. ESTFLO mes a "three-point" implicit finite difference method to .solve the 
conservation ofmnss and momentum equations, in thl! longitudinal direction (Sobey, et. al. 
1980). TI1e program mes the Tlmmas algorithm to solve the matrix resulting from the 
implicit differencing. 
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A staggered grid is employed in the finite differencing; at each gricl point, head is computed, 
while in between each grid point, discharge is calculated. TI1e algorithm employed requires 
a uniform spntial step berween grid points. Our model of Elkhorn Slough used a 300 meters 
(984 [eet) space step. All input nm! output in tl1e model uses SI units. We converted the 
i!lput and output into English units accordingly. 

Friction effects nre accounted for through the Darcy-\Vcisbach friction factor. TI1is factor 
is calculated using roughness height [or each reach. The Colebrook-White formula is used 
in the conversion, ming the assumption that the ilow is chcmickrized as "rough." 

Version 213 of ESTl'LO was developed by R.ml Sobey (Department of Civil Engineering, 
Univer.~ity of California-Berkeley). For the modeling of Elkhorn Slough, we used version 
3.0, a version of 2B modified to accommodate non-uniform cross-section geometries. 

2. Input Dntn 

To model of the Elkhorn Sloueh system, we specified the followi_ng characteristic~ m 

ESTFLO: 

Tidal cycle 

Network layout aml boundary conditiom 

• Initial comlitiom and time step 

• System geometry and roughness 

a. Tidal Cycle 

To simulate the dfects of tidal action on the slough system, we cak11h1ted n mean monthly 
tide for the tide ~lation loc,1tcd m the Railroad Bridge at Elkhorn Slough. The mean 
monll1ly tide simulates the full range of high and low titles which occur during the entire 
year. Thi~ mean monthly tide was derived from the mean monthly 1ide for San Franci~co, 
California, as computed by the National Oceanic Atmospheric Administration (NOAA). 
NOM obtained this tide hy dropping out the Jang-term constiments of the tidal cycle, 
lcuving a tidal month L)lat closely mmclie.~ the hOurly duration characteristics of a full tidal 
cycle, including the effects o( the spring and neap tides. In all our runs, we used a tidal 
duration of 742 hours, or approxim~tely 31 days. Figure 11 shows the menu monthly tide 
used in our simulmian. 

15 
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b. Network lMOLII nntl lloumlmy condition., 

In performing calculntions, ESITLO annlyr.es the system as a network of reaches. Each 
reach consists of a set o( nodes, separnled by a uniform distance. We used a 300 meters 
space step between nodes for all of our simulations. 

These reaches arc joined together into a system by specifying boundary conditions at the 
nodes at either ends of the reaches. At the junction of two or more reaches, we defined the 
head nodes to have identical value.; (to satisfy conserv;ition of energy). At the ends of the 
reache.s, we either defined the discharge tn be zero (i.e. a dcad·e!ld re;ich), or equal to the 
tidal boundary condition. Figures 12a and 12b show the la you: of the link-node models used. 

l'igure 12b shows the model layout for our si,nulation, of present day conditions. Reach J 
reprcs<:nts the chmmel and jcuy created by the Federal N'avig~lion Project. Reach 4 and 
5 represent North and South Harbor, re~pcciively. Reach 6 simulates the South 
Marsh/Parson Sioueh Area, aml reaches 2 and 3 represent F.lkhorn Slough itself. Differ<:nt 
conditions were simulated by removing or adcling the appropriate reaches. For instance, the 
1983 Conditions were described by remm~ng reach G from the systcm in Figure 12b. 

In evnluating the effect of a rock sill llnder the 1-lighwny 1 Dridge, we removed the North 
am1 South Harbor reaches from !he simulation. T!u, inclusion of thc.~e re,iches in the 
presence of the sill caused the num.:;rical solution to become unstable. (In this type of 
numerical modeling, the inclusion of n junction of four channel linh [as shown in Figure 
12b) occasionally results in a numerical insmbility in which the finite difference scheme 
c.1nnot converge to a solution. 111is may also occur with very slwllow channels, which 
become dry at low tides.) The removal of these arms h~tl 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 tidal boundary 
condition was applied to node I in reach 1, which represents the western limit of the 
Navigation Project jcHy. 

fn our simulation of the 19,10 and 1947 conditiom, we usetl tlie link-nor.le layout shown in 
Figure 12a. Reaches 1 and 2 represent Elkhorn Slough. Reach 3 represents the old Salinas 
River north of Elkhorn Slough. Reach 4 represents the Salinas River south of Elkhorn 
Slough (approximately the same distc1ncc the Somh Harbor is from Elkhorn Slough in the 
present-day conditions). Reach G simulate.~ the South Marsh/Pnrson Slough Area. Reach 
7 describes tbe Federal Navigation Project immediately ilftcr construction in 1947 (and thus 
was left out in the ;imulation of the 1940\; condition). 

Jn our simulation of the 1940 conditions, the Highw;iy 1 bridge is node 1 (in reach J). We 
applied the ticbl boundary at the mouth of ll1e old Salinas River (node 46 in reach 3). To 
model the 1947 condition (after consrruction of the Navigation Project), we applied the tidal 
boundary at bolh the mouth of the old Salimis River (node 46) and at the mouth of the 
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Navigation Project (node 52 in reach 7). Reach 5 was added in later simulations to 
investigate the effect of the levee breaches had they occurred in 1940. 

c. Initial con_ditions ans! tim(l 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. 

All comE!ions simulatet.l, except for th<: J9,!7 conditions (without levee breaches), used a 
time step o( 120 seconds, For thc1t exception, we used~ time step of 180 seconds, because 
the shorter time step caused the solution lo become 1motnble. (The 120 second time step 
may have been too small, permitting numericnl reflections off of the reach junctions to 
propagate through the solution, eventually reulting in an indeterminate sollltion.) 

d, Svstel)J qeometry an_~J.Q\l"llile.11 l1eiµht 

Bathyrnetric data used in defining the system geometry w;is obtained from historic;il maps 
and recent studies of the nren. To describe !lie Present Conditions in Elkhorn Slo11gh, we 
used cross-sections from 1988. Tht location of six cro;s-stctions ,1v:1ilnble from this study 
arc marked in Figure Ii. 

Pres,:,nt conditions in the North nm! South Harbor were rnken from surveys done on July 5 
and 24, 1984, by Towill, Inc. for the U.S. Army COE. 111e 1984 b;ithyme!i)' under the old 
Highway 1 bridge was obtained from As Built drawings from the State of C~lifomia 
Department of TranSportation (Caltfans) dated December 5, 1985. 

Conditions in 1940 and 1947 were obtained from COE cross-sections mnde in 1940 and 
1947. The 1940 soundings included Elkhorn Slough up to 14,000 feet up1trc11m from the 
Highway 1 bridge, ,ind the Old S:ilinm River from approximntely Moss Landing to the 
mouth of the River. 

In the upper reaches of Elkliom Slough, we used the J988 upstream cross-sections to 
simulate early conditions (1940). Channel degradation in the upper reaches of Elkhorn 
Slough appears to be relatively smnll. 

The geography of the South Marsh/Pare.on Sl0t1gh Area was obtained from enlargements of 
U.S. Geological Sl1rvey (USGS) 7.5 minute Quad maps. We charncterized this area as a 
basin with 11 bottom elevation of O foet NGVD. A channel extended throngh the basin, 
starting with an invert elevation of -20 feet (-6.10 meters) NGVD nt rhe junction with 
Elkhorn Slough, and rising to m1 elevmion of -li.56 feet (-2 meters) NGVD a! the end of the 
mnrsh reach. 

The historirnl ma.ps used in obrnining cross-sections for 1940 and 1947 (as well as thalweg 
elevations for 1909) were all referenced to the local mean lower low water (MLL\V) at that 
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time. To enable m to make comparisqns across time, we referenced all elevations to the 
National Geodetic Vertical Datum (NdVD), also known as the Mean Sea Level of 1929. 

The 1909, 1940, and 1947 data were corrected by using information provided by 
NOAA/National Ocean Service (NOS) for the Elkhorn Slough Railroad Bridge at Moss 
Landiiig (Station 9413663), and by assuming MLL\V increases approximately 5 inches every 
century. The NOS figmes specified the value of different tidal datums with respect to 
MLL\V, for the period of July 1976 to September 1977. 

To account for friction effects in the system, we set roughness height to 5 cm for all reaches. 

3. Model Output 

ESTFLO computr-s the head and di.1elmrgc at nil nodes in the system. Wr:, presr:,nt th<" 
output and analysis at the Highway 11.lrid[:e, cross-section CS-2, and cross-section CS-3, with 
output every half-hour at those sections. 

Using th<o di~charge llml head infornmlim1, we compllled mean velocity over each cro.ss­
section, and plotted the shear stress distribution, as a function of percent of time of 
exceedence. Mean wall shear stress at the above sections was calculated using the following 
equation (Fischer, et al 1979): · 

where: 

r, is mean wall shear stress 

p is density of water 

g is gravitational constant 

R, is hydraulic radius 

S is energy slope 

Energy slope is computed ming a forward-differencing scheme. Hydrnulic radius js 
c,ilculated as the mean o[ the hydrnulic radii llt the section and the section one node 
upstream. 

While it is clellr that erosion resu)t.s from increased shear stress, the actual onset and rate 
of erosion is difficult to predict. Channel bed erosion begins when the bed shear stress 
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exceeds a criticnl threshold value. This threshold is a function of the bed material Uensity 
and cohesiveness, and varies. In genernl, the critic:i.l she:i.r stress threshold ranges from 
about 0.5 to 2.0 pascals (Pa) (Nicholson and O'Connor, 1986). In the following model 
studies, the change in a bed shear stress between 0.0 and 2.0 pascals is analyzed. 

C. MODELING RESULTS 

As described prcviou-sly, the mOdcl wiis run in different configunitions !o evaluate historical 
changes and evaluate a pi-e!iminary solution. The modeled runs were: 

Run #1 

Run ff2 

Run #3 

Run #4 

Run .f/5 

Runs #6"9 

1940 com.litions (pre-harbor): 
brcacht:S 

No llpstrcam levee 

19~0 conditions with upsrream levee breaches (to 
determine what !he effect of the 1983-84 levee breaches 
would have been without the 1946 harbor opening) 

1947 conditions without levee breaches ( to <.letermine the 
effect of the new entrance harbor) 

Present conditions (with the levee breaches) 

Present con<.litions (without the levee breach) 

Present conditions with a level rock ~ill (elevs: -5.0, -3.0, -
2.0 feet NGVD at Highway 1) 

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

Run #12 Present conditions with a rock sill (elev -2.0 feet NGVD 
at Highway 1) and a roc.l;: sill at the SPRR tracks in 
Pmson's Slough (-3.0 feet NGVD). 

As described in section n, the outpt1t for each model nm consists of discharge and water 
elevation at each cross-section thro11ghout the representative tidal month. For nse in ernsion 
analysis, discharge and elevation were converted to an average cross-section velocity and. 
shear stress. These result in an enormous amount of darn output which is not feasible to 
include directly in the report. Since mos! of the historic changes of interest have been in the 
lower reaclles of the slough, we present the results primarily for the reach nt the Highway 
1 bridge mid the next reach upstream (CS·2). For these two lorntions; plots of the velocity 
and the shear stress distribution during the tidal month are included in Appendix C. For 
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comparative evaluation, the estimated shear stress distributions for various combinations of 
the nms 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. ·T:he enormous increase in the frequency of higher she"iir 
stress during both ebb and flood 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 o[ 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 openini, with and without the upstream levee brench. The results indicate 
a somewhat increased shear. However, the constricted Salirw.s River mouth still precludes 
full tidal circulation and high shear. 

Figure 16 depicts model results for the present bathymetry at Highway I with and without 
the upstream levee breaches. These indicate n significant increase in shear stress associated 
with the ,iddilional tidal prism added by tht:' 1983-84 levee breaches. While :m increase is 
expected, the mngnimde of th1, increase is surprising. Om hydraulic geometry resu]!s 
indicate that the levee breaches increased tidal prism by about 37 percent, yet the shear 
stress incrc;isc are much gre;itcr. 

Figures 17, 18, <1ncl 19 show the efkcts of our initial sill configmntion. Our initial runs used 
a level sill with elevntion of -5.0 feet NGVD. When this did not mnrkedly reduce the 
vclocitv distribution, we raised the sill elev<1tion to -3.0 feet NGVD. This results in <1n 
enonnous increase 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 wos still substanti<1lly higher 
that the 19110 condition at this location. Therefore, we made a series of additional nms to 
test various solution scenarios. Figure 18 shows the stress results al CS-2 with a J-,Hghway 
1 rock sill at elevation -2.0 feet, 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 reduction 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 shem values, they would 
be adeqnatc to prevent further erosion of 1he slough and initiate deposition. 

Figure 19 depicts the CS-2 shear .stress values for a notched rock sill at Highway 1. This sill 
opening would have bottom elevmions o[ either -5.0 or -3.3 feet. The 5.0 foet opening 
reduces the CS-2 shear by half, while the -3.3 feet opening reduced the shear to one-third 
o[ its prc~ent level. Although more detailed modeling is required to design the strncture, 
it is likely that a notched weir with these configurations would adequately reduce erosions 
rates. 

Tbe implication of the modeling results are described in the following .1ections, and some 
conceptual level deslgns are presented in Section V. 
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tv. OBS'.ERVATIONS AND C:ONC:i'.JJS10NS 

Based on the results of !he field observations, the hydraulic geometry analyses and the 
hydrodynamic modeling, some reconnaissance-level observations and conclusions can be 
made: 

1. The prc-1946 slough system hnd unrJergonc significant alterations from 
a pristine condition. The mast important of these were the 19)0 
diver.~ion of the Slllinas River and the diking and draining of varinus 
wetland areas. The loS.s of S,1Iinas River inilow reduced freshwater 
inDow and most importantly, eliminated the major sediment supply to 
the entire system. 

2. 

The dikiug eliminated circulation from major wetland areas. It appears 
to have resulted in large scale subsidence of several feet ovc,r a large 
are:1; ,;ubsidcncc in the South Marsh/Parson's Slough area was 
c.~pccfally important. 

Prior to 1946, the actual tidal exchnnge in the Elkhorn Slough, Salinas 
River, and other slough~ was rt<fativcly small in comparison to the 
enormous potential tidal prism because of the restricted exchange 
through the Salinas River Mouth. 

The 19'16 opening of the new harbor entrance and maintenance of the 
dredged entrance channel allowed full tidal exchange. The resulting 
higher tidal velocities initiated rapid erosion in the dovmstream reaches 
of Elkl1orn Slough. A maximum clcgrndatinn of about 15 vertical [eet 
has occurred. The amount of channel degradation which lms occurred 
since 1946 decreases further upstream. However, it appears that the 
channel and bank erosion is proceeding upstre:im :ind over lime, more 
active erosion in the upper slough reaches may occur. The rate of 
ch:innel deepening in the most downstream reaches h:is likely 
decre:ised. However, the channel is very actively widening in response 
to the increased clrnnnel depths. To date, an estimated 1.2 million cy 
of material have hcen eroded from the system. The erosion is causing 
significant loss of s,i]t marsh and intertidal wetbnd habitat thronghout 
the lower re;iches o[ the system, converting these areas to subtidal 
habitat. Wirhout the subsequent levee breaches, extensive erosion 
wm1kl still be occurring os a result of the J 9-16 harbor opening. Rapid 
erosion adjacent to the Highway 1 bridge would likely have slowed, but 
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3. 

4. 

active erosion would be occurring in the channel and wetlands further 
inland. 

The Jcvec breaches of 1983-84 significanrly increased the tidal prism 
(estimate to be about 37 percent) to downslream reaches. The 
additional tidal prism has ddinitely incrensed erosion in the 
downstream reaches. The hydrodynamic moclel indicates a large 
increase in shear stre~s in tl1ese downstream reaches. Th(! actual 
increase in erosion potential i~ difficult to quantify. The 1981 Caltrans 
bridge survey seems to indicate that most o[ the channel downcutting 
at Highway 1 hml occurred prior to the levee breaches. Since then, 
bank erosion and channel widening have been the dominant erosion 
process. Our hydrnulic geometry conccp!.1 would suggest that the 
additim1al tidal prism from the levee breaches is responsible for a 
depth illcrease of about 3 feet and an incre;,se in channel cross-section 
of about 33% in th(! reaches below the Parson's Slough-Elkhorn Slough 
junction. The levee breaches wnuld not have greatly increased erosion 
upstream of the junction. 

Based on limited topographic cbta, it appears that prior subsidence had 
lowered the South Marsh rind Parson's Slough area by 2·10 3 feet. 
When opened to tidal action in 1983-8~ these areas contributed a large 
increase (37%) to the total tidal prism cau.sing erosion downstream. 
Had these area~ been opened to Elkhorn Slough without 1946 Harbor 
opening, they woulcl have had li!tk effect on the system. The sill at the 
rnomll of the Salinas River woll]d have continued to limit tidal 
exchange. However, because the main slough was subject to foll tidal 
exchange, the 1983-34 opening allowed full tidal circulation into these 
areas .. 

Bec,msc of the subsided nuture of the South Marsh, the margins of 
South Mnrsh were subject to erosion and forces which dicl not exist 
prior to the diking off of these areas. In its pristine (pre-diked) 
condition, the margin.s of the marsh were protected by tidal marsh, just 
as the llillside-mnrsh interfaces arc in marsh areas of the slough which , 
were never diked. 

5. ·· A sill acros~ !he channel at the Ilighw~y I hridge can be dcsignt:cl to 
reduce tidal circulation and associated erosion. To replicate pre-harbor 
entrance channel conditions, jt will lmve to substantially recluce the 
channel width and depth. A notchecl sill appears to be the preferable 
design !o allow continuccl navigation between the slough am] harbor. 
A sill across Parson's Sl01.1gh ;,t the SPRR bridge in the Reserve also 
appears desirable. In addition to reducing erosion in t!ie South Marsh, 
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the reduction in tidal prism will reduce the size of the structure 
required at Highwny 1. 

The geomorphic response of the system to these structures will be 
gradual. Erosion will. continue to occur until the slough inven is raised 
by subsequent deposition. The rnte of resrnrntion of the channel 
toward the pre-liarbor conditions could be increased by addition of 
sediment to the channel or South Marsh. While this has signific.1nt 
regulatory and environmentnl implications, there are clear benefits 
from this considering the .~cdimcnt-poor regime which currently e:,,:i.~ts. 
111is could involve placement of dredge. spoils upstream of the 
propo.,ed sill or in the South Marsh area. The South Marsh would 
particularly benefit by the placement of sediment to recreate the 
historic marshplain. This would improv,:, lmbirnt, reduce internal 
erosion and reduce the downstream erosion by reducing tidal prism. 
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V. EROSION CONTROL ALTERNATIVES 

A. NO PROJECT 

111e "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 
alternative, erosion of the channel bottom and banks and subsequent erosion of the marsh 
lands would continue to occur. The erosion damage, which has so far occurred primarily in 
the dov,ms!rcam half of the slough sy~tem, would gradually extend upstream. Over an 
extended period of time (50 to 101} year~) the system would evolve until the channel and 
marsh system is in eq"t1ilibrium with tlie lit.la] scour and sediment regime. lfascd on available 
daw, it is not possible to predict th~ final configuration of the system in detail. Clearly, it 
would involve wider and deeper clrnnnels nnd reduced areas of marshplain and intertidal 
mudffal5. l11e hydraulic geometry ~ml modclin[: results suggest !hat the rale of channel 
deepening in the slough near Highway l h,1.1 likely decreased. However, widenine j~ still 
actively occurring, and ero.1ion ot" marshes upstrc,1m is evident. 

Based on av;1ilablc estimated habitat damage, the "no project" .scenario docs not represent 
a prnctical solution to the problems which nre occurring. If a major erosion control project 
is no! implemented in tbe ~hort-term, we would recommend additional data collection to 

monitor the current rate of erosion aml prediction of the equilibrium conditions and the time 
frame over which these might develop. 

B, SHORELH,'E PROTECTION 

Limited reaches of shoreline are currently protected by revetment. These include the 
Highway 1 bridge approaches, SPRR levee and structures, and wme reaches of private 
property. However, the cost of providing continuous shoreline protection along the slough 
would be prohibitive and the ecologinl consequences unacceptable. 

C. TIDAL BARRIER NEAR THE HIGHW t\ Y 1 BRIDGE 

1. Introduction 

The concept of some type or tidal barrier at the Highway 1 bridge was contained in the 
original U.S. Army COE Harbor design gui<ldines in the early 19.-JO"s. The intent at this 
time was to prevent salt water intrusion problems 10 ~gricultural areas up the slough. This 
project w,is never irnplementcd, though similar structures were built on the Old Salinas River 
Channel (the Polrero Road tidegates) and at Moro Coho Slough by local interests. While 
preventing upstream tidal circulation, these have had severe adverse ecological impacts. 
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The Elkhorn Slough Master Plun (ABA Consultants, 1989) recommends investigation of a 
submerged sill across the main channd 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. T11e most likely location for the sill would be immediately 
upstream or downstream of the Highway I bridge, (see photos 6 and 7) with a number of 
different possible configurations. 

A second constriction could be constructed at the SPRR bridge where Parson's Slough drains 
the South Marsl1 and adjacent wetlands. 

These appear to be lhc most feasible approaches io arresting the erosion which has been 
ongoing for the past 45 ye,ir~. In addition, they offer the potential for gradual future 
re.storntion of the pre-1946 bathyrnetry if this is desirable. This project would represent a 
major cngincerine structure, with significant environmental rnmific11tions. The analysis, 
environmental review aml compliance wo1Jld represent a major percentage of the actual cost 
of comtrueting the project. However, in the absence of less structural solutions, this appears 
to be the preferred option. 

The following sections describe the prelirninmy hyt.lraulic modeling results, design concepts, 
and concept-level costs. A brief discussion o[ the environment:11 considerations is also 
included. 

2. J\,fodd Results 

The computer model was initially nm wi1h a uniform 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 
siJI elevations of -3.0 and ·2.0 fed NGVD. The resulting velocity regimes are contained in 
Appendix C.1, while the shenr stre.s.1 distributions were presented in Figures 17, 18 and 19. 
These suggest that to substantially reduce tidal velocity at various upstream cross-sections, 
the sill must extend nearly into the intertidal zone. However, a number of different sill 
configurations could .'.lchicve sin1ilar results. For example, a notched sill, with higher elevation 
on the sides and a deeper center opening could be constructed. The depth o[ this notch 
could cytcnd from as little ns -3.0 10 as much as -10.0 feet NGVD in ,Jcpth to allow 
navigntion and/or more complete water circulation. A deeper notch would require a more 
constricted opening to achieve the same level of flow reduction. The mode] output indicates 
that maximum ebb aml flow tide velocities and assochted shear stress would incre..se greatly 
at the sill, creating significant forces on the structure and possible navigation hazards. 

A shallow sill could also be constructed, with siJl top elevation of -10 to -15 feet NGVD. 
This type of sill would reduce the effect of the downstream dredging on upstream erosion 
but not greatly affect tidal circulation. It would 3]low deposition of sediment behind il, 
somewhat in the same mam1er as a grade .control structure in a river. Over time, deposition 
would riiisc the channel bed. However, its effect would diminish upstream in the system. 
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The detailed hydraulic effects of a specific structure are beyond the capability of a 1· 
dimensional model to simulnte. However, the model results clearly show that a structure can 
be constructed to reduce upstream erosic:m. 

3. Preliminury Design Concepts 

One preliminary concept developed for tfie rock sill consists of a notched berm constructed 
of quarry stone (Figure 20). The berm would be about 360 feet long oriented perpendicular 
to the channel rn..is. Flow would occur over the lower crest constructed at about elev.ition 
-5 feet NGVD, with a width of about 150 feet. The crest elevation for the remainder of the 
benn would be nbove the typical tide 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 graded rip rnp with a median weight of abOllt 500 pounds. The remainder of the 
rock (core rock) would he smaller stone with a wide gradation. 

fo the prelimina1y concept we show !lle structure, localed on the, ocean side of !he existing 
State Highway 1 Bridge, roughly alc1ng the old highway bridge alignment. This location is 
preferable because 

l, it is the narrowest part of the channel; 

2, sbeet pile abutments exist; and 

3, vehicular access exists. 

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

111c sill was notched to minimize impacts to navigntion. Tile sill elevation of-5 feet NGVD 
would provide approximmely thr_cc feet of draft at Mean Lower Low Water (MLL W). 111e 
remainder of the structure vm11ld be above waier at most tides. It must be stressed that this 
concept is shown for illusrration purposes only. The final sill cross-section would require 
detailed hydraulic nnalysis. 

Soil boring logs in the Highway 1 Bridge construction plans were reviewed. Very weak, 
compressible soils (soft organic clay and peat) were identified, primarily above -30 feet 
NGVD. Consequently, the concept includes dredging the upper layer of soil to provide a 
better foundation for the sill. Subsequent analyses shoulc..l include settlement potential and. 
bearing capacity under static and earthquake loads. 

A crest widtl1 of 10 feet was se]ectec..l for the higher portion of the berm so that bn<l-bascd 
construction equipment could be used. Water based equipment could also be used. 
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The concept includes horizontal culverts through the berm to allow adjustment of flow rates 
with gates. 'These were included lo stress the importance of providing some flexibility in the 
design, and providing some flexibility in the system performnnce. This would accommodate 
both uncertainly in the design and future changes in the system. 

Other structures may be possible alternatives to the rock sill. A cellular coffer dam structure 
constructed with interlocking steel sheet piles is one potential alternative. A rdnforced 
concrete baffle wall supported on piles is another alternative. Both alternative structures 
would replace the high-crest portion of the rock berm. A rubble berm would still be used 
for the low crest portion of the sill. These alternatives may involve fewer foundation 
problems ;ind could possibly lower cost,. 

4. Construction Cost Estimate 

The following table provide., the conccpt-kvcl estimate' of construction cost. A lnrge 
contingency was applied to reflect the preliminary nature of the estimate. Costs are at 
summer, 1992 levds. Engineering design drnwing and specifications, and construction 
management allowances are provided. This cstimc1te t.loes not include [easibilily studies, 
detailed modeling or envfronment,il review costs. 

27 



l 

" • 
.:t 
I 

1 

TABLE3 

CONCEPT-LEVEL CONSTilUCTION COST ESTir-.IATE 
ELKHORN SLOUGH SILL 
RUTIBLE ALTERNATIVE 

1992 

BID ITEM DESCRIPTION QUANT. UNIT UNIT 

PRICE 

). 

2. 
3. 
4. 
5. 
G. 

Mobili7~1tion 
Dredging 
Core Rock 
Armor Rock 
Culverts 
Navigation Aids 

SUB TOTAL 
CONTINGENCY (25%) 

TOTAL CONSTRUCTION 

I 
S,000 

33,000 
6,000 

G 
I 

LS 
CY 
TON 
TON 
FA 
LS 

Engineering and Design (Plan~ and Specifications) 
Cons1rnc1ion Management 

TOTAL PROFESSIONAL SERVICES 

TOTAL PROJECT COST 

28 

$30.00 
$50.00 
$85.00 

$20,000.00 

TOTAL 
PRICE 

$ 200,000 
240,000 

1,650,000 
.510,000 
120,000 

l0.000 

$2, 730,000 
680 000 

$3,410,000 

170,000 
70.000 

1.240.000 

$3,650,000 
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s. Environment8l Considerations 

Construction of a chnnnc.I sill, and/or a sill at the SPRR Bridge/Parson's Sl01.1gh Channel 
would have enormous implications for the 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 Planning A.id Letter (U.S. Fish and 
Wildlife Service, 1992) provides a brief overview of the resources of the Slough, possible 
effects and recommended srndics. It is likely that these future studies would be undertaken 
both a,; part of a feasibility level study and in conjunction with the: NEP NCEQA process. 
Signific.int changes to water quality,- impacts lo vegetation, fish and wildlife, and navigation 
issues would require am1lysis. It is possible that the cost of pre-project monitoring, 
environmental studies, compliance, and post-project monitoring could represent a major 
portion of the actual construction costs of this project. 

In addition to the effects in the Slough, modification of hydrodynmnic and sediment regime 
in the Slough would have significant effects in Moss L1nding Harbor. Our data suggest that 
erosion of the Elkhorn Channel has gencrmed a large volume of sediment lhat ha, been 
conveyed out of the Slough and int0 the Harbor. How much rm1tericil is deposited in the 
Harbor channel and must be dredged is unclear. Reduction of erosion woul<l represem the 
beneficial reduction of deposited material downstream. However, the relluction of tidal 
exchange from the Slough by a sill .it the Hii;hwny 1 bridge or SPRR bridge at Parson's 
Slough would also represent a brge decrease in the tidal exchange through the entrance 
channel, leading to a decrease in ebb tide scour. 

D. SQUIB MARSH/PARSON'S SLOUGH 

1. Overview 

Based on the limited available darn, it appears that the erosion in the South Marsh/Parson's 
Slough area is a complex response to a number of factors: the diking of the area which 
resulted in significant sub;idence; the 1946 opening of the new Harbor entrance, which 
created foll tidal action and resulted in a deep main Elkhorn Slough channel immediately 
adjacent to the SPRR bridge; the 1983--84 opening of the area to tidal circulation for 
restoration. 

The resulting erosion appears to be of two forms: (1) channel deepening and widening al 
[Jle SPRR bridge which is extending heaclwRnl and over the next few decades, will lead to 
a more extensive system of entrtcnched cliannels; (2) erosion at the system margins due to 
a lower base (marsh) level and subsequent wave ,1ction and wetting-drying cycles. It is 
m1clen whether !he eroded material is being removed from the system or being deposited 
on the marsh surface. Ilowevcr, there is no indication that the erosion of the hillsides 
around the marsh perimeter is slowing, or Rllowing development of a stable slope. 
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2. I'otentinl Sofotions 

. .,, In the San Francisco Estuary wbere subsidence has lowered marsh elevations, a number of 

' , different restoration 11pproachcs have been use<l. 

,' 

.1 

,, 

a. Where a depositional sediment cnVlronment exists, some areas have 
been allowed to evolve without interference. In these areas, nalllra] 
sedimentation gradually raises the marsh plain (over 30 to 60 years) and 
the area gradually reverts to a natural condition of marshplain (near 
MHHW elevation) am! appropriately-sized slough chnnnels. 

b. In other locations where a more rapid reversion to appropriate 
marshplain clcv;ition is <le:;ired, dredge spoils arc proposed for use in 
raising marshplain elevations. 

c. A third approach has beell lo constrict the tidal opening and reduce 
the tidal prfam exchange. 

For the South Marsh, it does not appear that the first approach (no action) is acceptable. 
There doc.~ not appear to be an available sediment oourcc other than the eroding hillsides. 
Since the erosion is causing d(1mage to the adjacent trails, at roads, and ecosystcms, a morc 
nctive ripproach seems warranted. 

We would recommend a combination of approaches (b) and (c). 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 
sill at Highway 1. For that reason, it may be appropriate to construct the Parson's Slough 
Project initially and monitor the results prior to undertaking the larger Highway 1 project. 
The degree of constriction necessary is not immediately evident. Excess constriction may 
result in water quality problems as a result of stagnation. Undercomtriction may not kilt 
erosion. If the long-term goal is to restore the South MilrshJParson's Slough area as a 
natural tidal marsh, the opening under the SPRR bridge should be sized to 1hat appropriate 
for a natural slough channel draining a marsh of this oizr:: (534 acres). Based on our 
hydraulic geometry data, this would require an opening with a channel invert elevation of 
about -7.0 feet NGVD and a cross-sectional area of about 1,000 ~quare feet (br:low 
MI-lHW). If a channel were designed to actively restrict tidal circulation, it would have to 
be much smaller, with a sill elevation of aboul-3.0 feet NGVD. Cost and design data were 
not part of this study. They wonld depend on site specific issues such as access, substrate 
conditions and design criteria. As a rough estimate, the rock sill would be about 25-pcrccnt 
the size of the Highway 1 sill, and the cost may be proportional. 

If a natural salt marsh habi!at is desired in this area, it would require imponing sediment 
to recreate the appropriate natural elevations. If the entin:, area (-100-500 acres) has actually 
subsided to abo11t 0.0 feet NGVD, an enormous amount of fill (about 1.5 million cubic 
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yards) would be required to recreate the natural !Opography (see Photo 5). Oearly this is 
not feasible at this time. A more managcabk approach may be to create a fringing mar~h 
terrace around the system margins to retard ero1ion. 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 arc not excessive, this could prevent wave action and allow for eventual 
stabilization of the hmsides. 

Even this alternative would be a substantial undertaking considering the length of shoreline 
affected. The terrace would be at elevations of +2.0 to +2.5 feet NGVD, with a width of 
about SO feet and a gradual slope to the existing bottom. This may require about 4 to 6 cy 
of fine-grained m<1te1ial per linear foot of bank protected. Active planting of picklewced 
and some vegetation protection during the establishment stage may be required. 

We would recommend a pilot project involving several hundred linear feet of protection to 
determine i[ the approach is feasible. Clearly, a detailed topographic map of this area and 
more specific study of the area i~ needed ro accurately quantify pa.It changes and pJ,,n 
solutions. On an interim basis, a number of surveyed shoreline cross-sections, monitoring 
the SPRR bridge opening, "nd establishment and rnoniroring of a number of sedimentation 
plates in the South Marsh would provide valuable data regarding the ongoing evolution of 
the system. 
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Project Team/t,l.gcncy Conrncts 

This work was performed for the San Frnncisco District Office of Army Corp~ of Engineers. 
Scott Miner wns the project managu for the COE, Jeffrey Cnlc served as the contract 
manager, Elizabeth Aguila was the ContrnctirJG Officer um! Thomas Kendall, P.E. was the 
Acting Chief, \Vater Resources Drancb. 

The gcomorphic ilml hyJrodyna,nic analysis as well as overnll report production was 
conducted by Philip Williams and A.s;;ociatcs, Ltd. in San Francisco, CA. Tl1e project team 
included: 

Jeffrey [-falliner, Ph.D., p.E..: Piojcct ManagerJJ'rincipiLl in Charge 

Johnny Lin: HydrodyJ1.1n1ic1 Mmlcling 

Micli,1cl Wiek: 1-Jydrmrlic Geometry and Map /1[1.1iysis 

Peter Goodwin, f'h.D., l'.E.: Hy<lrndy11am1c Modc:linr, Supervision 

Brad Evam: Graphics 

Miclwtlt: StciIJUcrg and \Vill:~111 T..<:ii;h: Report l'rm.luclim, 

The couceptua! dt::,ign mid estim:i:e w,:rc prepared by cilc San Fnmcisco Office or Morfatt 
and Nichol Engineers under the direnion o[ Robert Ga((~lio, l' .. E. 

In reviewing the (:xistin[: con di lions and il is toric d1angcs to the, system, we received valuable 
help from !he follO\ving: 

Mark Sillicrsw.i11, l'li.T).: Executive D1rectm; Elkhorn Slough Fuum.lation 
Andrew De Vogelacrc, l'h.D.: Research Coordinator; Elkhorn Slough 
r:ounr1ation 
SL even Kimple: Reserve Mam,gcr; Callfrn nia Dcp~T tmcnt of Fish ,rnd G,ome 
John Oliver, Ph.D.: Marine Ecologist; Moss L:,nding Marine L1boratorics 
David Vierra: Loc<1I landowner; longtime family ownership of land adjacent 
to the .slough. 
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SECTION D-1 

1940 Cro~:;-Section., 
(oht,,inctl from U.S. Arrny Corp,; or E11z.ii1ec,·s IJ~thyrnetric Survey of 19~0) 
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SECTION C.2 

Shear Stress Distributions for Vnriou~ Mndcl H.uns nnd Cro5S-$CCtion Lorntion~ 
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