
 

 

December 31, 2014 
 

County of Marin 
Department of Public Works 

P.O. Box 4186 
San Rafael, CA 94903 

 
RE: Marin County Surface Mining and Quarrying Permit #Q-72-03 

COA #129 
 
 

Dear Richard,  

Dutra Materials has enclosed the Circulation and Water Quality Study performed by Moffatt & 
Nichol. This study takes a conservative approach to managing water quality within the flooded 
quarry basin and provides cost estimates to install, operate, repair and maintain the system 
required to meet the water quality objectives. Further detail regarding the GHG emissions and 
future funding sources are included below: 

GHG Emissions 

Both systems, hydraulic and pneumatic, would be run on electrical pumps or compressors. 
The electricity supplied to these systems will likely be purchased from Marin Clean Engery’s 
Deep Green Program. Because this program sources 100% of its electric generation from 
renewable sources, the operation of the system will not produce greenhouse gas emissions. 
The only GHG emissions associated with the project will be as a result of construction and 
maintenance activities. These will be relatively short term activities requiring minimal 
equipment, and therefore, should not generate GHG emissions of any significance.  

Funding Sources 

Funding for the operation and maintenance of the system in perpetuity can be done through a 
variety of means. Currently, any future land owner would be required to assume the 
reclamation bond which includes operation and maintenance costs associated with the project. 
Should the site be developed, the developer could establish a homeowners association that 
would cover costs associated with the operation and maintenance of the project.  

Feel free to contact me should you have any questions.  

Sincerely,  

Ross Campbell  



 

 

2185 N. California Blvd., Ste 500 
Walnut Creek, CA 94596-3500 
 
(925) 944-5411 Fax (925) 944-4732 
www.moffattnichol.com 
 

December 30, 2014 
 
 
Ross Campbell 
Dutra Materials / San Rafael Rock Quarry 
1000 Point San Pedro Rd. 
San Rafael, CA 94901 
 
Subj: Circulation and Water Quality Study – Cost Analysis for Potential Mitigation Options 

San Rafael Rock Quarry – Reclamation Plan Project 
M&N File No: 5487-03 

 

Dear Mr. Campbell: 

We are pleased to provide this letter report summarizing the results of our review and analysis under 
Task 2 (Cost Analysis for Potential Mitigation Options) of the subject study. The overall scope of this 
study was to review relevant data, identify other basins around the world that may have a similar issue, 
identify water circulation requirements and pump system concepts assuming that adverse water quality 
effects will occur after breaching the quarry, and provide budgetary implementation costs and 
recommendations for an approach to ensure adequate mixing of the quarry water basin.  

We had also provided a Task 1 letter report “Circulation and Water Quality Study – Preliminary Data 
Review” on Sep 29, 2014, which included a preliminary assessment of the subject study, based on a 
review of relevant data. That report is included as Appendix 1 for reference.  

1.0 OTHER BASINS WITH SIMILAR CONDITIONS 

Many fjords throughout the world exhibit conditions similar to those expected for the water inundated 
San Rafael Rock Quarry. A Fjord is a long, narrow, U-shaped inlet with steep sides, created by glacial 
erosion. Fjords generally have a sill or shoal (bedrock) at their mouth, caused by the previous glacier's 
reduced erosion rate, which separates the fjord from the sea. In most cases, fjords are deeper than the 
adjacent sea near the mouth. This situation often leads to low DO in the bottom waters of the fjord. A 
good example that is close to home is Hood Canal, which is a natural fjord that extends inland from 
Puget Sound, WA. Hood Canal is long and narrow with a mean depth of 177 feet and is separated by a 
sill from the shallower Puget Sound. Hood Canal has had notorious problems associated with 
stratification and hypoxia. The largest known dead zone in Hood Canal occurred in 2006.1 

Another similar case is Lake Maracaibo. Lake Maracaibo is a natural, large, brackish bay in Venezuela. It 
is connected to the Gulf of Venezuela by Tablazo Strait at the northern end, and is fed by numerous 
rivers, the largest being the Catatumbo, which provides fresh water resulting in stable density 
stratification. It is sometimes considered a lake rather than a bay or lagoon, and as such, it would be the 
largest lake in South America. The geological record shows that it has been a true lake in the past, and as 
such is one of the oldest lakes on Earth at 20–36 million years old.2 A dredged channel gives oceangoing 

                                                           
1 Puget Sound Partnership, http://www.psparchives.com/our_work/hood_canal.htm.  
2 Wikipedia, http://en.wikipedia.org/wiki/Lake_Maracaibo .  

http://www.psparchives.com/our_work/hood_canal.htm
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vessels access to Lake Maracaibo. The maximum depth of the lake is almost 200 feet, which is much 
greater than the entrance channel and adjacent waters of the gulf. The processes of stratification in the 
lake are described by Berghuis3 and are similar to that described above except for the influence of 
freshwater flow into Lake Maracaibo. Saltwater spills from the entrance channel sinking into the 
hypolimnion during low freshwater flow. The lake is hypereutrophic with depleted DO in bottom 
waters.4 Hypereutrophic lakes are very nutrient-rich characterized by frequent and severe, nuisance 
algal blooms and low transparency. 

2.0 POTENTIAL WATER QUALITY CONCERNS 

The water quality within the epilimnion of the quarry basin is expected to be quite similar to that in the 
bay adjacent to the basin (i.e., similar to data at USGS Station 15) given the relatively short, expected 
five-day residence time of the epilimnion (see Task 1 Report). This assumes that any future development 
will ensure that runoff and waste waters are collected and diverted outside the local watershed, 
including that associated with a marina and the accompanying boats. 

The USGS Station 15 which is located off Point San Pedro has water quality data for the period 1969 – 
2014. This was used to obtain mean concentrations for each measured constituent. These mean values 
are shown in Table 1. The chlorophyll a (Chl a) concentration, an indicator of algae, is relatively low 
indicating conditions are not overly productive. The mean Chl a for the top 1.0 meter is 3.76 µg/L or a 
little higher than the mean for all depths (3.4). Dissolved oxygen (DO) concentrations are good and near 
saturation. Total suspended solids (TSS) concentration is reasonable for a shallow fresh-water fed 
estuary. The TSS is probably a major contributor to the relatively high light extinction, which helps limit 
algal growth. The nutrient concentrations are quite normal and not particularly high for an estuary that 
is fed by a farming delta.  

Given the values in Table 1 and the relatively short water residence time, the overall water quality of the 
epilimnion (upper layer) is expected to be quite satisfactory. However, the DO of the hypolimnion can 
degrade with time due primarily to sediment oxygen demand coupled with inadequate flushing. 
Suspended detritus that settles from the water column will accumulate on the bottom. Dissolved oxygen 
is utilized as these bottom organic sediments degrade, thus, fueling bottom sediment oxygen demand 
(SOD). With stable stratification and without flushing, SOD will eventually completely deplete DO in the 
hypolimnion, resulting in anoxic conditions. Not only is aquatic habitat lost with anoxia, but it can lead 
to other undesirable water quality conditions, such as release of sulfide and ammonium from the 
sediments. Sulfide can cause odor problems, and it exerts additional oxygen demand. 

Without flushing, we estimate that in most years it will take over one year for SOD to deplete all the DO 
of the basin hypolimnion (i.e., the water below the bay entrance sill). Based upon the analysis presented 
in the Task 1 report, it can be expected that for most years there will be some flushing of the 
hypolimnion which would help avoid anoxia. However, there could be lower salinity periods, similar to 
1998 – 1999, when DO in the hypolimnion could become low because of the persistence of stratified 
conditions.  

                                                           
3 Berghuis, E.P.D. 1995. Salinity in Lake Maracaibo, MS Sc. Thesis, Delft University of Technology. 
4 Gardner et al. 1998. Nitrogen cycling rates and light effects in tropical Lake Maracaibo, Venezuela, J. Limnol. & 
Oceanogr., 43(8), 1814-1825. 
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Table 1. Mean concentrations of water quality constituents 

(USGS Station 15, San Pablo Bay, 1969 – 2014) 

Constituent, units 
Concentration or value for all 

depths 

Chlorophyll a (Chl a), µg/L 3.4 

Dissolved oxygen (DO), mg/L 7.9 

DO saturation, percent 90.5 

Total suspended solids (TSS), mg/L 32 

Light extinction coefficient (λ), 1/m 1.71 

Salinity, ppt 25.2 

Temperature, deg C 14.8 

Nitrate + nitrite, mg N / L 0.29 

Ammonium, mg N / L 0.07 

Phosphate, mg P / L 0.08 

Based on the basin geometry, the hypolimnetic water will occupy about eight times more volume than 
the epilimnetic water. If hypolimnetic water with zero DO instantly mixed with DO saturated epilimnetic 
water, the mixture would have a DO of about 1.0 mg/L. Although rapid and complete mixing is unlikely, 
such a situation of low DO (hypoxia) could lead to severe fish stress. We expect mixing of the two 
regions to occur more slowly due to the differences in salinity, which would provide time for surface 
reaeration and mixing with aerated bay water. This is a critical parameter that needs to be addressed 
with a higher level of analysis, including numerical hydrodynamic analysis of exchange and stratification, 
which should be conducted prior to breaching the quarry bowl.  

3.0 POTENTIAL MANAGEMENT ALTERNATIVES 

The water quality objectives of the San Francisco Bay Basin Water Quality Control Plan call for DO of 5.0 
mg/L for tidal waters. If numerical water quality analysis indicates that DO will be a problem, or does not 
meet this objective, there are management alternatives that could be used to improve DO. There are 
two basic types of alternatives that can be considered for this system, Artificial Destratification and 
Hypolimnetic Oxygenation without destratification.  

Hypolimnetic Oxygenation usually requires oxygen gas injection and is normally used when a cold water 
fishery must be maintained (i.e., no destratification). 

Artificial Destratification can include active or passive methods for destratification. Active systems 
require input energy to overcome the potential energy of stable stratification. Passive systems use 
available energy in nature, such as tides, to overcome stratification. The latter is possible, but real-world 
examples are scarce, and results are highly dependent on system hydrodynamic conditions.  

Artificial destratification has been widely used around the world to improve water quality of freshwater 
lakes and reservoirs, and in fact, there are a number of destratification systems within California. This is 
the management alternative that is recommended for the quarry basin since it is not necessary to 
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preserve a stratified system, and the cost of hypolimnetic oxygenation will likely exceed the cost of 
destratification with no apparent benefits. 

Active artificial destratification systems could use pneumatic pumping or hydraulic pumping. The 
pneumatic system uses diffused air bubbles to move water. Air is pumped by a compressor to the 
bottom and released through small pore diffusers. Air pumps must produce enough pressure to 
overcome the head associated with the depth of injection. The rising air bubble plume lifts and displaces 
water causing entrainment of ambient water. A well designed pneumatic system can move hundreds of 
times more water volume than air volume pumped per unit time.  

A hydraulic destratification system uses water jets, where water is typically circulated from near the 
surface to the bottom via a multi-port diffuser creating high velocity water jets. The jets entrain ambient 
water and their volume flux increases as their velocity decreases. Hydraulic systems can move dozens of 
times more water volume than water volume pumped per unit time. It is noted that these water pumps 
do not require much pumping pressure (or head) since the only head they must overcome is that 
associated with friction losses in the pipe, exit head loss of the jets, and the small amount of head 
associated with density stratification.  

4.0 WATER CIRCULATION REQUIREMENTS 

Based on existing data we have analyzed the potential for setup of density vertical stratification due to 
salinity within the flooded rock quarry basin. The stratification is expected to lead to dissolved oxygen 
(DO) depletion within the bottom waters if not circulated periodically. The initial assessment concluded 
that stratification and isolation of bottom waters will most likely persist for extended periods of time. An 
engineered water circulation system (i.e., artificial destratification) was recommended as the best 
alternative to break up the stratification and provide replenishment of DO in bottom waters. 

Sufficient energy must be imparted to the water to overcome the potential energy associated with 
vertical density stratification. This energy must be delivered within a prescribed period of time to avoid 
DO depletion in bottom waters, thus, resulting in input power requirements to achieve complete mixing. 
The potential energy of stratification is estimated first. 

As discussed in the Task 1 report (Appendix A), it is anticipated that salinity differences between surface 
(epilimnion) and bottom (hypolimnion) waters could be as much as 5 part per thousand (ppt). A review 
of temperature data in San Pablo Bay indicated that water temperature of the hypolimnion and 
epilimnion could also be different by about 5 degrees Celsius (oC). A salinity and temperature difference 
of 5 ppt and 5 oC, respectively, causes a density difference of about 0.005 grams per millimeter (g/ml), 
or 0.31 pounds per cubic foot. This density difference over the basin depth of about 250 feet (ft) of 
water equates to only about 1.25 ft of water as a measure of unit potential energy. This does not sound 
like much, but when multiplied by the weight of water in the entire basin, it results in about 20 billion 
foot-pounds of total energy that must be overcome.  

Energy must be imparted to the water within a prescribed period of time to avoid DO depletion within 
the hypolimnion. An initial assumption was made that the entire basin should be fully mixed within 
about two to three weeks to avoid DO problems. Delivering a known amount of energy over a 
prescribed period establishes the power requirements. The power requirements for mixing leads to the 
overall power required of the system after accounting for friction losses and pump efficiency. 

Mathematical modeling of DO was conducted to determine if a two week mixing time was adequate to 
avoid DO problems in the hypolimnion. The mathematical model that was used is a modified version of 
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a model we developed for marinas and other surface waters that had been programmed into an Excel 
spreadsheet. The model solves differential mass balance equations for water concentrations of DO, 
carbonaceous biochemical oxygen demand (CBOD), and ammonium nitrogen (NH4-N). Processes 
imposed on the DO mass balance include flushing of the water body across the entrance, reaeration at 
the water surface, bottom sediment oxygen demand (SOD), de-oxygenation due CBOD decay and 
ammonium nitrification, and production and respiration of algae. To evaluate the DO of the basin 
hypolimnion, the terms associated with flushing, reaeration, and algal production and respiration were 
zeroed out. The model was started with a DO of 8 milligrams per liter (mg/L), which is approximately the 
saturation DO for a salinity of 25 ppt with a temperature of 18 oC.  

Analysis of water quality data from U.S. Geological Survey (USGS) Station 15, which is located off Point 
San Pedro, indicated that the mean ammonium nitrogen concentration is 0.07 mg/L, which was input to 
the model. There were no CBOD data from Station 15, but background bay values for five day CBOD are 
expected to be in the range of 1 to 2 mg/L given the relatively low chlorophyll a concentrations observed 
at Station 15. Thus, a value of 1.5 mg/L for five day CBOD was assumed. The five day CBOD was 
converted to the ultimate CBOD of 3.8 mg/L, which was input to the model along with the ammonium 
concentration of 0.07 mg/L. The SOD was assumed to be 1.0 g/m2/day at 20 oC, which is a typical value 
encountered in surface water systems. Using these inputs, along with an ambient water temperature of 
18 oC, a CBOD decay rate and de-oxygenation rate of 0.1 day-1, and a nitrification rate of 0.15 day-1, the 
model predicted that the DO would decrease from 8.0 to 4.8 mg/L over 14 days and to 4.2 mg/L over 21 
days. Therefore, the assumed mixing time of two to three weeks is protective of hypolimnetic water DO 
depletion. Doubling the five day CBOD resulted in DO decreasing to 1.1 mg/L in three weeks. It is noted 
that the design mixing time is a worst case scenario since usually the destratification system will be 
turned on long before maximum stratification is established, thus resulting in much shorter times to mix 
the basin. 

In summary, the depth of the basin that must be mixed is approximately 250 ft based with a 
corresponding volume of 6,000 acre-feet (see Figure 1). This volume of water will have a maximum 
density difference of 0.005 g/ml, and it must be mixed within 14 to 21 days. These conditions affect the 
destratification system design variables as described later in this report. 

5.0 CIRCULATION SYSTEM FEASIBILITY AND CONCEPT DEVELOPMENT 

5.1 Passive Tidal Destratification 

A passive tidal destratification system would consist of a water storage cell connected by a conduit or 
large pipe to the bottom of the basin. The storage cell would be open to bay water during flood tides. A 
gate or valve would close off the storage cell from the bay during falling tides. During falling tides, 
hydrostatic head differences would force water flow from the storage cell through the conduit into the 
hypolimnion due to the higher stage in the cell compared to the basin. 

The volume of the hypolimnion is about 5,200 acre ft. Mixing this amount of water in 14 days assuming 
plug flow conditions requires a flushing flow rate of about 370 acre feet per day. The tidal prism of the 
basin that was determined during Task 1 of this study is 183 acre feet. With diurnal tides, 366 acre feet 
of tidal flushing is provided to the 45 acre basin. Thus, a storage cell with a surface area of 45 acres is 
required to provide enough tidal flushing flow rate to mix the hypolimnion with 14 days. A storage cell 
requiring the same surface area as the proposed marina basin is impractical. There is the potential of 
using the proposed marina basin surface area as the storage cell, but that would require an elaborate 
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gating and piping system to close off the marina entrance channel at tidal flood stage while draining 
water from the marina surface to the bottom through the conduit without short-circuiting this flow to 
the bay. There must be an opening to the bay during falling tide, so the challenge is to develop such an 
opening that will not result in the short-circuiting problem. Therefore, use of a passive tidal 
destratification system is considered infeasible for this site. 

5.2 Hydraulic Destratification 

Hydraulic destratification involves pumping from one layer, such as the epilimnion and discharging into 
the other, such as the hypolimnion, through a multiport diffuser. The diffuser creates a series of buoyant 
water jets that deliver momentum and energy to the water body, thus inducing mixing. Hydraulic 
laboratory experiments have been conducted 5 in density stratified water tanks of various size and depth 
and with various diffuser configurations, discharge flow rates, and jet velocities. In those tests, salinity 
was used to create the stratification. Hydraulic laboratory experiments can be used to study full scale 
hydraulic relationships that depend on the dimensionless Froude number. The Froude number, which 
governs most hydraulic phenomena, is the ratio of momentum to gravity forces. 

The requirements for hydraulic destratification can be determined from a densimetric Froude number 
relationship 6 which can be expressed as follows:  

 

0.57

80% 0.204

2 r

t Q V

Vol
g d







 
 
 
 
 
   (1) 

where: 
 t80% = time to reach 80% mixed condition, time units 
 Q = pump flow rate, lenght3 / time 
 Vol = volume of the water body, lenght3 
 V = velocity of water flow through each port of the diffuser, length / time 
 g = acceleration of gravity, length / time2 

 Δρ = water density difference between epilimnion and hypolimnion, mass / length3 
 ρ = water density, mass / length3 
 dr = depth of the water body, length 

The term on the left side of Equation 1 is the fraction of total water volume that must be pumped to mix 
the water body to an eighty percent mixed condition, which is usually enough to ensure fully mixed after 
taking into account other forces that cause mixing, such as wind and tides. A 100 percent mixed state 
was not practical to achieve in the laboratory without wind and tides. The term in the brackets on the 
right side of Equation 1 is a densimetric Froude number. Equation 1 was the best fit regression of all of 
the hydraulic laboratory results. 

                                                           
5 Dortch, Mark S., and Holland, J.P. 1981, "Methods of Total Lake Destratification," Proceedings of the Symposium 
on Surface Water Impoundments, Vol. II, Am. Soc. of Civil Engineers, ed. by H.G. Stefan, Jun 2-5, 1980, 
Minneapolis, MN, 1981, pp. 913-922. 

6 Holland, J., and Dortch, M.S. 1984. "Design Guidance on Hydraulic Destratification," EWQOS Information 
Exchange Bulletin, Vol. E-84-4, U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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The velocity in Equation 1 can be determined by dividing the pump flow rate by the total area of all of 
the ports in the multiport diffuser, or 

 

2

4



Q

V
D

n
 (2) 

where  
 n = number of ports 
 D = diameter of each port 

Substitution of Equation 2 into Equation 1 results in a single equation with two unknowns, Q and t80%, 
assuming that the number of ports and their diameter are specified. It was stated previously that the 
basin should be mixed within two to three weeks to avoid DO depletion. Thus, t80% is set to either two or 
three weeks. This leaves one equation with one unknown, Q. 

An Excel spreadsheet was developed where the basin conditions were specified (i.e., vol = 6,000 acre-ft = 
261,360,000 ft3, dr = 250 ft, Δρ/ρ = 0.005), t80% was set to 2 weeks or 1,209,600 seconds, n and D were 
specified over a range, and Q was solved for each value of these inputs. With the value of Q determined, 
the port velocity and the mixing power (horse power, hp, and kilowatts, Kw) delivered to the water were 
computed. A sample of these calculations is shown in Table 2. 

Table 2. Sample calculation results for hydraulic destratification over 2 weeks 

n D, inches Q, ft3/sec V, ft/sec Power, HP Power, Kw 

50 1.5 20.7 33.8 42 31 

100 1.5 26.6 21.7 22 17 

150 1.5 30.9 16.8 15 11 

50 2 25.5 23.4 25 18 

100 2 32.8 15.1 13 10 

150 2 38.0 11.6 9 7 

As can be seen from Table 2, as the port diameter or number of ports is increased, the required flow 
rate increases while the required velocity decreases, and thus the required power to be delivered to the 
water decreases. Total input power requirements are proportional to the power delivered to the water.  

Hydraulic destratification is totally feasible, but the challenge is designing a system with the lowest total 
cost to do the job. If three weeks mixing time is specified, the pumping requirements decrease 
accordingly. For example, for 100 ports of 1.5 inch diameter, the flow rate decreases from 26.6 to 20.6 
ft3/sec (cfs) with a port exit velocity of 16.8 ft/sec (fps) rather than 21.7 fps. Although flow rate and exit 
velocity decrease only about 23 %, the power requirements decrease by more than half from 22 to 10 
hp. This decrease can result in capital and operating cost reductions. The optimal choice of pump size 
minimizes life cycle costs (capital and operational costs over the life of the system).  

5.3 Pneumatic Destratification 

Pneumatic destratification uses air injection at depth to induce mixing. Compressed air is delivered to 
the desired depth and released through a diffuser creating a buoyant air bubble plume that lifts water 
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creating mixing. Design information for pneumatic destratification has not been developed from 
hydraulic laboratory studies due to the inability to scale bubbles between field and laboratory 
conditions. Bubble size affects the efficiency of pneumatic destratification. There are design rules-of -
thumb that have evolved from operation of field scale systems. In general, 9.2 cubic meters per minute 
per square kilometer of lake surface area is required to destratify a lake.7 This air flow requirement is 
associated with temperature stratification, which has about half the density difference as that expected 
for the quarry basin. As a result, this air flow requirement should probably be doubled. Scaling an air 
flow requirement of 18.4 m3/min per km2 to the basin’s 45 acres (0.18 km2) results in a design air flow 
rate of 3.35 m3/min (118 ft3/min, cfm). Guidance is lacking on how long it will take to mix the basin given 
this air flow rate, but experiences with other systems suggest that the mixing time will be well within the 
two to three weeks required. 

The power that must be delivered to the water is the product of the air flow rate and the pressure at the 
depth of injection. An air flow rate of 118 cfm injected at 250 foot depth results in a power delivered to 
the water of 56 HP (42 Kw). Although this rough estimate indicates that the power that must be 
delivered to the water is much greater for pneumatic destratification compared with hydraulic 
destratification, it does not take into account other factors, such as potentially shorter mixing time and 
improvement efficiencies that are dependent on diffuser design and air bubble size. Additionally, air 
compressors and associated piping are in general cheaper than water pumps and piping. Pneumatic 
destratification is not only feasible but has been used rather extensively in California and throughout the 
world primarily for improving water quality of water supply reservoirs. 

However, there is a potential concern of nitrogen gas super saturation that could occur with pneumatic 
destratification. Air is about 78 % nitrogen. Injecting air bubbles at 250 ft or water depth, which is 
approximately 7.3 times the atmospheric pressure, could result in high nitrogen gas (N2) concentrations 
in water. If water concentration of N2 approached saturation concentration for 7.3 atmospheres, that 
water would be super saturated with respect to the water surface or atmospheric pressure. Such 
conditions could cause gas embolism in fish, similar to the bends or decompression sickness for SCUBA 
divers, potentially resulting in fish mortality. 

The most extensive study of N2 super saturation (N2SS) ever conducted is reported by Fast and Hulquist8 
in which N2 saturations were measured in twelve southern California reservoirs during the summer of 
1979. All but one reservoir (Cachuma) contained pneumatic destratification systems. The reservoirs 
ranged from 30 to 200 ft in depth, and air was injected from 25 to 150 ft below the surface. Table 2 
presents reservoir depths and air injection depths, maximum observed N2 percent saturation values for 
in-situ (i.e., at depth) for the surface and bottom of the reservoir, and maximum observed N2 percent 
saturation near the bottom relative to surface or atmospheric pressure. The data in Table 2 shows that 
N2SS at the water surface ranged from 102 to 116 %, with the highest value observed at Lake Casitas on 
one date. Surface N2SS values at Lake Casitas varied between 104 and 108 % on 10 other sampling 
dates. The U.S. Environmental Protection Agency recommends not exceeding 110 % N2SS in-situ. Thus, 
of all the 11 aerated reservoirs for all sampling dates, there was only one condition where N2SS 

                                                           
7 Cooke, G.D., Welch, E.B., Peterson, S.A., and Nichols, S.A. 2005. Restoration and Management of Lakes and 
Reservoirs, 3rd ed., Taylor and Francis, CRC Press. 

8 Fast, A.W., and Hulquist, R.G. 1982. “Super-saturation of Nitrogen Gas Caused by Artificial Aeration in 
Reservoirs,” Limnological Associates, Kaneohe HI, report TR-E-82-9, U.S. Army Engineer Waterways Experiment 
Station, Vicksburg, MS. 
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exceeded 110 % in-situ (at the water surface in that case). In all cases, the maximum bottom in-situ (at 
depth) N2 percent saturation was well below 100 %, with values varying between 21 and 57 %. 

Table 2 also show that the maximum bottom N2SS relative to surface pressure varied between 100 and 
142 % for all reservoirs with the highest value at Lake Casitas, which had the deepest injection depth. 
Although there are cases where the N2SS relative to the surface is greater than 110 %, this does not 
pose a health risk to fish unless these deep waters are quickly released into atmospheric conditions 
without reaeration (such as deep releases through a hydropower dam), or fish that have been in the 
deep waters quickly swim to the surface. Fish are not known to pose such a risk to themselves. 
Additionally, no fish mortalities were observed on any dates for any of the 12 reservoirs study by Fast 
and Hulquist. 

Table 2. Maximum observed N2 gas saturations in aerated reservoirs (Fast et al. 1982) 

Reservoir 
Depth 

(ft) 

Air injection depth 
below the surface 

(ft) 

Maximum N2 % 
saturation for in-situ 
depth; range (water 

surface - bottom) 

Maximum N2 % 
saturation at 

bottom relative to 
surface 

Puddingstone 60 40 105 - 55 141 

Mathews 170 110 103 - 19 108 

Perris 90 30 and 90 105 - 41 112 

Skinner 75 75 105 - 35 108 

Vail 100 25 102 - 33 122 

Henshaw 30 30 104 - 57 100 

Wohlford 60 60 108 - 38 109 

El Capitan 145 125 109 - 24 115 

Morena 80 75 108 - 38 120 

Murray 55 35 106 - 43 113 

Casitas 200 150 115 - 21 142 

Cachuma 145 None 99 - 20 101 

The results of the study by Fast and Hulquist suggest that N2SS and associated fish mortality should not 
be a problem if air injection is used in the proposed marina basin. However, none of the injection 
systems studied by Fast and Hulquist were as deep as the marina basin, nor are there other known air 
lift systems that have been operated at the depths of the marina basin. Thus, there is still some 
potential for N2SS problems to occur for pneumatic destratification at this site. Therefore we 
investigated other pneumatic destratification concepts that can be used to avoid N2SS problems, such 
as air lift tubes as discussed in the next section. 

6.0 PRELIMINARY DESIGN FEATURES AND COSTS 

We have developed preliminary design features for hydraulic and pneumatic destratification systems to 
mix the proposed marina basin within three weeks. A three week mixing period is considered fast 
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enough to avoid DO problems while helping to reduce capital costs for equipment. The preliminary 
design features and costs are presented below for each system. 

6.1 Hydraulic Destratification 

Using the three week mixing time, a hydraulic system that pumps 20.6 CFS through 100 ports of 1.5 inch 
diameter will meet the mixing requirements. The exit jet velocity is 16.8 fps. The total flow of 20.6 cfs 
can be provided by two pumps of about 10.3 cfs each, or 4,600 gallons per minute (GPM), feeding into 
two diffusers. Each diffuser would be 500 ft long with 50 ports spaced at 10 ft. All piping would need to 
be 24 inch diameter. Conceptual schematics of this design are shown in Figures 2 and 3. The power 
requirements of each pump is 45 hp (34 Kw), and the pumps would be shore-mounted. 

We recommend vertical turbine mounted axial / mixed flow pumps. The capital cost for the entire 
system is estimated to be approximately $800,000. This cost includes materials and labor for both 
pumps, piping, and supporting infrastructure. Assuming that the system must be run about half of the 
time and using a unit cost of $0.15 per kilowatt hour, operational costs would be about $75,000 per year 
including system maintenance. It would also be advisable to include an annual budget of about $50,000 
that would go towards replacement of the system after the useful life of the destratification system has 
been reached, and an additional annual budget of about $50,000 for monitoring of water quality 
throughout the year. 

6.2 Pneumatic Destratification 

We recommend using an up-flow air lift tube for pneumatic destratification to avoid any potential 
problems with N2SS. Although this method is not as efficient as near-bottom line diffusers for releasing 
air bubble to the open water environment, it is still quite effective for inducing destratification and has 
much lower pressure requirements. The concept is shown schematically in Figure 4. The air would be 
injected within the tube at a depth of about 70 ft. The top opening of the tube would be about 15 ft 
below the water surface, and the tube would be open on the bottom and would extend to near the 
bottom of the quarry basin. The tube would be made of fiberglass reinforced polymer (FRP) with a 
diameter of 8 ft. 

The estimated air flow requirements to mix the basin within three weeks is 315 standard cubic feet per 
minute (SCFM), injected at a water depth of about 70 ft. The capital cost of this system has more 
uncertainty than the hydraulic system because of the need to transport and install the 8 ft FRP tubes. At 
a concept level, we believe the costs would be about the same as for the hydraulic destratification 
system ($800,000). This cost includes materials and labor for compressor, tubing, and supporting 
infrastructure. Assuming that the system must be run about half of the time and using a unit cost of 
$0.15 per kilowatt hour, operational and monitoring costs would be about $40,000 per year including 
system maintenance. It would also be advisable to include an annual budget of about $50,000 that 
would go towards replacement of the system after the useful life of the destratification system has been 
reached, and an additional annual budget of about $50,000 for monitoring of water quality throughout 
the year. 

7.0 CONCLUSIONS 

Based upon the total costs (capital and operating), either system could be installed and maintained for 
the life of the basin to prevent stable stratified conditions from forming. The systems should be installed 
prior to breaching the quarry bowl to the Bay. The operational requirements of either system are highly 
dependent on antecedent as well as prevailing weather conditions (runoff from the Delta and 



Ross Campbell, San Rafael Rock Quarry 
Circulation and Water Quality Study, Initial Assessment 
December 30, 2014 

Page 11 of 14 
  

   

 

temperature), and some years could see a high amount of required mixing versus others. Monitoring is 
an integral part of such destratification systems, and strict protocols for monitoring DO, salinity and 
temperature should be adhered to.  

It should be noted that the work described above was performed without a numerical analysis of water 
quality issues, and is based on an assumption that stratified conditions would be problematic. A permit 
for installing such systems will likely require a more refined water quality analysis that could include 
evaluating residence time and flushing, effects on aquatic species, dissolved oxygen concentrations, and 
potential for adverse effects from sediment accumulation at the bottom of the basin.  

We thank you very much for the opportunity to assist you on this subject. Should you have any 
questions regarding this study, please do not hesitate to contact us at 925-944-5411. 

 

Sincerely, 

MOFFATT & NICHOL  

 

 

Mark S. Dortch, PhD, PE, D. WRE Dilip Trivedi, D. Eng., PE 

Senior Water Resources Engineer Vice President 
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Figure 1. Surface area and capacity versus elevation for quarry basin. 
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Figure 2. Plan view of conceptual design of hydraulic destratification system. 

 

 

Figure 3. Profile view of conceptual design of hydraulic destratification system. 
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Figure 4. Profile view of up-flow air lift tube for pneumatic destratification. 
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2185 N. California Blvd., Ste 500 
Walnut Creek, CA 94596-3500 
 
(925) 944-5411   Fax (925) 944-4732 
www.moffattnichol.com 

 

September 29, 2014 
 
 
Ross Campbell 
Dutra Materials / San Rafael Rock Quarry 
1000 Point San Pedro Rd. 
San Rafael, CA  94901 
 
Subject:  Circulation and Water Quality Study – Preliminary Data Review 

San Rafael Rock Quarry – Reclamation Plan Project 
M&N File No: 5487-03 
 

Dear Mr. Campbell: 

We are providing this preliminary assessment of the subject study, based on a review of 
relevant data. The overall scope of the Circulation and Water Quality Study is to conduct a 
review of relevant data, identify other basins around the world that may have a similar issue, 
provide an assessment of potential water quality impacts associated with opening the rock 
quarry to tidal waters of San Pablo Bay, and if adverse effects are identified, suggest potential 
management alternatives to mitigate the effects.  

We are continuing work with the required analysis; however, given the inherent complexity of 
analyzing such a system, including setting up a multi-dimensional numerical modeling tool, we 
anticipate that it will take us until the end of the year to complete the Study. 

BATHYMETRY 

The bathymetry of the quarry basin relative to the local bay is an important aspect that can 
affect water quality. Figure 1 shows an excerpt from NOAA Chart No. 18654 – San Pablo Bay. 
Soundings are indicated in feet relative to Mean Lower Low Water (MLLW). It can be seen that 
the water depths around Point San Pedro are fairly shallow, around 2 feet along the south and 
southeast shores of the point. Water depths along the shore to the northwest are deeper at 
around 10 to 11 feet MLLW. This favors access for boaters from this side if future use of the 
quarry is intended for a marina. Access via the southeast shore would also be possible, but 
would require a dredged access channel to be maintained. 

In Figure 1, four sections (A through D) are indicated, which are provided in Figures 2 – 5. In the 
figures, the heavy black line indicates elevations in feet relative to NAVD88. The horizontal blue 
line indicates the Mean Higher High Water (MHHW) line. The elevation of MLLW is about zero 
NAVD88 (within 0.01 foot).  MHHW is 5.9 feet higher than MLLW, or 5.9 feet NAVD88. 

Cross-section A-A (Figure 2) provides a typical section across the quarry, while cross-section B-
B (Figure 3) provides a typical section lengthwise along the quarry. Section C-C shown in Figure 
4 provides a cross-section through the quarry and portion of the northwest shore where an 
access channel to the quarry is likely to be situated. Similarly, Section D-D shown in Figure 5 
represents a section through the quarry and southeast shoreline that could serve as an 
alternate location for navigation access to the quarry. It can be seen from the cross-section 
figures that the bottom of the quarry basin is almost 250 feet below MHHW. 

Guidance per the California Department of Boating and Waterways (DBW) is that the depth of 
the entrance channel from the bay to the quarry basin should be 12 feet below MLLW. This 



Ross Campbell, San Rafael Rock Quarry 
Circulation and Water Quality Study, Initial Assessment 
September 29, 2014 
Page 2 of 7 
  

   

 

provides a depth of about 18 feet when tide is at MHHW. The most important aspect of the 
bathymetry is how much deeper the quarry basin is relative to the entrance channel and the 
surrounding bay. The bottom of the basin will be over 200 feet deeper than the entrance 
channel bottom, resulting in a water volume that is relatively isolated from the tidal actions within 
the top 12 to 18 feet. Such isolation from tidal flushing can lead to water quality problems. 

Topographic information allowed us to compute the quarry basin surface area and volume as 
related to elevation. This information was needed to estimate flushing characteristics of the 
proposed basin as well as potential impacts on water quality. The surface area and capacity 
(volume) versus elevation of the quarry basin is shown in Figure 6. At the zero datum (MLLW), 
the surface area is about 43 acres and the volume is about 5,700 acre-feet. 

TIDAL PRISM ANALYSIS 

Two key parameters that are typically evaluated in a water quality analysis are tidal prism 
exchange (the portion of water in a basin that is exchanged over a tidal cycle) and residence 
time (the average time that a water molecule resides in a basin before being transported out by 
incoming tidal waters).  

 A “theoretical” tidal prism analysis was conducted, assuming full mixing in the upper layers, in 
order to assess tidal water exchange between the quarry basin and San Pablo Bay. An 
entrance channel water depth of 12 feet below MLLW was assumed with side slopes of 2H:1V 
per DBW requirements. The analysis assumed that the width of the entrance channel could vary 
from a minimum of 75 feet up to 200 feet. Key parameters of the analysis are summarized in 
Table 1. 

Results indicate that although the entrance channel will be in the form of a rock cut, it will not 
significantly impede tidal exchange for the proposed channel entrance widths (75 to 200 ft). The 
tidal amplitude within the quarry will therefore be the same as in San Pablo Bay. The primary 
effect of widening the entrance channel would be a reduction in flow velocity on flood and ebb 
tides.  

Over a tide cycle, approximately 30% of the water in the upper water column of the basin is 
estimated to be exchanged with water from San Pablo Bay. This is assuming that the exchange 
will primarily affect water above the sill elevation of the entrance channel, i.e. to a depth of 
around 12 feet relative to MLLW. Stated another way, the tidal prism volume over each tidal 
cycle is about 30% of the basin volume above the sill elevation. 

Table 1.  Tidal prism analysis summary 

Parameter Value 

Mean Range of Tide 4.22 feet 

Quarry Surface Area 43 acres 

Quarry Entrance Channel Width 75 feet 100 feet 150 feet 200 feet 

Entrance channel cross-sectional area 1,584 ft2 1,961 ft2 2,715 ft2 3,468 ft2 

Maximum velocity during tidal cycle 0.35 ft/s 0.29 ft/s 0.21 ft/s 0.16 ft/s 

Tidal prism 183 acre-ft 

Percentage of water volume exchanged 30% 
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RESIDENCE TIME 

Residence time is the time that water remains within a basin before being flushed out with new 
water, i.e., it is the time required to flush a water basin with clean water. The nominal residence 
time is the basin volume divided by the water flushing flow rate, which in this case is the tidal 
prism volume divided by the tidal period. The actual time it takes to flush the basin is longer than 
the nominal residence time. The nominal time is based on no mixing and plug flow 
displacement. If complete mixing occurs with each tidal cycle, the time required to completely 
flush the basin is asymptotic. For practical purposes, we can assume that reaching 95% flushed 
for complete mixing is the same as completely flushed, and this time based on literature is three 
times (or more) the nominal residence time.  

Given the above tidal prism information and a tidal cycle period of 12.4 hours, the nominal 
residence time of basin water above the sill could be described as 41 hours. However, the 
expected residence time required to completely flush this water would be 5.2 days at a 
minimum. Wind is not expected to be a factor in the circulation and flushing of the quarry basin 
given the amount of sheltering provided by the local terrain as well as the limited opening to the 
bay. 

DENSITY STRATIFICATION 

To facilitate terminology, we will borrow a term from limnology where the upper region of the 
water column, in this case above the entrance channel sill, is referred to as the epilimnion. The 
lower portion is referred to as the hypolimnion, which is below the sill. The epilimnion and 
hypolimnion is usually separated by a water density gradient caused by vertical variation in 
salinity, temperature, dissolved solids, or suspended solids, or a combination of these. The 
water density is greater in the hypolimnion compared with the epilimnion due to lower water 
temperature and greater concentrations of salinity and dissolved and suspended solids. Thus, 
water of the hypolimnion is heavier creating stable stratification, or layering. Typically salinity 
has a much greater effect on water density than the other variables. We expect that stable, 
vertical density stratification, caused primarily by salinity gradients, could exist within the basin.  

Analysis of salinity records from the U.S. Geological Survey (USGS) Station 15, which is located 
off Point San Pedro, indicates that the mean salinity of surface measurements (top 10 feet) for 
the period 1969 – 2014 is 21.9 parts per thousand (ppt). The mean salinity for all depths is 25.2 
ppt. Higher surface salinity has also been measured, reaching 30 ppt or higher. During periods 
of high water levels accompanied by higher salinity, bay water will enter the basin and sink into 
the hypolimnion due to the higher salinity. During normal water levels, lower salinity will return 
and will flow into the epilimnion residing on top of the higher salinity in the hypolimnion. The 
filling of the hypolimnion with higher salinity is expected to occur slowly, but eventually 
stratification could occur where there could be a salinity difference of about 4 or 5 ppt or 
possibly more for periods of time.  This amount of salinity difference causes a density difference 
of about 0.004 g/mL, which does not sound like much but is about double the density difference 
caused by strong temperature stratification. Temperature stratification during warmer months is 
expected to also occur, and this will only extend the conditions where the density stratification 
persists for a longer period of time. As the stratification increases, flushing of the hypolimnion 
decreases, thus potentially leading to water quality problems. The water in the hypolimnion will 
not be flushed out until high water conditions with high salinity (which will aid in breaking the 
stratification) return repeatedly.  
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Based on an assumption that a salinity of 25 ppt or greater can cause hypolimnetic flushing, we 
assessed the frequency of surface (top 15 feet) salinity exceeding 25 ppt using the USGS data 
which we determined to occur for 47% of all salinity measurements of surface water. Salinity 
measurements occurred about monthly or slightly more frequently. Thus, it appears that the 
salinity of surface (top 15 feet) water in the bay can be greater than 25 ppt almost half the time, 
which should help reduce stratification. However, there can also be prolonged periods where 
surface salinity is less than 25 ppt, such as the period January 1998 to September 1999, or 
about 21 months. It is expected that stratified conditions will persist within the basin when there 
are prolonged periods without high salinity. Such prolonged periods could lead to water quality 
problems. Thus, the frequency and duration of high bay salinity, coupled with an assessment of 
mixing or exchange processes, are important factors that will influence how much and how often 
the hypolimnion will be flushed. 

Even when high water conditions exist in the bay with high salinity, it will take some time for the 
hypolimnion to become flushed. For example, if no stratification existed and complete mixing of 
the water volume below the entrance sill elevation were to occur, less than 3.5% of the 
hypolimnion would be flushed with each tidal cycle. In reality, the flushing would be much less 
than this 3.5%, which would translate into a residence time that is expected to be on the order of 
a few to several months.  

Closing 

As indicated, we are continuing to work on the Study and are developing a numerical analysis 
model to estimate the residence time under density stratified conditions. We anticipate 
completing the study by the end of the year, and ask for that time extension. Please advise if 
there is anything else you might need from us in the interim. 

We thank you very much for the opportunity to assist you on this subject. Should you have any 
questions regarding this study, please do not hesitate to contact me at 925-944-5411. 

 

Sincerely, 

MOFFATT & NICHOL  

 

 

Mark S. Dortch, PhD, PE, D.WRE Dilip Trivedi, Dr. Eng. P.E. 

Senior Water Resources Engineer Vice President 
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Figure 1.  Excerpt from NOAA Chart 18654 – San Pablo Bay, soundings in feet relative to 
Mean Lower Low Water. 
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Figure 2.  Cross-section A-A. 

 

Figure 3.  Cross-section B-B. 

 

Figure 4.  Cross-section C-C. 
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Figure 5.  Cross-section D-D. 

 

 

Figure 6.  Surface area and capacity versus elevation for quarry basin. 

 
 




