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Elkhorn Slough TMRP: surface and subsurface 
properties and settlement potential at Minhoto 
and Hester Marsh 

Ivano W. Aiello 

Summary 

During the initial phase of the Elkhorn Slough Tidal Marsh Restoration Plan, about 45 acres 
of subsided marshes, intertidal mudflats and tidal channels at Minhoto and Hester Marsh (SA) 
will be restored to a ‘healthy’ elevation for marsh growth by sediment addition (the MHHW 
datum (1.76m or 5.8 ft NADV88). For the success of this restoration project it is essential that 
the final elevation (10+ years later) of the new marsh settle very close to the targeted elevation. 
However, adding sediments to an existing soil has mechanical and sedimentological implications 
that are dependent upon the thickness, extent and weight of sediment added, the relief of the 
area, the hydrology, and the geotechnical/physical characteristics and the thickness of 
compressible sediments that will be subjected to the increase in lithostatic stress caused by the 
overburden. 

Through a combination of field, analytical, and modeling exercises, this study addresses four 
main questions, which are critical to the success of the restoration project. Note that the values 
provided by the model are for the M2, M3 and H1 subareas (~27 acres fill area; ESA, 2014) of 
the MHM (~36.4 acres) and that the phase I restoration also includes M1 (an additional 9.5 
acres): 

1) What is the subsurface lithology/stratigraphy of MHM? 

Using a combination of sedimentological/physical properties analyses of core samples, field 
surveys using a modified dynamic cone penetrometer and available geotechnical reports and 
science literature, the subsurface of MHM can be described as a 4 layer system laying on a 
‘basement’ which forms the bottom of the paleo-valley. From top to bottom: 1) a ‘slurry’ layer at 
the very top (~0-0.6m thick) that has high water content (>>~55%) and is above the Liquid 
Limit; this layer is thicker in lower relief habitats; 2) a ‘plastic’ layer (~0-0.6m thick) which is 
more cohesive and thicker in higher relief habitats; 3) a ‘stiff’ layer (~2m calculated thickness) 
which is the remnant of the previously dried marsh; 4) a normal consolidated layer which 
thickness is not known but was predicted using different modeling exercises. 

2) What is the accommodation space currently occupied by the slurry? 

The MATLAB model created for this project calculates the volume of sediments needed to 
fill the elevation between the uppermost cohesive surface (top of the plastic layer) and the target 
elevation (MHHW) based on 136 sites surveyed with a modified penetrometer and a Terrestrial 
Laser Scanner and extrapolating the results to the SA. The total volume of accommodation space 
in SA, if the slurry layer was to be completely removed, is 23,375 m3 (33,967 cy) (Table 1).  
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3) How much settlement will occur after the predicted volume of sediments is added? 

The oedometric empirical calculations for the total settlement that will occur after the 
overburden layer is added depend on the geotechnical characteristics (e.g. Compressibility Index 
Cc, and the Initial void ratio e0) of the subsurface layers and their thickness. Note that for all the 
calculation done by the model the thickness of the overburden layer is calculated as the distance 
between the top of the plastic layer and the MHHW datum. 

The geotechnical data available to calculate the settlement were limited and were based on the 
reports by ENGEO (2013) and Kleinfelder (2002) which analyzed boreholes at the nearby 
Parsons Bridge area. The Cc values reported by ENGEO were only for the uppermost layers and 
relative low, so the calculations for settlement presented in this memo are conservative 
(underestimates). Since the cores collected in the area are very shallow (max 4 m) the total 
thickness of compressible sediments above the ‘basement’ was modeled with MATLAB using 
and final target elevation of MHHW datum (1.76 m or 5.8 ft NADV88) and 3 different scenarios 
that describe different geometries: 1) ‘paleo-valley’, max thickness ~11m below the axis of the 
main channel; 2) ‘shallow bowl’, max thickness ~7.5 m below the axis of the main channel; 3) 
‘shallow flat’, essentially a flat basement surface at a constant depth of 3m (Tables 1, 3 and 4). 
The average settlement of the 3 models is 21.15 cm and the average loss of volume for the SA is 
15,170 m3 (19,720 cy). 

 

What is the total volume of sediment that needs to be added to the surface to attain the target 
elevation. 

This is an iterative process, as the weight of additional overburden will cause additional 
consolidation of the underlying sediments. See Table 1 for the volume of sediment needed to 
reach a final target elevation of 1.76 m (5.8 ft) NAVD88 (including slurry and consolidation of 
underlying soils). 

Adding the average settlement of the 3 models for the SA (15,170 m3 or 19,720 cy) to the 
volume of the slurry layer (23,375 m3) and the accommodation space between MHHW and the 
top of the slurry layer (73,093 m3) extrapolated from the TLS surveys we obtain a total of 
111,638 m3 (145,129 cy), with values of 107,782 m3 (140,117 cy) and 117,238 m3 (152,410 cy) 
for the lowest and highest settlement estimate, respectively (Table 1). 

The bottom of Table 1 also shows how the previous figures would change if the slurry layer is 
not removed and partially dried from ~70% to ~40% water content. Under this scenario, the 
slurry would turn into a more plastic layer with a volume of 10,264 m3 (13,424 cy) which can be 
then subtracted to the previous estimates. 
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layer 4 is normal-consolidated and the thickness has been modeled using 3 different scenarios. 

Study goals 

There are many challenges associated with this type of restoration approach, some of which 
are addressed by this study: 

1) This study describes the physical and geometrical characteristics of the ‘slurry’ 
and ‘plastic’ layers using field measurements with a cone penetrometer, and a MATLAB 
script that calculates the volume to account for the additional sediment addition needed if the 
slurry layer is entirely removed and/or dried during restoration. The thickness of the 
overconsolidated layer (‘stiff’ layer) beneath the plastic layer is estimated based on the 
amount of pore water loss proportional to subsidence. 

2) The addition of a sediment layer (herein referred to as the ‘overburden layer’) will 
create an excess lithostatic load. According to Terzaghi’s theory of sediment consolidation, in 
fine soils (silts and clays) with low permeabilities the soil is undrained as the load is applied; 
slow seepage occurs and the excess pore pressures dissipate slowly, while consolidation 
settlement occurs. Different MATLAB scripts were created to calculate: a) the depth at which 
the sediment overburden will produce an excess stress using the Boussinesq equation; b) the 
amount of sediment settlement (compaction) for each of the layers shown in Figure 2 (using 
the oedometric formula and the available geotechnical measurements); c) the extrapolation of 
the amount of settlement and the volume loss caused by the sediment overburden to the entire 
MHM area based on 3 different model scenarios describing the thickness of sediments above 
a non-compressible (basement). 

Methods and Results 

Field surveys with the Terrestrial Laser Scanner (TLS) and data post‐processing 

In order to measure the thickness of the slurry layer and the plastic layer underneath it we 
used a Terrestrial Laser Scanner (TLS) and a survey rod with a 360º laser prism modified to be 
attached to the head assembly of a standard Dynamic Cone Penetrometer without the 8kg drop-
weight. A total of 136 survey sites (approximately 1m2) were occupied in the zones M2, M3 and 
H1 covering different habitats of the Sample Area (SA) area (Figure 1). 

At each of the 136 sites three surfaces were surveyed during low (<1m) tides including 
(Figure 3): 1) the ‘surface’ elevation (top of the slurry layer); 2) the bottom of the slurry layer 
using the free-fall penetration of the rod+penetrometer, assuming that the slurry layer is 
frictionless and non cohesive; 3) the bottom of the plastic layer using 'push' penetration, which is 
how far the operator was able to push the rod+penetrometer assembly before refusal. 

A MATLAB code was created to transform the topographic datasets and to identify the 3 
surfaces, for each 1m2 window. The MATLAB code uses an algorithm to detect and separate 
each surface type (all measurements were done continuously) and then places depth and 
thickness information in three different matrixes with the standard format (NAVD88, m): 
northing, easting, depth/thickness. Finally, the code calculates the thickness of the slurry and the 
plastic layer, and calculates various statistical parameters (means, SDs) and plots the measured 
parameters in histograms and bivariate plots (see results). 
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The volume of the slurry layer calculated by the model for the 136 sites is 29.09 m3, which 
extrapolated to the SA covered by M2, M3 and H1 is 23,375m3 (33,967 cy) (Table 3). If the 
slurry layer is not removed and partially dewatered from ~70% to ~40% water content (which 
would turn the slurry into a more plastic sediment) the volume would become 10,264 m3 (13,343 
cy). 

‘Plastic’ layer: In the ENGEO (2013) report, this layer is described either: 1) as ‘very soft 
highly organic clay’ (sample S1@1’-2’ at 1.75 feet), with a moisture content 94.4%, e0=2.636, 
porosity=~72%; 2) as ‘very soft with visible water’ (sample S3@3’-4.5’ at 4. 5 feet, which is the 
deepest sample that they have analyzed), with a moisture content 82.7%, e0=2.242, 
porosity=~69%. If this layer of plastic clay is correlated to Kleinfelder’s (2002) shallowest sample 
(B-1, 13.0 feet) the compression ratio would be Cc/1+e0 = 0.235. Hence, if we calculate the 
Compressibility Index Cc for sample B-1 using the value of e0 from the two ENGEO samples we 
would obtain values for Cc between 0.615 and 0.761 which would result in almost three times 
more compressible than Cc=2.5 reported by ENGEO. Note that using Kleinfelder’s rather than 
ENGEO’s Cc values would significantly affect the settlement and volume loss calculations (up 
to ~3 times larger).  

‘Stiff’ layer: Although not clearly explained in the ENGEO’s report, sample S2@0-24” at 
1.67 feet (silty, clayey SAND and that has a e0=0.667, and 22.4% moisture), could have been 
collected from the ‘stiff’ layer since it is much drier than any other sample analyzed. Since the 
compressibility of this layer is 1 order of magnitude smaller than normal consolidated sediments 
and to simplify the calculations, the model used here approximates this layer to incompressible. 

Normal consolidated layer: this layer, which likely represents the bulk of the sediment 
between the ‘basement’ and the bottom of the stiff layer, is the least known amongst the layers 
that make up the sediment column at MHM. Although there is no direct geotechnical information 
from this depth, the model considers this layer as normal-consolidated and based on the analogy 
with the ENGEO samples, the value chosen is Cc=2.5 as for the plastic layer. 

In conclusion, given the lack of information on the Compressibility Indexes for the different 
layers at MHM, the model assumes the most conservative and lowest values (i.e. the settlement 
could be much higher) for both the plastic and normal consolidated layers (Cc=2.5) and no 
compression for the stiff layer. 

To calculate the stress (kN/m2) generated by the overburden layer the model uses the density 
value for dry clay or=1600 (kg/m3);  

Calculation of the thickness of the ‘slurry’ and the plastic layers 

‘Slurry’ layer 
The ‘slurry’ layer is the layer of non-consolidated material ~>55% water content and above 

the LL. The thickness of this layer was obtained by measuring the vertical distance of the free-
fall of the rod+penetrometer assembly from the surface. A prominent linear correlation between 
slurry thickness and surface elevation (top of the ‘slurry) is observed for the western side (M2 
and M3) of Minhoto (~39%; Figure 9). However the correlation is less significant for the eastern 
side (H1; Figure 10; ~25%). In other words, at H1 there are low relief areas where the slurry is 
relatively thin and highs were is actually thicker. 
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