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AR ENVIRONMENTAL S()LUT]()NS, INC. GEOSCIENCE & ENGINEERING CONSULTING

December 8, 2005

Mr. Sherman Quinlan

Contra Costa County Health Services Department
Environmental Health Division

2120 Diamond Boulevard, Suite 200

Concord, CA 94520

Ms. Lynn Nakashima

California Department of Toxic Substances Control
700 Heinz Street, Suite 100

Berkeley, California 94710-2721

Subject:  Revised Technical Specifications for Well Destructions
University of California Berkeley — Richmond Field Station
1301 S. 46" Street, Richmond, California

Dear Mr. Quinlan:

INTRODUCTION AND BACKGROUND

On behalf of the property owner, University of California — Berkeley (UC Berkeley), Stellar
Environmental Solutions, Inc. (SES) is submitting these revised technical specifications for the
permanent destruction (decommissioning) of 28 wells (including 3 shallow piezometers) at the
referenced site. We understand that Contra Costa County Health Services Department — Well
Section (CCCHSD) has requested that UC Berkeley permanently decommission the wells, as
they serve no current or anticipated research function. The CCCHSD further requested that these
technical specifications be provided to the California Department of Toxic Substances Control
(DTSC) for their concurrence that the wells can be decommissioned, in light of ongoing
contaminant investigations and corrective action in the vicinity of the wellfield. This submittal is
revised from previous (July 29, 2005) draft Technical Specifications for Well Destructions to
DTSC, and the DTSC request for changes have been incorporated into this submittal.

This application discusses the history and construction specifications of the wells, recent
groundwater monitoring analytical results, current conditions of wells, and proposed destruction
method.
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The main wellfield was installed in the early 1950s by UC Berkeley as part of a State of
California-funded research project on deep well injection and contaminant transport (Final
Report on Laboratory and Field Investigations of the Travel of Pollution From Direct Recharge
into Underground Formations, University of California, Berkeley, December 31, 1954).
Information on well installation, usage, and construction was obtained from the study report. The
1954 report is included as Attachment A.

The three shallow piezometers were installed in September 2002 as temporary groundwater
monitoring points to determine groundwater flow direction, as part of ongoing site contaminant
investigations. These piezometers are not related to the 1950s research wellfield, and UC
Berkeley has determined that these piezometers are no longer needed.

The Richmond Field Station site is located immediately southwest of Interstate 580 (I-580) in
western Richmond, California. Figure 1 is a site location map. The 1950s wellfield is located in
the southern portion of the site (near San Francisco Bay), with most of the wells in the grassy
undeveloped field immediately to the north of Crow Drive. Figure 2 is a site plan showing the
area of the 1950s wellfield, and the location of the piezometers. Figure 3 is a detail map showing
the 1950s wellfield. The 1950s wellfield dimensions are approximately 600 feet long (north to
south) by 150 feet wide (east to west, at its widest point). The piezometers are located further to
the south and southeast of the 1950s well field.

The 1950s wells are located approximately 500 feet west (hydraulically crossgradient) of the
Zeneca AG Products (a.k.a. Campus Bay Development) site, which is undergoing contaminant
corrective actions. The piezometers are located approximately 100 feet west of that site. There
are no known groundwater monitoring wells associated with that site that penetrate the water-
bearing zone in which the subject property wells are screened, and recent groundwater sampling
has indicated no groundwater contamination in the wells to be closed (discussed in detail below).

1950s WELL INSTALLATION AND USAGE

The main wellfield was installed in the early 1950s as part of a research project funded by the
State of California Regional Water Quality Control Board (Water Board); the project evaluated
the feasibility of subsurface injection (recharge) of sewage waste effluent. As explained in detail
below, two types of wells were installed: recharge (injection) wells (2), and observation wells
(23). The wells were installed in three phases:

Stellar Environmental Solutions, Inc.
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SITE PLAN SHOWING WELL FIELD LOCATION AND PIEZOMETERS
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B Summer 1951: The “Original” recharge well and 14 observation wells were installed
along an east-west axis and a north-south axis. Observation wells were named by their
distance (in feet) and compass heading from the “Original” recharge well (i.e. 225-
Southeast)

B February 1953: The wellfield was expanded (4 additional observation wells).

B July 1953: The “Original” recharge well failed and the wellhead was sealed. A
replacement “Final” recharge well and 5 additional observation wells were installed.

Following completion of the 1953 study, some or all of the wells were used in subsequent
(1960s) studies involving groundwater transport. These studies used conservative radiological
isotope tracers: tritium (H®), two isotopes of strontium (SR® & Sr*%), cesium (Cs™") and yttrium
(Y™). Most recently, the “Final Recharge Well” was utilized for localized onsite irrigation. The
majority of associated surface equipment (pumps and piping) has been removed, and only the
wellheads remain aboveground. There is some remaining below-ground piping related to the
wellfield.

Our recent inspections identified an additional three wells that were not documented in the 1954
study report (named the “U” wells for this project), and three of the 1954-documented wells were
not found (discussed in detail below). The “U” wells are of similar construction and depth to the
1950s wells, and we presume they were installed within that time period. There was no
documentation available regarding those additional wells. The three 1953-1954 wells not found
may have been closed, paved over or built over.

SITE LITHOLOGY AND HYDROGEOLOGY

Subsurface lithology was evaluated by geologic logging of the 1950s well boreholes during
installation. Attachment A contains lithologic logs from the well boreholes. In brief, site soils
are predominantly clay, occasionally gravelly. Several water-bearing zones were encountered at
depths between 30 and 74 feet. The “target” water-bearing zone in which the wells were
completed was encountered between approximately 90 and 100 feet deep, and consisted of sand
and gravel. All the wells had at least two relatively thick clay zones between more-permeable
(possibly water-bearing) zones, at depths between approximately 25 feet and 35 feet, and
between approximately 45 feet and 65 feet. These are the zones over which higher-density
perforating will be conducted, in accordance with DTSC’s request. Table 1 summarizes the
aquifer depth and clayintervals encountered in each well. Attachment A contains the geologic
logs for the wells.

Stellar Environmental Solutions, Inc.
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Table 1
Groundwater Well and Piezometer Construction Data

UC Berkeley - Richmond Field Station, Richmond, California

Aquifer Interval

Clay Intervals

Proposed High-Density

Well / Piezometer Well Depth © Screened Interval Perforating Intervals ©
Recharge Wells (12-inch steel casing)
“Original” Recharge Well 112/ 94 102 - 112 (10°) 94 -100(6’) 4473 & 1594 ”Otsg’rﬂgfaatﬂz no
“Final” Recharge Well ® 102/ 100 90 — 100 (10°) 92100 (8") 18°-96’ 28’ - 33’ & 55’ - 60’
Observation Wells (6-inch steel casing)

10-East 105/98 94 -101(7") 95-100 (5%) 0'-72 & 74’ -95 28’ - 33’ & 55’ - 60’
25-East 103/ 100 92-99 (77) 93-100 (77) 0’-37" & 43’ -93 28" -33" & 55" - 60’
50-East 102 /110 92-99 (77) 94 -97 (37) 25’-35" & 40°-94° 28’ - 33" & 55’ - 60’
100-East 102/ 100 94 -101 (7°) 92-95(37) 25’-35" & 407-92’ 28" -33" & 55’ - 60’
New 13-East 103/100 94 - 102’ (8”) © 93-101(8") 0’-7" & 15’-93’ 28’ - 33" & 55’ - 60’
New 50-East 101/97 89-97(8")© 92-97(5) 17°-34" & 41°-92° 28" -33" & 55 - 60’
10-North 102 /100 91-98 (7") 91-97 (67) 19°-38’; 42°-72’; 73’-91° 28’ - 33" & 55 - 60’
25-North 105/ 106 94 -101 (7°) 94 -99 (67) 3'-36; 427-94° 28" -33" & 55’ - 60’
50-North 103/ 100 92-99 (7’) 92-96 (4") 0’-117; 1&;;313;39’-72”; 28’ - 33’ & 55’ - 60’
100-North 103 / well not located 92 -99 (77) 93-96 (37) 0’-12’ & 27°-93° not applicable, not located
10-West 105/97 95-102 (7") 97 -99 (2) 0’-37° & 44°-97" 28’ - 33" & 55’ - 60’
25-West 105/ 65 94101 (7?) 96— 99 (3°) 2°-177; 19°-35"; 43°-96". 28’ - 33’ & 55’ - 60
50-West 102 /64 91-98 (7") 92-94 (2 0’-6" & 20°-92° 28’ - 33" & 55’ - 60’
New 13-West 101/ 94 91-99(8)© 91-98(7") 0°-91’ 28" - 33’ & 55’ - 60’
New 50-West 104 /96 94 -103 (7") 95-100 (5") 0’-9’; 19°-34’; 48°-95’ 28’ - 33" & 55’ - 60’
10-South 105 / well not located 95— 102 (7") 98 -101 (37) 0’-10%; 2?8338 44°-63’; not applicable, not located
25-South 105/100 94 -101 (7") 96 — 100 (4") 0’-15°; 21°-72’; 73’-96° 28’ - 33" & 55’ - 60’
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Well / Piezometer

Well Depth @

Screened Interval

Aquifer Interval

Clay Intervals

Proposed High-Densit
Perforating Intervals ©

Observation Wells (6-inch stee

| casing) — continued

50-South 105/ 97 94 -101 (7’) 96 — 100 (4°) 0’-11" & 17°-100’ 28’ —-33" & 55’ - 60
100-South 110/ 98 100 - 107 (7°) 100 - 106 (6°) 0°-7’& 17°-95’ 28’ - 33’ & 55’ - 60’
New 100-South 101/ (d) 92-99(7’) 94 -100 (6”) 20°-32'& 38°-94". 25’ -30" & 55’ - 60’
295-South 100/ 100 92-99 (7") 93-100(7’) 0’-8%; 12112259330 -417; 20’ -25’ & 55’ - 60
500-South 104 / well not located 96 - 103 (77) 94 -102’ (8%) 0°-87; 11°-277; 42°-94° not applicable, not located
294-Southeast 100/ 98 92-99 (7") 84 -100 (12’) 0°-8’; 14°-25’; 30°-41"; 20’ -25’ & 55’ - 60

42°-84°

Additional Site Wells Not Documented in 1954 Report

U-1 not documented / 102 not documented not documented 0-7’ & 15793’ ® 28’ - 33" & 55’ - 60’
uU-2 not documented / 101 not documented not documented 0-7’ & 15’93’ © 28’ - 33’ & 55’ - 60’
U-3 not documented / 92 not documented not documented 17°-34" & 417-92* O 28’ - 33’ & 55’ - 60’

Piezometers

not applicable

PB-18 16 6-16 not documented .

not applicable
PB-19 16 6-16 samples wet at 9° - 16 not applicable ot applicable
PB-20 16 6-16 not documented

not applicable

not applicable

(@)

First value is depth in 1954 well installation report. Second value is depth probed in 2005.

® Well also has a 4-inch-diameter steel gravel tremie tube adjacent to the main well casing.

(c)

«

(e

O Lithology not documented. Assumed to be same as well “New 50-East” (nearest logged well).

@

All depths are feet below ground surface.

Stellar Environmental Solutions, Inc.
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This is in addition to the lower-density perforating to be conducted over the remainder of each well.

Depths and screen length are as reported on the well logs. The well installation report text documents all observation well screens as having a 7-foot-long screened interval
The well appears to be full of rock and soil.
Lithology not documented. Assumed to be same as well “New 13-East” (nearest logged well).
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As discussed in detail below, the 1950s wells were completed (screened) solely in the water-
bearing zone present between approximately 90 and 100 feet below grade, and were sealed off
from the overlying water-bearing zones. Equilibrated water levels measured in the 1950s wells
in April 2005 were approximately 3 to 4 feet below grade, well above the target water-bearing
zone, indicating confining conditions. The direction of local groundwater flow is inferred to be
to the south (toward San Francisco Bay).

The piezometers are screened from 6’ to 16°. In the one piezometer with a borehole geologic log
(PB19, see Attachment A), lithology encountered was a dry, stiff clay (0’ to 10’) underlain by
wet gravelly sand (11’ to 12°) underlain by a wet sand (12’ to 14°) underlain by a wet stiff clay
(14’ to bottom of borehole). Groundwater in these piezometers is from the uppermost water-
bearing zone, and is not connected to the underlying water-bearing zone in which the 1950s
wells are screened.

WELL CONSTRUCTION SPECIFICATIONS

The following discusses key well and piezometer construction specifications (as defined in the
1954 study report), which are summarized in Table 1. Attachment A contains photographs of the
well installations.

Original Recharge Well and Observation Wells

The original recharge well and the observation wells were drilled with a cable-tool rig.
Following borehole drilling, steel casing was driven to the completion depth. Neither annular
pack nor pollution seal were utilized in the original recharge well or the observation wells.

Key construction specifications of the observations wells include:

B 6-inch-diameter steel slotted casing (7 feet long), with 28 slots each measuring '-inch
wide by 6 inches long.

B 6-inch-diameter steel riser casing to surface.

B No annular space, filter pack material or annular pollution seal

Key construction specifications of the original recharge well include:

B 12-inch-diameter steel slotted casing (10 feet long) with 920 slots, each measuring
*1s-inch wide by 1% inches long.

B 12-inch-diameter, double-wall steel riser casing to surface.

F:\PROJECTS\UCB PROJECTS\2005-21-UCB RFS Well Closures\Petition rpt, Regulatory and Permits\Well Closure Permit Specs - Draft #6-Dec2005.doc
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B No annular space, filter pack material or annular pollution seal

The original recharge well experienced failure (surface cave-in and subsequent well clogging)
during the study and was abandoned (by sealing the well head).

Final Recharge Well

Figure 3 is a construction detail of the final recharge well. A 36-inch-diameter borehole was
drilled with a rotary rig to a depth of 40 feet, and temporary well casing (36-inch-diameter) was
installed. Drilling continued with a 22-inch bit to the final well depth (102 feet). A 5-foot-
diameter bell attachment was used to create a large-diameter well seal at a depth of
approximately 77 feet (approximately 15 feet above the target water-bearing zone). A temporary
24-inch-diameter well casing was then installed. A 12-inch steel (double-walled) casing,
screened across the aquifer, was then installed. Gravel pack (annular material) was then
emplaced across the screen. A 4-inch steel tremie tube was then emplaced in the annulus (to
allow for addition of annular pack material after development). Another 4-inch steel tremie tube
was emplaced in the annulus for emplacing the concrete well seal. The well was then tremie-
grouted with concrete while the 24-inch and 36-inch temporary casings were removed, then the
concrete tremie pipe was removed. The well was then developed by swabbing and pumping (at
35 to 60 gallons per minute [gpm]), and additional gravel pack material was emplaced through
the tremie-tube as development progressed. While this well had a 5 inch- to 9 inch-thick annular
space, this annular space was completely filled with concrete (annular pollution seal).

PIEZOMETERS

The three piezometers are all constructed of 3/4-inch diameter Schedule 40 PVC. The installed
depths of the piezometers are 16” and are screened from 6’ to 16°. Sounded depths (July 2005)
ranged from approximately 12’ to 13.5” (with soft bottoms) indicating that the lower several feet
of each piezometer has infilled with sediment.

CURRENT CONDITIONS OF 1950s WELLS

SES conducted several site inspections to identify well locations and confirm well conditions
(water levels, depths to bottom, etc.). Figure 2 shows the location of the piezometers; Figure 3
shows the 1950s wellfield layout, including all wells that were located and those that could not
be located.

During our initial (visual) survey, we located 20 of the 25 wells cited in the 1954 study report:
“Original Recharge Well”; “Final Recharge Well”’; and 18 observation wells. We also located an

Stellar Environmental Solutions, Inc.
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additional three wells that had not been documented in the report. Subsequently (on May 27,
2005), SES conducted a metal detector survey in an attempt to locate the 5 (of 25) 1954-
documented wells not located during our initial survey. The likely well locations were
determined from the wellfield figure and a scaled aerial photograph. We then searched a grid of
approximately 400 square feet at each well location, and located an additional two wells. Three
documented wells have still not been located. Table 1 summarizes all known wells, and these
are discussed below.

We also conducted well depth probing to evaluate the depth to well bottoms. The objective of
this task was to determine if we could fully accomplish the proposed closure method of
emplacing tremie pipe to the well screen intervals, as discussed later. In the initial phase,
probing consisted of lowering a narrow-diameter water level meter probe with added weight into
the wells. In that phase, multiple wells could not be located, and some of the located wells had
wellhead obstructions that precluded measurement. Of the wells that could be measured, several
had apparent obstructions above the top of the well screen.

SES subsequently retained a well rehabilitation subcontractor to remove wellhead surface
obstructions and probe the wells with a cable-delivered 75-pound steel swab weight (6-inch-
diameter). We were able to fully clear obstructions or reach a greater depth in most of the wells.
However, obstructions above the top of well screen remain in four wells, ranging from 2 feet to
40 feet above the top of well screens. This suggests that it may not be possible to emplace tremie
pipe across the well screens in these wells. In all of the wells with obstructions, water levels
were similar to wells that were open all the way to the screens, indicating that water can pass
through the obstructions.

A following section discusses how we propose to close the wells with obstructions.

“Original” Recharge Well

This well was decommissioned in 1953 (sealed wellhead). We cut off the wellhead and
confirmed that the well had not been closed (i.e. grouted). The 2005 probed depth of the well
was 94 feet, which is 8 feet above the top of the screened interval, but coincident with the top of
the water-bearing zone. In accordance with a DTSC request, we will conduct a down-hole video
survey in this well to confirm the nature of the obstruction.

Stellar Environmental Solutions, Inc.
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“Final” Recharge Well

We located this well, disconnected the wellhead equipment, and removed the 2-inch-diameter
steel piping and pump (87 feet total). The 2005 probed depth of the well was 100 feet, which
covers the entire screened interval.

1953 Observation Wells

We located 20 of the 23 documented 1953 observation wells. Observation wells that could not
be located include: 500-South, 10-South, and 100-North.

At the 500-South area, the magnetic survey identified one magnetic anomaly indicative of a well
casing; however, upon excavation, we found it to be the base of a metal rail support.

At the 10-South location, there is a large eucalyptus tree (approximately 6’ diameter at breast
height [dbh]) exactly where the well is supposedly located. The magnetic survey identified no
magnetic anomalies around the tree. As shown on the photograph in Attachment A, that tree was
not present when the wells were installed, and it is likely that the tree has overgrown the well
casing at surface.

At the 100-North location, we identified multiple magnetic anomalies; however, all were found
to be pieces of pipe, wire, or metal debris.

SES located well New-100-S using the geophysical survey equipment; however, we found at
least the upper 3 feet of the well casing filled with very dense gravelly soil. We were unable to
penetrate through the upper fill using a hand-auger, and thus the well has probably been filled
with rock/soil. SES proposes no further action associated with this well.

Additional, Undocumented Observation Wells

In surveying the wellfield, we identified three wells not documented in the 1953 study, which we
have identified as U-1, U-2, and U-3. These wells have similar construction specifications and
depths as the observation wells, and we infer that they are of the same genre. Based on their
locations, we have determined that these wells are not wells 500-South, 10-South, and 100-North
(the three documented observation wells that could not be located in our initial survey — see
previous subsection).

Stellar Environmental Solutions, Inc.
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CONFIRMATION WELL SAMPLING

Groundwater samples were collected from three of the site wells on April 11, 2005 for the
following objectives:

1. To determine if groundwater contamination is present, to demonstrate whether or not
there is a potential for cross-contamination between water-bearing zones if the well is
decommissioned in place (our proposed decommissioning method).

2. To determine disposal options for wastewater generated during well decommissioning.
To ensure that the sampling was as representative as possible of the entire wellfield, the
following wells were sampled:

B Well “New 50 West” located on the western edge of the wellfield.

B \Well “50-East” located on the eastern edge of the wellfield.

B Well “224-Southeast” located on the extreme eastern edge of the wellfield (nearest to the
adjacent Zeneca AG Products contamination site). (Note that this groundwater sample
was mislabeled on the chain-of-custody as “225-Southeast,” but is the same well.)

The wells were sampled (for all analytical methods below) by lowering a bailer to total well
depth, then withdrawing the bailer (trapping water in the bailer from near the bottom of the well).
The samples were transferred to appropriate containers (with preservative when required by the
method), labeled, and delivered to the analytical laboratory under chain-of-custody
documentation the same day.

The samples were analyzed for potential contaminants of concern as indicated by UC Berkeley,
based on documented contamination at the adjacent Zeneca AG Products site and historical site
chemical usage. All samples were analyzed for:

B Priority pollutant metals;

B Polychlorinated biphenyls (PCBs);

B Volatile organic compounds (VOCs); and
[ |

Radiological isotopes (tritium, gross beta, and gamma scan).

Analytical Results for VOCs and PCBs

As summarized in Table 2, neither VOCs nor PCBs were detected in any of the three wells
sampled.

Stellar Environmental Solutions, Inc.
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Table 2
Metals and Organics Analytical Results — April 11, 2005 Sampling Event
UC Berkeley, Richmond Field Station, California

Location Drinking
Hazardous Water
Criteria Standards

Contaminant 224 Southeast @ New 50 West 50 East (STLC) (MCLs)
Metals
Antimony <60 <60 <60 15,000 6.0
Arsenic <50 <5.0 <50 5,000 10
Beryllium <20 <20 <20 750 4.0
Cadmium <5.0 <5.0 <5.0 1,000 5.0
Chromium (total) <10 <10 <10 5,000 100
Copper 870 <10 <10 25,000 1,300
Lead <30 <30 <30 5,000 15
Mercury <0.20 <0.20 <0.20 200 2.0
Nickel <20 <20 <20 20,000 NLP
Selenium <5.0 <5.0 <5.0 1,000 50
Silver <5.0 <50 <50 5,000 100
Thallium <5.0 <50 <50 7,000 2.0
Zinc 150 <20 24 250,000 5,000
Organics
VOCs ND ND ND various various
PCBs ND ND ND 5,000 0.5

@ Groundwater sample was mislabeled as “225-Southeast,” but is the same well.

STLC = Soluble Threshold Limit Concentration
MCLs = Maximum Contaminant Levels

NLP = no level published

ND = not detected above method reporting limit
VOCs = volatile organic compounds

PCBs = polychlorinated biphenyls

All concentrations in pg/L.

Analytical Results for Metals

As summarized in Table 2, only two metals were detected—copper in wells 224-Southeast and
New 50 West; and zinc in well New 50 West. All concentrations were below the hazardous
criterion (Soluble Threshold Limit Concentration [STLC]) and drinking water standard
(Maximum Contaminant Level [MCL]). Appendix B contains the laboratory data.

Analytical Results for Radiological Isotopes

In the April 2005, sampling event, water samples from 3 wells were analyzed for tritium and
gross beta activity by liquid scintillation counting, and for gamma emitting radionuclides by

Stellar Environmental Solutions, Inc.
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gamma spectroscopy. The analytical results, presented in Table 3, indicate no presence above
background of tritium, other beta emitters or gamma emitters in the well water samples (the
results are not statistically above background).

Table 3
Radionuclide Analytical Results — April 11, 2005 Sampling Event
UC Berkeley, Richmond Field Station, California

Location
Radionuclide 224 Southeast @ New 50 West 50 East
Tritium ® < MDA < MDA <MDA
Gross Beta © < MDA < MDA < MDA
Gamma-Emitting Radionuclides < MDA < MDA < MDA

@ Groundwater sample was mislabeled as “225-Southeast,” but is the same well.
® MDA between 164 and 167 picoCuries per liter for this event.
© MDA between 1.85 and 2.35 picoCuries per liter for this event.

MDA = Minimum detectable activity. No positive activity in the sample is considered present when the sample activity is less than the MDA.
All concentrations in picoCuries per liter.

The April 2005 data supplement previous sampling performed in October 2002 by the UC
Berkeley Office of Radiation Safety of two well water samples and 15 near-surface soil samples
collected along the well field axes. A figure showing the location of these samples is included in
Attachment A. The well water samples were analyzed for tritium, with results showing tritium
concentrations that are indistinguishable from background (see laboratory report in Attachment
B). Soil samples were analyzed for Cesium (Cs**') by gamma spectroscopy (see laboratory
report in Attachment B). The results show trace levels of Cs*® consistent with expected
background levels (from global fallout from past atmospheric nuclear weapons testing). The
radiological analytical results of two control soil samples (C-1 and C-2) taken from locations at
the RFS remote from the well field site are not statistically different from the results of samples
taken in close proximity to the wells, demonstrating that historic research activities did not
impact the well field area.

The data indicate that the water: 1) is non-hazardous; 2) does not exceed any published drinking
water standards; 3) poses no risk to workers that will be involved in the well decommissioning;
and 4) serves as a basis for future associated or similar work at the RFS.
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PROPOSED WELL DESTRUCTION METHODS

The ultimate objective of proper well destruction is to minimize the potential for cross-
contamination between water-bearing zones that might occur due to the former well. The
proposed destruction methods are in accordance with Chapter 414-4 of the Ordinance Code of
Contra Costa County Ordinance, verbal discussions with Mr. Sherman Quinlan of CCCHSD, and
the DTSC comments in their September 29, 2005 letter. A copy of the DTSC letter is contained
in Appendix X

1950s WELLS

We propose to decommission the twenty-five 1950s wells that we have located in the following
manner.

Original Recharge Well

B [n our professional opinion, this well construction does not have an “annular space” as
described in the Ordinance Code (as supported by the well construction documentation),
and therefore we are not proposing to perforate the casing of this well.

B [n accordance with the DTSC’s request, we will conduct a down-hole video survey in this
well to confirm the nature of the obstruction encountered just above the top of the
screened interval.

B We will tremie-grout this well casing by lowering approximately 2-inch-diameter steel
pipe to the deepest depth possible, and pumping from the bottom up with a neat Portland
cement-water slurry (94 Ibs cement to approximately 6 gallons water) to a depth of
approximately 6 feet. During grouting, we will calculate the volume of grout delivered in
order to compare to the calculated well volume.

B We will capture and containerize excess groundwater forced from the well during
grouting, collect appropriate samples for evaluating disposal options, and properly
dispose of the wastewater.

B After the grouting, we will attempt to internally cut off and remove the well casing to a
depth of approximately 6 feet, and backfill with soil. If it is not practical to internally cut
off the casings, we will fill the upper six feet of casing with soil and leave the casings in
place.

Final Recharge Well and Observation Wells

B We will dismantle and remove remaining well-related surface equipment.

Stellar Environmental Solutions, Inc.
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B Further attempts will be made to deliver tremie pipe to the depth corresponding to the
screened interval, and/or to clear the internal obstructions from the two wells with
identified obstructions (i.e. by cable-delivered grappling hook or equivalent).

B \We will tremie grout each screened interval (that can be reached with the tremie pipe)
through approximately 2-inch-diameter steel pipe with well sealing material specified in
the CCCHSD *“Annular Seal and Well Destruction Materials” specification (likely to be
the “sand cement” mixture). This grout will be allowed to harden before perforating.

B Each well casing will be perforated (with a “mills knife”) from the total depth that can be
reached with the perforating equipment, upward to a depth of approximately 6 feet. The
wells will be perforated from the bottom up to minimize the potential for casing collapse
and losing the perforating string. The mills knife will create an approximately 6 inch- to
12 inch-long vertical “rip” at each perforation. One “rip” will be made every 5 feet, and
on an approximately 90 degree spiral pattern. As specified in Table 1, higher-density
perforating will be conducted in two intervals per well, corresponding to the clay
intervals in each well (see Table 1 for clay and peforating intervals). This perforating
will be conducted in two 5-foot intervals per well, with three cuts per foot (at ~120
degree radially).

B Following perforating, we will tremie-grout the remainder of the well casings by
lowering approximately 2-inch-diameter steel pipe to the depth of the previously-grouted
interval, and pumping the wells from the bottom up with well sealing material. Grout
will be brought to a depth of approximately 6 feet. During grouting, we will ensure that
the volume of grout delivered is equal to or greater than the calculated well volume.

B We will capture and containerize excess groundwater forced from the wells during
grouting, collect appropriate samples for evaluating disposal options, and properly
dispose of the wastewater.

B After the grouting, we will attempt to internally cut off and remove the well casing to a
depth of approximately 6 feet, and backfill with soil. If it is not practical to internally cut
off the casings, we will fill the upper six feet of casing with soil and leave the casings in
place.

Well 100-S

B We will drill (inside the casing) the apparently-filled 100-S well casing to determine if
the well has in fact been previously closed. If the well has not been closed, we will close
this well as specified above (for observation wells).

Stellar Environmental Solutions, Inc.
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Piezometers

B We will overdrill each of the 3 piezometers (to total piezometer depth of 16’) with
approximately 6-inch diameter hollow-stem augers, and remove as much well
construction materials as possible. The piezometers will then be tremie-grouted to
surface.

General (applicable to all wells)

B We will provide CCCHSD and DTSC with a well decommissioning documentation
report, including the DWR Completion Forms (for well destructions).

B If the three 1954-documented wells that could not be located are found in the future, UC
Berkeley will submit an application to CCCHSD to properly close those wells.

DTSC has concurred that the wells can be closed after including their requested changes as
described in their comments letter dated September 29, 2005. Attached to these revised technical
specifications are the CCCHSD well destruction permit applications. We understood from Mr.
Jeff Edwards that CCCHSD would determine permit fees after reviewing the applications.

The University of California Berkeley is committed to decommissioning these wells in
conformance with the CCCHSD request. We trust that this submittal meets your agency’s needs,
and we look forward to your concurrence. Please contact the undersigned directly (510-644-
3123) if you have any questions.

Sincerely,
Jéc%/UJM_ in. ‘ﬂt{g,!jl, / )

Bruce M. Rucker, R.G., R.E.A
Project Manager

Richard S. Makdisi, R.G., R.E.A
Principal

cc: Mr. Karl Hans — University of California, Berkeley

Attachments:
1954 Report on Investigation of Travel of Pollution
Groundwater and Soil Sampling Laboratory Reports
CCCHSD Well Destruction Applications (27) — CCCHSD Copy Only
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ATTACHMENT A

UC 1954 Report on the
Investigation of Travel of Pollution
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FOREWORD

Artificial recharge of aquifers with reclaimed sewage and other waste
waters has been recognized as one of the potential means of solving
the growing problem of ground water overdraft in many areas of
California. For various reasons, replenishment of ground water basins
by injection of reclaimed waters has not been practiced. Two of the
reasons are technical and result primarily from a need for conclusive
information on the travel of pollution with ground water movement and
on the practicability of injecting into an aquifer water containing
both organiec and inorganic solids.

A study of the research on this subject shows that data on under-
ground pollution travel are not only sparse but often contradictory.
Even less is known about the technical and economic problems involved
in operating and maintaining recharge wells. Because of this general
lack of scientific knowledge, the State Water Pollution Control Board
in 1951 contracted with the. University of California at Berkeley for
. a field investigation covering the following studies:

(1) The extent and rate of travel of pollution with ground water
flow as determined by analyses of bacterial, organic, and mineral
matter.

(2) The use of recharge or pressure wells as a means of waste water
disposal and ground water replenishment.

(3) Methods of operating and maintaining recharge wells at
sustained optimum injection rates.

(4) The economic aspects of ground water recharge through wells.

During 1951 and 1952, pertinent characteristics of the test aquifer
were studied and an extensive well-field was installed. In 1953 and
1954, travel of bacterial and organic pollution in the aquifer was
observed by injecting sewage treated in varying degrees. At the same
time, problems of operation and redevelopment of the discharge wells
were investigated. On December 31, 1954, the research contractor sub-
mitted the final report on the project. The state board has authorized
printing of this report as Publication No. 11. For a brief summary of
the conclusions reached in the investigation, the reader is referred to
the contractor’s letter of transmittal.

Although the investigation reported herein was conducted under the
sponsorship and direction of the State Water Pollution Control Board,
the conclusions and recommendations given in the report are those of
the research contractor and do not necessarily reflect opinions or,
policies of the board.
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LETTER OF TRANSMITTAL

UNIVERSITY OF CALIFORNIA, DEPARTMENT OF ENGINEERING
SANITARY ENGINEERING RESEARCH LABORATORY,
ENGINEERING FIELD STATION
1301 South 46th Street
Ricamonp 4, CaLirorNia, December 31, 1954

California State Water Pollution Control Board
721 Capitol Avenue
Sacramento, California

GENTLEMEN: In accordance with the terms of Standard Service
Agreement No. 12C-13 between the Regents of the University of Cali-
fornia and the California State Water Pollution Control Board for
‘‘Laboratory and Field Investigations of the Travel of Pollution From
Direct Recharge Into Underground Formations’’, we submit the at-
tached Final Report. This report covers work done during the periods
April 1951 to June 1952, July 1952 to June 1953, and July 1953 to
December 1954, under Standard Service Agreements No. 12C-3, 12C-4,
and 12C-13 respectively.

The principal objectives of the study were to determine the rate and
extent of travel of pollution, especially bacteria, as a result of direct
recharge of sewage effluents into water bearing strata; to explore the
problems of operating, maintaining and redeveloping recharge wells;
and to learn something of the economics of waste water reclamation by
direct recharge. Pursuant to these objectives, a well field consisting of .
a 12-inch recharge well surrounded ultimately by 23 six-inch observa-
tion wells was constructed at the Engineering Field Station of the Uni-
versity. All wells penetrated a confined aquifer three to five feet thick,
having a permeability of some 1900 gal/sq. ft/day, and lying approxi-
mately 95 feet below the surface. Fresh water was injected at various
rates over an extended period. Subsequently, diluted primary sewage
plant effluent was injected. The recharge well failed due to progres-
sive fracture of the overburden and was replaced by a gravel-packed
recharge well. This well functioned satisfactorily throughout a series
of studies in which sewage effluent of various strengths was recharged
at rates from 16.6 to 64 gpm. and the well redeveloped by the use of
chlorine.

It was found that bacteria travel rapidly at the start of recharge,
reaching some maximum distance at rates governed by the induced
ground water veloeity. This maximum distance of travel is not, how-
ever, related to the ground water velocity. In the investigation, this
maximum distance was found to be about 100 feet in the direction of
- normal ground water movement, and some 60 feet in other directions.
Removal of bacteria with distance of travel is extremely rapid and the
rate of such removal depends on the aquifer characteristics and does
not increase at higher rates of recharge. Clogging of the aquifer face
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by an organic mat takes place in direct proportion to the amount of sus-
pended solids and organic matter. This mat filters out bacteria so that
a decrease in bacterial numbers occurs out in the aquifer as those or-
ganisms which moved out early in the recharge period die and are not
replaced by similar numbers.

Clogging of the aquifer increases the pressure necessary to inject
sewage, but it was found that such clogging could be successfully re-
moved from the well investigated by injecting chlorine, then pumping
at approximately twice the injection rate. Pumping without the use
of chlorine was not successful. About 4 percent of the injected water
was pumped out during redevelopment. Injection rates used for sew-
age equaled the best previously reported for recharge with fresh
water—about 8.4 gal/min/ft of aquifer.

No special processes or equipment were found to be required for
sewage reclamation by direct recharge. Therefore the cost of such a
reclamation project is subject to a straightforward engineering analy-
sis by known methods, once test borings have shown the nature of the
aquifer to be recharged. Monitoring wells are recommended as a part
of any practical recharge operation as is control of the immediate vi-
cinity by the public agency responsible.

A detailed discussion of the factors involved in recharge, as well as
numerous conclusions are included in the report. They lead to the gen-
eral conclusion that reclamation of sewage waters by direct recharge
into underground aquifers is practical, and that operational considera-
tions rather than public health considerations are the controlling fae-
tors.

We believe that the study has produced a great deal of valuable in-
formation relative to extent and rate of pollution travel; methods of
constructing, operating, and redeveloping recharge wells; and other ob-
jectives of the investigation. We trust that the contingencies which
arose during the progress of the study may serve to guide future in-
vestigators in this field, and that future studies may be directed toward
clarifying the areas necessarily left inadequately explored in the in-
vestigation.

It has been a pleasure to work with the State Water Pollution Con-
trol Board on this research study.

Respectfully submitted,
HaroLp B. GoTaas
Director

SANITARY ENGINEERING RESEARCH LABORATORY

UNIVERSITY OF CALIFORNIA
University Officials
Robert G. Sproul, President of the University
Morrough P. O’Brien, Dean of the College of Engineering, Berkeley
Harold B. Gotaas, Director, Sanitary Engineering Research Laboratory and Profes-
sor of Sanitary Engineering
Henry A. Schade, Director, Institute of Engineering Research

Faculty Committee

Harold B. Gotaas, Professor of Sanitary Engineering

Wilfred F. Langelier, Professor of Sanitary Engineering

T. Russell Simpson, Professor of Irrigation

Erman A. Pearson, Associate Professor of Sanitary Engineering

Fred L. Hotes, Associate Professor of Irrigation

Warren J. Kaufman, Assistant Professor of Sanitary Engineering

Bernard D. Tebbens, Associate Professor of Industrial Hygiene

Gerald T. Orlob, Assistant Professor of Civil Engineering

Edwin S. Crosby, Assistant Professor of Public Health and Sanitary Science

Research Staff
*Carl H. Arness, Sanitary Engineer
*George E. Bell, Sanitary Engineer
Ann Bolles, Microbiologist
*Andrew A. Dinos, Sanitary Engineer
Henry Gee, Chemical Engineer
Clarence G. Golueke, Sanitary Biologist
Frank B. Hicks, Entomologist
Gerhard Klein, Chemical Engineer
Stephen A. Klein, Food Technologist
M. Beverly Kole, Secretary
Ray B. Krone, Soil Scientist
P. H. McGauhey, Sanitary Engineer ( Assistant Director)
William J. Oswald, Sanitary Engineer
Jean Pugsley, Typist-Clerk
*Raymond V. Stone, Jr., Sanitary Engineer
Jerome F. Thomas, Chemist
Theodore R. Weller, Sanitary Scientist
Curtis R. Wherry, Soil Scientist
Francis F. Wong, Zoologist

* Took part in investigation of pollution travel but left research staff before close of
investigation.
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PREFACE

Need for Study

The danger that public water supplies may become polluted as a
result of the movement of bacteria and chemicals with underground
waters has long been a matter of concern to authorities responsible for
protecting the public health, or for protecting the quality of ground
water resources. Laws presupposing such a danger have been enacted
in most states for the purpose of safeguarding sources of public water
supply. The laws of the State of California specifically prohibit the dis-
charge of any waters unfit for human consumption into underground
water bearing formations suitable for use as a source of domestic water
supply. This broad restriction is intended to safeguard the available
underground water resources of the state and, however its enforeement
may inconvenience citizens, public health considerations preclude its
modification until more is known of the underground movement of pol-
lution than can be learned from the inconclusive reports to be found in
the literature. Enforcement of the restriction is often difficult. In some
areas of California where soils are too tight for satisfactory perform-
ance of septic tanks, which depend upon subsurface percolation of ef-
fluent, sewer and drainage wells have been installed. Whether these
constitute a menace to the public health is a question which many are
inclined - to argue. Authorities charged with responsibility for safe-

guarding t
state have,

certain knowledge of the extent to which bact

travel with

he public health or protecting the water resources of the
therefore, felt a need for research which might supply more

eria and chemicals may
moving ground water.

The quantity of ground water available is as serious a consideration
as is its quality. Ground water supplies in many parts of the state are
so seriously depleted that an eventual restriction on the land use of
these regions is forseeable. Furthermore in at least 13 important coastal
areas, intruding sea water threatens to destroy producing aquifers un-
less the draft upon them is reduced to appreciably less than the rate of
natural recharge. One partial solution to the problem of overdraft is
the artificial recharge of aquifers, and an obvious source of water for

such rechar
oth

ge is the millions of gallons of treated domestic sewage and

er waste waters now being discharged each day into the ocean—

provided, of course, that no health hazard is created, and provided that

the physical difficulties of continuously injecting reclaimed waste water
underground are neither insurmoun

table nor too costly to be practical.

It was against this background that the California State Water Pol-

lution Control Board soon after its establishment in 1949 began a pro-
gram of defining the problems, a

questions, associated with the recl
The recharge of ground waters with oil
waters had been moderately successful,
stituents of sewage effluents might im

nd finding the answers to important
amation of waste waters in California.
field brines and with cooling
but whether the organic con-
pose physical limitations and

;

S
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health hazards not associated with brines or cooling waters was un-
known.

Purbose of Study

As a part of its program to establish the soundest possible criteria
for interpreting existing laws dealing with water pollution, and for
developing a rational basis for judgment of proposed legislation in the
future, the California State Water Pollution Control Board entered
into a contract with the Regents of the University of California under
which the Sanitary Engineering Research Laboratory undertook an
investigation of the travel of pollution with ground water movement.
The work was done under Standard Service Agreement No. 12C-3, dated
April 26, 1951, which was later extended to December 31, 1954, by
Agreements No. 12C-4, of July 1, 1952, and No. 12C-13, of July 1, 1953,
and July 1, 1954. The studyv entitled ‘‘Laboratory and Field Investi-
gation of the Travel of Pollution From Direct Water Recharge into
Underground Formations’’ was conducted for the specified purpose of
investigating :

1. The extent and rate of travel of pollution with ground water flow as deter-

mined by analyses of bacterial, organic, and mineral matter.

2. The use of recharge, infiltration, or pressure wells as a means of waste water
disposal and ground water replenishment.

3. Methods of operating and maintaining recharge wells at sustained optimum
injection rates.

4. The economic aspects of ground water recharge through wells.
Organization of Study

The principal investigative work of the project during the first year
was led by Raymond V. Stone, Jr. Throughout the remainder of the
study Ray B. Kromne served as project leader. The work was done under
the immediate direction of P. H. McGauhey, who guided the course of
the investigation, and Harold B. Gotaas, faculty investigator on the
project. Assistant project leaders at various times during the investi-
gation included George E. Bell, Carl H. Arness, Andrew K. Dinos, and
T. R. Weller. The study was conducted as a part of the program of the
Sanitary Engineering Research Laboratory of the University of Cali-

fornia. The necessary field installation was located in the vicinity of

the laboratory on the grounds of the university’s Engineering Field
Station in Richmond, California. All members of the Research Staff
contributed to the progress of the investigation. Technical guidance
was furnished by the Faculty Committee of the Sanitary Engineering
Research Laboratory, in codperation with a special Project Advisory
Committee consisting of Harry D. Aggers, Manager, Secondary Recov-
erv Operations, Union Qil Co.; Harvey O. Banks, Assistant State Engi-
neer; Frank M. Stead, Chief, Division of Environmental Sanitation,
California State Health Department; and H. E. Hedger and Paul Bau-
mann, respectively Chief Engineer and Assistant Chief Engineer, Los
Angeles County Flood Control District. P. H. McGauhey and Ray B.
Krone cooperated in preparing this report.
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INTRODUCTION

Poliution Travel With Ground Water Movement

Reports of the travel of bacterial and chemical pollutants with
ground water movement reveal the imperfect state of knowledge of the
conditions under which lateral travel of such materials might occur.
All investigators seem to agree, however, that pollution travels farthest
in the direction of ground water flow, and that chemicals travel much
farther than bacteria in a water bearing stratum. Stiles and Crohurst
(1) showed this to be the case in the movement of water from sewage
polluted trenches. In a sand of effective size 0.13 mm, bacteria traveled
65 feet in 27 weeks, while chemicals traveled 115 feet in the same
period. In earefully conducted tests these same researchers (2) observed
the movement of coliform organisms and of the chemical, uranin, from
polluted trenches intersecting the ground water. They found bacteria
232 feet and uranin 450 feet from the trench, with both types of pollu-
tion persisting for 24 years. In both studies (1) (2) they reported
movement in the direction of ground water flow only, more extensive
travel in wet weather than in dry, and a tendency for pollution to stay
in the capillary fringe of ground water when the water table lowered.
Similar experiences are reported by Hofman (3) in Germany, and by
Dyer and Bhaskaran (4) in India.

Ditthorn and Luerssen (5) reported on the introduction of Bacillus
prodigiosus into an aquifer of porosity 32.8 percent at'a point 69 feet
from a well. The bacteria appeared in the well on ten consecutive days;
beginning with the ninth day, and were found as long as 30 days after
injection ceased.

A series of studies in which latrines were bored 3 to 5 feet into the
ground water was conducted by Caldwell (6) (7) (8). In one case in-
volving soil of an effective size 0.08 mm, coliform organisms penetrated
10 feet and anaerobes 50 feet, while chemical pollutants were observed
300 feet down the stratum. In another case, a latrine, penetrating an
aquifer in which the ground water was moving 10 to 16 feet per day,
was lined with perforated boards supporting fine soil. Test wells 10
feet away showed no coliform organisms, although odors, foaming, and
pH changes were indicative of the movement of other materials. In
one pit, extending three feet into a ground water moving 13.3 feet per
day, coliform organisms extended past 80 feet from the point of con-
tamination but regressed to 20 feet because of soil defense. This phe-
nomenon was observed in another pit (9) in which the initial rate of
flow of pollution from the latrine approached the ground water velocity,
then receded as clogging developed. In this case bacteria traveled 35
feet and chemicals traveled 90 feet.

Various distances of travel have been reported, although most of the
observations are of gross phenomena rather than the result of planned
and rechecked experiments, Warrick and Tully (10) cite an instanece
of river water entering abandoned wells, from where it traveled 800

(19
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feet to city wells and caused 1100 cases of dysentery and typhoid. Salt
introduced as a tracer moved through the 800 feet in 17 hours. In an-
other instance (11) activated sludge effluent was traced from percola-
tion beds to a spring 1500 feet away, passing through fine sand in a
narrow stream. Coliform organisms were absent after 400 feet, but iron
bacteria flourished at the spring. Ammonia dropped from 12 ppm to
6 ppm in 1400 feet, while nitrates increased from 0.04 to 10 ppm.

A few reports indicate little travel of bacteria. Meinzer (12) sug-
gested that the travel of bacteria seems limited in sands but cited a
need for further exacting and conclusive investigations into this aspect
of recharge. Sampson (13) reported in 1934 that wells 150 feet from
percolation beds produced sterile water. In Germany Austen (14)
found bacteria disappearing in a few meters in seepage moving at a
veloeity of about 1 meter per day. Holthusen (15) described the results
of 5 years of operation of 270 wells in a 5500-acre collecting ground
on which 29 mgd of water from a river and drainage ditch were ap-
plied. Each well was surrounded by a 55 yard collecting strip. No
coliform bacteria appeared in the wells and the bacteria count inereased
only from 0 to 2 per ml in water traveling at a rate of 85 meters in
two months. Water temperature increased 0.5° C, and the travel of
chemicals produced an increase in iron, manganese, and earbon dioxide.

As might generally be expected chemical pollutants travel farther
than bacterial. European, especially German, experience reveals many
instances of the travel of chemicals with ground water. Lang (16)
deseribed 3 instances in which ground water supplies were abandoned
as a result of wood tar residues traveling 197 feet, picric acid wastes
traveling several miles, and pickling liquors traveling an unspecified
distance. He also cited an instance of leachings from an old garbage
dump reaching wells 1476 feet away, causing an increase in total solids
from 360 to 552 ppm, and of hardness from 190 to 272 ppm. Some 8
vears later Lang (17) reported a travel of picric acid wastes of three
miles in 4 to 6 years. Wells 2000 feet downstream from cooling ponds
showed a temperature rise and an increase in manganese, hardness,
and iron. In other instances, parbage dumped in a sand pit continued
to pollute wells 2000 feet away 15 years after the dumping of garbage
had ceased; and chlorinated sewage from a leaking pipe caused phenol
tastes and fungal growth in wells 300 feet away. Dye added to the
sewage traveled 300 feet in 24 hours. Rossler (18) recently observed
an increase in chlorides, hardness, and manganese in wells below a
garbage dump after ten years.

Austen (19) recorded the pollution of wells in Breslau by seepage
from a river 50 meters away, and reported tests which show artificial
recharge to be productive of changes in the chemical ‘composition of
well water, notably in iron and hardness.

Similar data have been observed in the United States. At Vernon,
California (20) chemical contamination traveled 3 to 5 miles. In Michi-
gan (21) chromate wastes advanced through sand to pollute wells at a
distance of 1000 feet in 3 years. Davids and Leiber (22) found aquif.ers
contaminated with 40 ppm of chromium as a result of discharging
chromium wastes into leaching pits.

Caldwel ) found chemical pollution traveling 47 feet in a width
of 25 feet uud a depth of 7 feet in ground water moving only 0.2 to
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1.5 feet per day. Calvert (23) reported an increase in hardness cal-
clum, manganese, total solids, and carbon dioxide in wells 500 feet ,from
an impounding pit for liquor from a garbage reduction plant.
_ Sayre and Strmgﬁqld (24) found phenol wastes traveling 1800 feet
m the ground water in one instance and failing to penetrate 150 feet
m another. Muller (25) reported two cases in which gasoline eseaped
into the ground and ultimately produced detectable odors in wells as
far away as two miles. Fox (26) using radioactive rubidium chloride
to tljace unflergropngi brine in Egypt’s desert found radioactivity in
outflow springs within 5 days. Sayre and Stringfield (24) recalled an
incident where weed killer moved with ground water in the Los Angeles
area m{)re than 20 miles in 6 months. Some wells near the sour(zg;a of
gr;ilalr;ast . ail(‘:l)‘l:lnd water contamination showed signs of contamination
The movement of salt brines with ground water s 1
pronounced. Eight hundred kg of sodiurgn chloride placeiflinrf aessgflcciall)li)‘;
soon reached a well 71 meters away. Sumps containing oil field brine
153 r1)1 cor}tamlpatsfi gr%urlld vlvater so that wells 1 mile away became unfit
1se in irrigation. Salt i
Foot vy b 2g4 bon. = Placed in a cesspool (28) reached a well 200
A summary of the foregoing findings appearing in the liter
before and after the beginning of the resléarch %tudy here?na:‘g;%ﬂoeﬁlh
is shown in Table 1. It represents the results of a few carefully con-
ducted experiments, as well as a number of gross observations of pollu-
;511:31 IP;'avel with ground water moving through strata of little known
Table 1 shows quite clearly that chemicals may be expected to travel
fa_lrther than bac'teria—a fact which might generally be expected of
dissolved matter in comparison with particulate matter. It underscores
also the need for further studies before conclusions might be drawn

coneerning public health hazards associated with i
by direct e with sewage reclamation

Well Clogging and Injection Rates

ha]s'_n}‘;zleen ii}}))i?teelacfe with recharge of water containing organic solids

l?‘eports in the literature are in general agreement, however, that
recinarge water should be clarified in order to prevent clogging. H’arrell
(29) concluded from experiences in the Los Angeles area that recharge
water.must k?e;clear apd relatively free of bacteria or material on which
organisms ynll grow, if clogging is to be prevented. Meinzer (12) noted
that clogging results both from suspended particles and bacterial
grow’ghs and suggested that recharge water be as clear and sterile as
practical. Laverty (30) noted that much difficulty had been encountered
in attempting to recharge water of poor chemical and bacterial quality
Eatop (31) concluded that recharging of deep aquifers is practicai
provided water is desilted, as did Brashears (32) at a later date

In the 0}1 industry, where low rate injeetion has proved quit;g sue-
cessful, failures have sometimes been due to clogging occasioned by
attempting rates sufficiently high to jam the aquifer. Some clogginh‘
has been due to ion exchange in the soil. In the San Ferna Valleyg
Lane (33) reported that imported water clogged wells w__.r short’
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TABLE 1

SUMMARY OF DISTANCES OF TRAVEL OF POLLUTION
REPORTED IN LITERATURE CITED

Observed distance Time of
Nature of pollution Pollutant‘ of travel travel
Sewage polluted trenches—inter- | Coliform bacteria_._____ -] 65feet___.__.____.___. 27 weeks
secting ground water Chemieals______________ 115 feet
Polluted trenches—intersecting | Coliform bacteria__...___ 232 feet
ground water Uranin.____._________.__ 450 feet
-} 17 hours
i i lls_ .| Intest. pathogens_._._____ 800 feet ... _____
River water in abandoned wells ;mcer I:alts _____________ 800 feet---------ooo oo 17 hours
i i i i i -} 10 feet
Sewage in bored latrines inter- Cohform. bactenn’--‘___ -
ti ound water Anserobic bacteria__ .50 feet
sectine & Chemicals 300 feet
. Bewage in bored latrines lined | Coliform bacteria________ 10 feet
with fine soil
Sewage in bored latrines inter- | Coliform bacteria.._.____ 35 feet
secting ground water Chemicals____.__________ 90 feet
Sewage in bored latrines inter- | Coliform bacteria___..___ 80 feet; regressed to 20
secting ground water feet
Coliform organisms introduced | Coliform bacteria________ 50 meters_________.______ 37 days
into soil
Bewage effluent on percolation | Coliform bacteria_ _______ 400 feet
beds Ammonia________._.____ 1,400 feet
Sewage effluent on percolation | Bacteria_____._..._._._____ 150 feet
beds
Bewage polluted ground water_..| Bacteria____.._.____..____ A few meters
Introduced bacteria_ .. .._._._..._ Bacillue prodigiosus______ 69 feet ... ___..__ 9 days
rina « SR 300 feet
Chlorinated sewage.----------- El;rzn_o_li'_f_li[i? ___________ 300 feet ... 24 hours
i i 7 feet
Industrial waste________________ Tar residues_____._.____ 19 .
news Pieric aeid_ . __.________ several miles
Garbage leachings__ ... ________ Misc. leachings. ... _____ 1,476 feet
Industrial wastes__.__.__________ Picricacid_ .- ___._____ 3miles.__ .. _________ 4-6 years
Industrial wastes in cooling ponds_| Mn, Fe, hardness_.______ 2,000 feet
Garbage leachings_ .. ... ________ Misc. leachings._________ 2,000 feet
Garbage reduction plant________ Ca, Mg, COs____________ 500 feet
River water_ _ _ .. __.___.____.__.__ Fe, misc. chemicals_ _____ 50 meters
Chemical waste__________.______ Misc. chemieals_ ________ 3-5 miles
Chromate_ . ___.________ 1,000 feet . __ .. _____._____ 3 years
ial wastes_______________ Phenol . _________ 1,800 feet
Industrial wastes____. Phenol.---------------- 800 foet
Salt____ .. Chlorides. ... 71 meters
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TABLE 1—Continued

Nature of pollution Pollutant Obser:fegr:‘i,s :la nee ﬁt::e?f
Oil field brine__________________ Chlorides_._____________ 3{ mile
Balt . Chlorides__.____________ 200 feet________________ 24 hours
Gasoline_ ______.______________ Gasoline________________ 2 miles
Weed killer wastes_____________ Chemieal_______________ 20 miles________________ 6 months
Radioactive rubidium chloride___| Radionctivity__._______| 5 days

NOTE: Chemicals observed to travel 2 to 30 times as far as bacteria.

periods of operation. The conclusion was reached that rearrangement
of soil particles by the recharging liquid tends to bring about soil
clogging. New York experience reported by Holbrook et al (34) found
the average life of recharge wells to be 12 to 15 years when water was
injected into wells 1250 feet deep at well head pressures of 500 to 1200
psi. The rate of injection was 1 to 3 bbls per day per foot of sand
having a porosity of 16 to 18 percent and a permeability of 3 to 10
millidareys. In the Texas oil fields, Heithecker (35) reported the clog-
ging of two wells when 100,000 bbls of water per day were introduced
into six wells 700 feet deep. The water was first treated to remove sand,
clay, sticks, grass, and waste oil. :

Clogging of wells due to the swelling of clay colloids in the aquifer
was observed by Hughes and Pfister (36). Clogging due to iron has also
been reported. Alecorn (37) reported clogging of a well recharged with
oil brines by iron sulfide resulting from anaerobic baecterial action.
Schmidt et al (38) described a similar difficulty with iron oxide, and
Rhea et al (39) found clogging due to ferric hydroxide in wells 4000
feet deep penetrating 100 feet of injection sand. Caving of the injection
sand walls oceurred and sulfate reducing organisms appeared in the
injection section. It is conceivable that the presence of sulfate splitting
organisms in organic materials underground might lead to clogging of
certain aquifers recharged with sewage effluents. Plummer (40) re-
ported that micro-organisms eommon in oil field waters cause precipi-
tates of ferric hydroxide, sulphur, metallic sulfides, and ecalecium
carbonate; and gelatinous material, elutrious substances, and organie
plant threads which separately and collectively have strong clogging
effects if occurring in injected water.

Most available information on rates of ground water recharge
through injection wells deals with clear water or with oil field brines.
In 1933-34 experiments in Los Angeles (29) showed success in re-
charging one existing well at a rate of about 0.6 gal/min per foot of
aquifer penetrated, while another took only about one quarter of that
amount. Later experiments with more suitable aquifers were more
hopeful. In 1936 Lane (33) reported on the injection of clear water
into 20-inch wells penetrating some 300 feet below the water table in
a coarse granitic alluvium. Sustained operation at 2250 gal/min per
well (about 7 gpm/ft depth of aquifer) was unsuccessful, due to clog-
ging as a result of rearrangement of soil particles under reversed
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direction of flow. One well was found to have a pumping capacity of
about 900 gpm but a sustained recharge capacity of only about 150
m. .

nghe most extensive experience was outlined by Jo.hns.on (41) 1in
1948 in a discussion of the Long Island operations. Injection rates of
100 to 550 gpm were reported in various of 221 wells, 44 of which were
operated the year round. From the data presentgd it is estimated by
the authors of this report that injection rates varied from about 6 to a
little more than 8.5 gal/min/ft of aquifer. Recent reports of a recharge
project at El Paso, Texas, show recharge rates of about 700 gpm into
wells slightly less than 900 feet in depth, which have a specifie capac1t}3lf
of about 18 gpm. A similar report of recharge tests at the King Rane
in Texas shows difficulties with rates as high as 7.5 gal/min/ft depth of
aquifer.

the injection of surface waters into aq}lifers at El Paso, 'Texas was
described by Sundstrom and Hood (42) in 1?52.. Rates achieved were
not spectacular. Cecil (43) described the injection of gasoline plant
wastes into a 3000-foot well at rates of 0.8 to 1.3 gal/min/ft of aquifer.
Similar low rates with oil brines in deep wells, 0.6 gal/min/ft of aquifer
in 1200-foot wells at 500 psi, are mentioned by Riggs and Smith (44) ;
and by others (45) (46) (47) (48). Rates as low as from 0.15 to 0.45
were reported by Liyons and Cashell (49) and Terrill (50).

In summary it might be said that reports in _the literature, both

prior to and subsequent to the beginning of the investigation herein

reported, 1) deal primarily with recharge of fresh water; 2) anticipate i

clogging of recharge wells even W'it}-l very small amounts of suspendeg
matter; and 3) report successful injection.rates of fr(?m less than 0.2f
to about 8.5 gallons per minute per foot depth of aquifer, generally o
unspecified characteristies.

Need for Investigation

A careful study of the literature concernil_lg the underground'move-
ment of bacterial and chemical pollutants with ground water failed to
produce conclusive evidence that sewage plant effluents could be Iif-
claimed by direct injection into ground waters without danger to the
public health, or of serious injury to ‘ghg quality of su'ch grounc.l waters.
Similar studies of the physical possibilities pf continuously ln,]ectmg
into an aquifer waste waters having biochemically unstable suspende
solids, indicated that less was known concerning this matter than v:as
known about pollution travel. Reported rates of injection of water
into deep oil-producing strata seemed too small to be practical in sewe;ge
reclamation and involved well head pressures muc!l too severe 101‘
application to aquifers located at depths common in water suppf> );
Successful injection of cooling waters and su.rfaee waters in a detO
localities suggested that a Waterb(l)f suﬁi&:}te-nt clarity could be returne

nd water under favorable conditions. . :
theitgl;g;s (tiherefore clear to the State Water Pollution Control Board
and other public agencies that it was necessary to conduct extentSIzefE
research investigations before it was possible to say whether pa(;‘ e
California’s search for water might seriously be directed towar R
reclamation water which had been used and abused by the pubhe.

THE INVESTIGATION

I. EQUIPMENT AND FACILITIES
Location of the Well Field

To achieve the objectives of the investigation it was deemed neces-
sary to conduct studies on a field scale. The experimental nature of
such an undertaking, however, imposed restrictions in location not in-
volved in the field secale ground water experience reported in the
literature. This experience, although often experimental in the sense
that the possibilities of success were unknown in the beginning, was
essentially operational in nature. It concerned the injection of water
into underground strata on a practical basis at some location where a
geological formation capable of receiving water occurred, and where
recharge water was available either as the result of excess surface water
at certain seasons, or of the necessity or expediency of returning water
to underground storage from which it had been drawn.

For purposes of the investigation it was necesary to select a location
at which it was possible to inject polluted water into a suitable aquifer,
and to observe the result over an area of uncertain extent. This called
for a central recharge well surrounded by a system of observation
wells. For economy of construction, these wells should preferably
penetrate an aquifer not too far below the ground surface, yet deep
enough that appreciable pressures could be applied without separating
the aquifer or causing a breakthrough to the surface. Other desirable
aquifer characteristies included limited aquifer thickness, so that its
recharge capacity might be tested with reasonable amounts of water;
sound overburden ; and no local development which might disturb pres-
sure or flow patterns, or which might if contaminated endanger the
public health. Moreover, it was necessary that the well field be accessible
to a source of settled sewage, a supply of fresh water of uniform
quality, and existing electrie power lines. For maximum economy and
convenience it should also be readily accessible to a complete analytical
laboratory, machine repair shops, and similar facilities.

All of the requirements for an experimental study of ground water
recharge with polluted waste waters could be met at the site of the
Engineering Field Station of the University of California on the
northeast shore of San Francisco Bay, provided a suitable aquifer could
be located in the vicinity. Ou the basis of the logs of a few loeal wells,
test borings were made on the ground of the Field Station. They re-
vealed the existence of an aquifer which was judged to be suitable for
the purpose of the investigation, occurrring at approximately 95 feet
below the ground surface. ‘

Layout of the Well Field

The layout and orientation of the well field used in the investigation
are shown in Figure 1. The field was construeted in three dri” -~ opera-
tions as contingencies required during the course of the . J{y. The
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original installation, made during the summer of 1951, consisted of one
12-inch recharge well and 14 6-inch observation wells located along
the axis shown as ‘‘original east-west axis’’ and ‘‘original north-south
axis’’ in Figure 1. Table 2 identifies these original wells and shows
their location in reference to the original recharge well. The first injec-
tion of sewage polluted water gave rise to fear that bacteria might
travel beyond the well field limits. Therefore in February 1953 the
well field was extended to the south and east—the direction of principal
ground water movement—by drilling four additional observation wells
at locations indicated in Table 1. Failure of the original recharge well
and adjacent area, as described in a later section of this report, brought
about further modification of the well field in July 1953. At that time
a new recharge well and five observation wells were added, four located
as indicated in Figure 1 on ‘‘final east-west axis,’’ and one located 100
feet south of the new recharge well. The original recharge well was
then sealed off. To avoid confusion in subsequent reports the original
well designations were retained and the prefix N used to designate new
observation wells added in the final drilling operation. The right hand
section of Table 2 shows the location of all observation wells with re-
spect to the final recharge well.

Construction of Wells

The original recharge well and the 23 observation wells ultimately
provided were drilled with a standard cable rig to depths varying from
100 to 116 feet, passing through the aquifer used in the investigation
in the general depth range of 90 to 100 feet. The nature of the aquifer
and overlying strata is described in a later section of this report. All
of these wells were cased throughout at the time of drilling by driving
steel casings perforated only in the region of the aquifer. Each obser-
vation well casing consisted of spirally welded steel pipe with 28 slots
%" wide by 6” long pre-perforated in a seven-foot section at the aquifer.
The recharge well casing was of double wall steel construction with stag-
gered welded joints, and extended to a depth of 112 feet below the
ground surface. A ten-foot perforated section, shown in Figure 2,
passed through the aquifer and served as a well screen. Perforation
consisted of 920 pre-cut slots 3/16” by 13”.

The final recharge well was designed to provide a better seal between
the well casing and the material overlying the aquifer, as well as to
reduce velocities in the aquifer at its zone of contact with the well
screen. It was constructed by boring a 36-inch hole to a depth of 40
feet with a rotary drill rig. This hole was then cased with a temporary
casing and drilling was continued with a 22-inch rotary bit to a depth
of 102 feet below the ground surface, passing through the aquifer in
the same range as the previously constructed wells.

The 22-inch hole was drilled, with a 5-foot diameter bell located just
below minus 77 feet, and fitted with a 22-inch temporary casing. A
12-inch final well casing with perforated screen, such as used in the
original recharge well (See Figure 2) but with a closed bottom, was
then set in place and surrounded with a gravel pack through the region
of the aquifer. Pea gravel ranging in size from 3” to 3” was used. A
4-inch steel tube extending from the ground surface to a point beneath
the upper surface of the gravel pack was set adjacent to the 12-inch well
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TABLE 2

LOCATION OF OBSERVATION WELLS WITH RESPECT TO ORIGINAL AND
FINAL RECHARGE WELLS USED IN INVESTIGATION

Original Well Field (1951) Final Well Field (1953-54)
Distance Direction Distance Direction
‘Well No. from original | from original Well No. from final from final
recharge well | recharge well recharge well | recharge well
North 13 feet . ____ North
North 28 feet___.__ North
North 48 feet___._. North
North 63 feet______ North
West North
West North
West Ni5°W
East N33.7°W
East N53°W
East West
East West
South N15°E
South N33.7°E
South N53°E
South N69.5°E
South Bast
South East
*¥2248E__________ 224 feet_.____ 826°30'E | 0 ______.__. 13 feet______ South
s South
A South
‘ |0 South
\ South
- S31.7°E

* Added in February, 1953.

casing so that gravel might be added to inerease the extent of the gravel
pack if a loss of fines during well development or subsequent operation
should produce cavitation. After the top of the gravel pack had been
sealed with sand, the annular space around the 12-inch casing was
filled with concrete introduced through a tremie as the 22- and 36-inch
casings were withdrawn. Figure 3 shows the well casing, gravel tube,
and tremie in place just prior to the concreting operation.

When the concrete had set, the original gravel pack was stabilized
and compacted by alternately surging the water in the well with a
specially designed swab and bailing at approximately 110 gpm. As
surging and bailing progressed, additional pea gravel was admitted
to the pack through the tube provided for that purpose. Final consoli-
dation of the gravel pack was completed by continuous bailing at 100
gpm for a period of 8 hours.

The casings of both the original and final recharge well extended
approximately three feet above the ground surface and were fitted with
a flange for mounting a redevelopment pump. Fittings for pressure
measurement, pressure switch installation, air bleed, and access were
welded into the casing wall below the flange. Figure 4 presents a gen-
eral view ( e well head of the final recharge well installation.

INVESTIGATION OF TRAVEL OF POLLUTION

FIGURE 2. Recharge well screen and casing

FIGURE 3. Twelve-inch well casing, four-inch gravel tube, and tremie prior to
cementing final recharge well

29
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_ Observation well casings were cut off close to the ground surface and
equipped with 6-inch pipe caps or with welded closures having separate
outlets for obtaining water samples from the aquifer and for measuring
wellhead pressures. The sampling outlet was made by drilling the cap
and installing a 3/16” valved copper tube which extended downward
to a position opposite the perforations of the well casing. A truck tire
valve stem assembly threaded into the well ecap served as a pressure
connection for either a well pot mercury manometer or a glass piezom-
eter tube. Figure 5a shows details of an observation well with a mercury
manometer in use. Figure 5b presents the detail of an observation
wellhead fitted with pipe cap, and shows sample collecting arrange-
ment. This figure also shows a piezometer used instead of the mercury
manometer when wellhead pressures were less than four feet. Pressures
at the recharge wellhead were observed by means of a direct reading
altitude gage and a recording pressure gage connected directly to the
wellhead (See Figure 4). '

Development of Wells

Bailing at the time of construction served partially to develop the
wells. Subsequent development of obseravtion wells was accomplished
by pumping with a small 20 gpm jet pump. Wells that showed a
sluggish pressure response when the recharge well was pumped were
surged with dry ice and repumped. The original recharge well itself
was developed by a four-stage deep well turbine gt rates up to 100
gpm, for periods varying from a few hours to more than two weeks
of continuous discharge. The possibility that this development may
have contributed to a later failure of the original recharge well led to a
more moderate development of the final recharge well. Following the
bailing of this well and installation of the turbine pump previously
mentioned, development was begun at a rate of 35 gpm. The rate was
then gradually increased to a maximum of 60 gpm.

Well Field Equipment

The redevelopment pump was mounted directly on the recharge
well casing, as shown in Figure 4, in a permanent manner and with
an airtight seal. It consisted of a four-stage deep well turbine set ap-
proximately 75 feet below the ground surface and driven by a 15 HP
electric motor. A 10-foot tail pipe and standard sereen assembly ex-
tended below the pump bowls. The rated capacity of the pump was
400 gpm against a total discharge head of 100 feet. Discharge was
through a 5-inch pump column and a 3-inch discharge pipe.

The recharge pump was arranged to inject water through the dis-
charge pipe and the column of the redevelopment pump when a by-
pass-to-waste valve was closed. Recharge was accomplished with a
4” x 5” triplex positive displacement pump driven by a 20 HP electirlc
motor through a 5-speed truck transmission and two sets of reduction
gears. With this arrangement water could be injected at rates of 13.5,
16.6, 37.6, 63.9, and 103 gpm depending upon the gear ratio selected.
Discharge pressure surges were damped by a 40-gallon surge Fank-
The effect of any variation in pressure in the supply line was obviated
by using an intake sump with gravity overflow. This sump was con-
structed by installing a 13-foot length of 3-foot diameter corrugated

i
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FIGURE 4. Recharge well head
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FIGURE 5a. Sampling well head
and mercury pot manometer

FIGURE 5b. Sampling well head with
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pling tubes
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Recharge pump assembly

FIGURE 6.
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FIGURE 7. General view of well field showing recharge wall, recharge pump, and intake sump
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culvert pipe in the ground in a vertical position. Other well field equip-
ment included necessary piping, valves, and controls. Portable pump-
ing equipment was provided for extracting samples from the most
remote observation wells, which did not overflow under the recharge
pressures experienced in the investigation. It consisted of a small
positive displacement pump with a rubber impeller driven by an
electric motor. '

Details of the recharge pump are shown in Figure 6. Figure 7
shows the general arrangement of recharge well, recharge pump, intake
sump, and necessary piping.

Recharge Water Supply System

The recharge water supply system was designed to provide water
of any desired quality from clear water to primary settled domestic
sewage by mixing fresh water and settled sewage in suitable propor-
tions. It consisted of fresh water wells with pumps discharging to fire
mains with an elevated tank floating on the line, a raw sewage pump-
ing station, a primary settling tank,.a mixing pump, and necessary
piping and controls. A flow diagram of the system is shown in Figure 8.

Fresh water was obtained from two shallow wells located 700 feet
south of the recharge well and penetrating a thin aquifer 32-34 feet
below the ground surface. Pressure measurements showed that there
was no cross connection between these wells and the aquifer used in
the investigation. A twin-jet pump was used to elevate water to the
storage tank in which the water elevation was maintained at 80 = 0.5
feet above its base by a float switch which controlled the pumps. The
rate of flow from the tank to the recharge pump intake sump was
controlled by a throttling valve located at the base of the tank.

Domestic sewage was obtained from a 94-inch trunk sewer of the
City of Richmond. A specially constructed bar screen was installed
in the sewer in a deep manhole (Figure 9) to protect the intake of an
open impeller centrifugal sewage pump located in an adjacent dry
well (Figure 10). An improved model of the sereen which proved to
have excellent self cleaning characteristics, is shown in Figure 11.
The screened sewage was pumped at a rate of 70 gpm through 3000
feet of 4-inch transite pipe to an elevated cireular settling tank of ap-
proximately 7000 gallons capacity. By bypassing a portion of the
pumped sewage into a local sewer a two-hour detention period in the
settling tank was provided. Settled sewage then flowed by gravity a
distance of 400 feet through a 4-inch steel pipe to the base of the ele-
vated water tank. There it was injected into the 4-inch water delivery
line at the desired rate, to flow by gravity to the intake sump of the
recharge pump some 700 feet away. The mixing pump shown in Figure
12 was a small jet pump piped in a suitable manner to feed low pres-
sure sewage into a higher pressure water line on the low pressure side
of the throttling valve at the base of the elevated storage tank.

The Aquifer and Overlying Strata

The aquifer selected for use in the investigation of the travel of
directly injected pollution is a water deposited stratum of sand and
pea gravel varying in thickness from three to seven feet, generally
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FIGURE 9. Sewage pump intake in sewer manhole

FIGURE 10.

Sewage pump in dry well
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' iﬁhilll!

FIGURE 11.

FIGURE 12.

Detail of intake screen

Mixing pump installation
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located between 90 and 100 feet below the ground surface, and over-
lain and underlain with relatively impervious clay. On the basis of
local evidence the aquifer is believed to extend at least several miles
from the well field in all directions. It carries water under a piezo-
metric pressure of about 80 feet, or 3.60 feet above Mean Sea Level,
with variations up to 0.5 foot as a result of tidal swing in the nearby
bay, although striect correlation between the tide and this fluctuation
in piezometric pressure is not possible. The natural pressure gradient
of the aquifer, as accurately as it could be measured within the extent
of the well field is 0.003 from north to south.

Profiles of the aquifer taken from logs of wells along the ‘‘original”’
and ‘‘final’’ axes of Fligure 1 are shown in Figure 13. The sticky blue
clay stratum immediately above the aquifer is approximately 20 feet
in thickness. Above this the material is clayey in nature but inter-
spaced with thin layers of sand and gravel. A study of the logs of
observation wells presented as Appendix I of this report indicates
that these layers roughly parallel the principal aquifer, as might be
expected of water deposited strata. The apparent discontinuity of
some of these layers indicate that they may be lense like in nature as
well. The pervious strata in the 32-34 and 72-75 foot ranges of depth
were found to be water bearing. In fact the upper one of these is the
source of fresh water used for recharge in the investigation.

Both recharge wells were logged with particular care; the original
well by usual methods employed by well drillers, including observa-
tion of bailer tailings; the final well by observation of the cores brought
up in the rotary bit. Figure 14 shows the nature of the strata over-
lying and to a limited extent, underlying, the aquifer as revealed by
the log of the original recharge well. Similar data for the final recharge
well are shown in Figure 15, along with some well construction details.

Particle size distribution curves for samples taken at several depths
in the aquifer are shown in Figures 16 and 17, while effective size and
uniformity coefficient observations are presented in Table 3. Consider-
able variation is evident in the data presented for various samples
anlyzed, but this is not unusual for water deposited aquifer material.
Some variation in particle sizes might result from the sampling limita-
tions inherent in cable rig well drilling, which make it necessary to
depend on washed grab samples taken from the bailer. Nevertheless it
may be seen from Table 3 that 44 percent of the effective size observa-
tions are in the range of 0.2 to 0.3 mm, and that 55 percent of the uni-
formity coefficients range from 3 to 5. Furthermore the distribution
of these values among the wells is not localized, which would indicate
that they might be taken as a reasonable estimate of the average par-
ticle size characteristics of the aquifer.

From Table 3 and Figures 16 and 17 it might be expected that in
spite of considerable non-uniformity the aquifer would behave essen-
tially as a single homogenous stratum, under the pumping and recharge
operations involved in the investigation. Instead it often exhibited
deviations such as are characteristic of two or more interconnected but
separate aquifers. A study of the well logs presented in Appendix I
reveals that in some places the aquifer does indeed consist of two strata
separated by lenses of less pervious material. In other areas the lower
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FIGURE 15. Llog of final recharge well
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TABLE 3

EFFECTIVE SIZE AND UNIFORMITY COEFFICIENT OF AQUIFER MATERIAL
AS DETERMINED FROM SAMPLES TAKEN DURING CONSTRUCTION
OF VARIOUS WELLS

watumper | Bt | Dt | ey | Stive | vty
Original recharge - 0.60 3.8 2258 0.20 28.5
Original recharge . 0.39 6.4 5008 0.29 6.2
25N .. 0.26 9.3 Final recharge 1.50 4.3
S50E_______ 0.27 3.9 N13E 0.67 3.3
25W_______ 0.30 5.0 N50E 0.33 4.6
108.___.___ 0.48 6.2 N13wW 1.30 3.3
258 ... 0.21 7.4 N50W 0.68 4.4
508 .. 0.71 3.0 N1008 " 1.50 4.3
100E______ 0.20 11.0 224SE 0.27 9.6
Average. .| oo ) ee 0.56 6.9

stratum of the aquifer definitely does not occur, although in a few
cases it is possible that a vestige of it may exist at a depth not reached
by the observation wells. When the probable manner in which the
aquifer was laid down is considered, the conditions shown by the well
logs is easily understood. It should be recognized also that the normal
method of logging of wells makes for a poor definition of aquifer
boundaries and might miss entirely a thin impervious stratum within
an aquifer. Difficulties resulting from localized stratification and from
variable thickness of the aquifer were first encountered in the deter-
mination of aquifer transmissibility and permeability.

The transmissibility and permeability of the aquifer were determined
graphically by applying the modified Thiem method deseribed by Jacob
(52) to drawdown pressure distributions observed in the well field
during pumping tests of both the original and final recharge wells, and
to recharge pressure distributions around the original recharge well.
As a rough check on the validity of later field permeability findings,
permeability determinations were first made in the laboratory on
washed grab samples taken from the bailer during the construection of
the original recharge well and several of the observation wells. The
results of these laboratory permeability studies are summarized in
Table 4.

The variation in size characteristics and permeability values shown in
Table 4 would indicate that its overall permeability could best be ob-
tained directly by pumping or by recharge tests. Nevertheless an overall
laboratory permeability of 1760 gallons per square foot per day was
determined by averaging values in the Table, excluding the value of
8500 shown for the recharge well at the 94-foot depth. This observation
was neglected on the grounds that it represented a gravel pocket which,



INVESTIGATION OF TRAVEL OF POLLUTION

STATE WATER POLLUTION CONTROL BOARD

0s

ssyinbo o yshjoun srsis  “Z1L FUNONE

‘ww ‘az1s
0'S

ol

uaaiosg

—_— 0 uN
- - ———— 38
S00§
s622
SOOIN
—_— MOSN
MEIN
300l

el O | 306N
3EIN

:aN3937

#8y1nbo jo sshjotn eaeis 9| JWNOIY
NW NI

v

€

3Z1S N33MIS

2

68. 9 ¢
P
§$ 0§
N G2
M G2
S 62
3 0s
66-Y
v6-4
s 0l
aN3oan

¥34INDY 40 SISATVNY 3A3IS

ov

(0]°]

09

0l

(¢} ]

06

001

ONISSVd LN3D¥3d

02

ot

09

(o]

(o]0]]

e

buissod



46 STATE WATER POLLUTION CONTROL BOARD

TABLE 4
LABORATORY PERMEABILITY DETERMINATIONS

Well No. 108 R R 50E 258 25W 25N 508 50W
Sampling depth (ft.). _____ 98’ 94’ 99’ 94’ 96’ 96’ 96’ 97’ 94’
Effective size____________ 0.48 0.60 0.39 0.27 0.21 0.30| 0.26 | 0.71
Uniformity coef._ ____..__ 6.25 3.84 6.42 3.86 7.39 5.00 9.26 5.00
Permeability (ecm/see).___| 0.516 | 0.40 0.10 0.12 | 0.063 | 0.026 | 0.030 | 0.22 | 0.034

Permeability (gal/ft2/day) | 1,600 | 8,500 2,100 2,500 | 1,300 550 640 | 4,700 720

although not uncommon in the aquifer, might be considered non-typical
because it was not duplicated in any other grab sample in any well.
Because a loss of fine material undoubtedly accompanied the washing
of each sample in the bailer, it was expected that the value of 1760
gallons per square foot per day should be greater than the true field
permeability and might therefore, as previously noted, be used as a
rough criterion for judging field results.

Transmissibility and Permeability From Pumping Tests

Drawdown tests of the original recharge well for the purpose of de-
termining aquifer transmissibility were made at pumping rates of 48,
70.3, and 68.5 gallons per minute. In each case the drawdown in all ob-
servation wells was referenced to mean sea level in order to minimize

the number of variables involved. Figure 18 shows the observed draw-.

down water surface elevations plotted against the logarithms of the
distances from the recharge well to the points of observation.

From Figures 18, 19, and 20, it may be seen that in each case the
plotted points representmg the observation wells in the four cardinal
directions from the recharge well, fail by an appreciable amount to
arrange themselves along a single straight line which would represent
a symmetrical ideal cone of depression of the piezometric surface
around the recharge well. There is also a considerable failure of points
representing any individual line of wells to fall upon a single straight
line which would indicate a smooth drawdown curve. This is the result
of one or more imperfections known to exist in the aquifer, the precise
effects of which may not be accurately predicted. They are: 1) Vari-
able thickness of aquifer; 2) Variable permeability of aquifer; and
3) Stratification or separation of aquifer by lenses or intrusions. Any
or all of these conditions could result in the movement of water by
devious paths in such a manner as to distort the idealized piezometric
surface and hence to interrupt the pressure curve along any given line
of wells.

In order to determine the average aquifer transmissibility from draw-
down data for any rate of pumping it was necessary to interpret the
data by a number of possible straight lines on the logarithmie graphs
(Figure 18), accepting as the most probable those fitting the maximum
numbers of plotted points and to which the fewest valid objections
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FIGURE 18. Pumping test of original recharge well
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could be found. The interpretations accepted are shown by the straight
lines in Figures 18, 19, and 20.

In Figure 18, based on equilibrium drawdown conditions under con-
tinuous pumping at 48 gpm, a reasonably well defined piezometric sur-
face exists. Variations from an average, which might represent an
idealized cone of depression, amount to about =+ 0.5 feet. Inasmuch as
actual drawdown values were of the order of 30 to 35 feet, this varia-
tion amounts to approximately == 1.5 percent. The west line of wells
(Figure 18) follows a smooth drawdown or pressure curve. The south
wells, however, seem to be on two pressure lines of the same slope, sug-
gesting that aquifer transmissibility is constant in this direction but
that one stratum of the aquifer does not intersect all wells. With some
variations this condition also holds at higher rates of pumping (See
Figures 19 and 20). Well logs shown in Appendix I, however, do not
show conclusive evidence that aquifer stratification is the cause of pres-
sure variation along the south line of wells, although some non-
uniformity does exist. Pressure variation was most pronounced in the
north and east directions, but in general there was a marked tendency
for observation well pressures to approach two boundary curves.

At the 70.3 gpm discharge rate shown in Figure 19 the situation is
not greatly different than that observed at the 48 gpm pumping rate.
Pressure variations are somewhat greater but the increased values of
drawdown confine the variation with the = 1.5 percent previously ob-
served. As before, two prinecipal pressure curves are indicated. A far
greater degree of dispersion of data appears in Figure 20. This partie-
ular test was run after the first recharge experiments had been at-
tempted with a large volume of sodium chloride as a tracer. Some tem-
porary clogging due to ion exchange resulted and it is presumed that
the effects of such clogging had not entirely been overcome when the
drawdown test at 68.5 gpm was made. The tendeney for well pressures
to follow well defined curves is uncertain during this pumping test but
such tendencies as are evident yield values of transmissibility not
materially different from those caleulated from the two pumping tests
made prior to recharge experiments.

Values of aquifer transmissibility determined from Figures 18, 19,
and 20 are summarized in Table 5.

From the logs of all wells in existence at the time, the average depth
of aquifer was calculated to be 3.5 feet. Thus for a transmissibility of
5775 the field permeability of the aquifer would be 1650 gallons per
square foot per day. When compared with the value of permeability
determined from laboratory samples (1760 gal. per sq. ft. per day),
which for reasons previously discussed should be the greater, this eal-
culated value of field permeability seems reasonable.

The three pumping tests of the original recharge well described in
the preceding paragraphs were made in November 1951 and March
1952. Subsequent failure of this well, as described in detail in a later
section of this report, led to its abandonment and to the construction
of the final recharge well, along with others which extended the well
field to the proportions indicated in Figure 1 and Table 1. At that time
a new determination of field transmissibility and permeability by
drawdown observations was undertaken.

INVESTIGATION OF TRAVEL OF POLLUTION 5l

TABLE 5

AQUIFER TRANSMISSIBILITY FROM DRAWDOWN TESTS
OF ORIGINAL RECHARGE WELL

Pumping rate
48 gpm 70.3 gpm 68.8 gpm
Transmissibility in gallons per foot per day

Fi 18,19,20) .o e 5,740 5,630 5,160

(See Figures ) 6,010 5,640 6,450
4,820
6,970

AVerage o e 5,885 5,835 5,805

Over-all average transmissibility = 5,775 gallons per foot per day.

In November 1953 the final recharge well was pumped at a rate of
40 gpm and the drawdown data plotted in Figure 21 were obtalr_led. In
interpreting these data a new set of conditions must be gons1d_ered.
Most important is the knowledge that the aquifer was dgﬁnltely inter-
rupted along the north line of observation wells by repair work in the
vicinity of the original recharge well. (See Figure 1). Ip addition, the
average aquifer thickness over the area covered by the _1n9reased num-
ber of observation wells was 4.4 feet instead of the previous 3.5 feet.
Interpreting the drawdown data as before (See Figure 21) an average
transmissibility of 8520 gallons per foot per day, and_a pel_‘meablhty.of
1940 gallons per square foot per day is obtained, which differs consid-
erably from the value of 1650 obtained from pumping tests of the
original recharge well.

Transmissibility and Permeability From Recharge Tests

Calculations of transmissibility were made from equilibrium pressure
observations around both the original and final recharge We_lls during
injection of fresh water. Failure of the plotted points in Figures 22a
and 22b to fall on a single straight line in each case shows thz_it_ the
piezometric surface is subject to distortion under reehal.rge conditions,
as might be expected from previous drawdown observations. A graphi-
cal interpretation of these data was made in the same manner as ap-
plied to the drawdown data in Figure 18. Boundary curves represent-
ing flow directly from the recharge well were held to be more valid than
lines representing cross flow within the well field (later c_hscussed in re-
lation to pollution travel) in ealeulating the overall aquifer transmissi-
bility.

FZom Figure 22a an average transmissibility of 4430, corresponc.ling
to a permeability of 1260 gallons per square foot per day, was obtaln_ed
for the original recharge well during the first period of recharge with
fresh water at 13.5 gpm. Other observations of transmissibility made
under similar conditions throughout a period of two months confirmed
this value. When the recharge rate was increased to 16.6 gpm in May
1952, a value of transmissibility of 5330 gallons per foot per day was
obtained. From June to December 1952, however, during recharge with



52

Surface Elevation, Ft. ‘

Water

(]

Iy

)

20

22

STATE WATER POLLUTION CONTROL BOARD

DATE: 11730/53
Q=40gpm = 0.089 cfs

LEGEND:
© =NORTH
B =EAST

A =WEST
X =SOUTH

= 8520

20 30 40 5 60 70
Distonce From Recharge Well (r), Fi.

FIGURE 21. Pumping test of final recharge well

0 |

00

Surface Elevation, Ft.

Water

INVESTIGATION OF TRAVEL OF POLLUTION 53

DATE: 3/9/52
Q=13.5gpm

LEGEND:

o= NORTH
2= EAST
a=WEST

x = SOUTH

T,= 4590 gal/ft/day
L=4170 n n @ ]
124530 = » n
AV=4430 » n »
10 20 30 40 50 60 70 80 90 i00

Distance From Recharge Well, (r),Ft

FIGURE 22a. Recharge test of original recharge well



54

30

28

n
o]

Water Surfoce Elevation, Ft.
N
F-Y

n
N

STATE WATER POLLUTION CONTROL BOARD

]

DATE: 9/14/54

Q=36.7gpm
LEGEND:

o = NORTH
B = EAST

A = WEST

X = SOUTH

. 20 30 40 50 60 70 80 90 100
Distance From Recharge Well (r), Ft.

FIGURE 22b. Recharge test of final recharge well

INVESTIGATION OF TRAVEL OF POLLUTION 55

fresh water at 37 gpm, transmissibilities were consistently higher, aver-
aging 7820 gallons per foot per day.

Figure 22b is typical of the results obtained from recharge tests of
the final recharge well during the twelve-month period from January
to December 1954. Here a transmissibility of 8960 gallons per foot per
day is calculated for a recharge rate of 37 gpm. A later observation at
64 gpm gave a transmissibility of 8250 gallons per foot per day. For
the entire 12-month period the average value was 8590.

It is evident from Figures 18, 19, and 20, and from Table 5 that the
transmissibility of the aquifer, as determined by drawdown tests, was
consistently of the order of 5800 gallons per square foot per day during
the first four months of operation of the original recharge well. The
recharge data shown in Figure 22a, however, were observed during the
period between the 70.3 gpm and 68.8 .gpm pumping tests shown in
Table 5. As discussed in connection with failure of the original recharge
well, this is evidence of early fracture of the overburden. Therefore, no
reliance is placed in these -or later values of transmissibility and per-
meability determined from the original observation well.

Both pumping and recharge tests using the final recharge well, yield
values of transmissibility which are in good agreement and which are
quite consistent. This fact, together with the fact that most of the con-
clusive data of the investigation were obtained with this well, leads to
the conclusion that the transmissibility of the aquifer is of the order of
8500 gallons per foot per day, and that its permeability is approxi-
mately 1900 gallons per square foot per day.

Evaluation of the Aquifer

In reporting the nature of the aquifer, especially as its character-
istics induced imperfections in the piezometric surface under both
pumping and recharge conditions, the impression may have been ecre-
ated that the aquifer used in the investigation was variable to an in-
ordinate degree. As a matter of fact the aquifer is quite typieal of
water deposited strata. Any impression of unusual variability arises
from the fact that its nature is observed and reported in detail, very
intensively over a small area, whereas the drawdown of wells is nor-
mally observed at but a very few points, often over a large area. Thus
the idealized piezometric surface is commonly an assumed phenomenon
rather than a demonstrated fact, just as what is ordinarily seen as a
smooth razor blade appears as a ragged edge under the microscope.

If drawdown and recharge pressure data are plotted in an ordinary
manner as in Figures 23 and 24 the piezometric surfaces appear quite
normal, except where obviously unusual conditions exist. Figure 23
represents typical drawdown and recharge curves for the original re-
charge well. It shows that the data can be fitted reasonably well to
smooth curves of the normal ideal type, and that the recharge curve
is essentially a mirror image of the drawdown curve.

The same thing is shown in Figure 24 except that a distinct pressure
variation appears on the west line of sampling wells, showing that the
gravel pack around the new recharge well is unsymmetrical and ex-
tends close to the observation well located 13 feet to the west.

As later demonstrated the aquifer behaved well during pollution
travel studies.
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THE INVESTIGATION
Il. EXPERIMENTAL PROCEDURES AND RESULTS

General Course of the Investigation

The experimental work was concerned with the investigation of re-

charge phenomena and the problems and consequences of injecting into .

an aquifer water varying in degree of degradation from none at all
to approximately that of the effluent from a secondary sewage treat-
ment plant. Studies began with the injection of fresh water through
the original recharge well at various rates, starting with 13.5 gpm. The
hydraulic characteristics of the system were first determined. When
steady state recharge conditions had been established, tracers were in-
jected and their movement observed by suitable analyses of samples
taken periodically from all observation wells. Water degraded with
primary sewage was next injected. Its effect in clogging the aquifer
was charted by observing the change in pressure in the well field, and
its underground movement was followed by appropriate biological and
chemical tests of samples taken periodically from all observation wells.

Early indications led to the fear that pollution might travel beyond
the limits of the well field, especially in the direction of normal ground
water movement, and additional observation wells were constructed as
noted in a preceding section of this report. Bacterial pollution, how-
ever, did not reach the new wells, but before a thorough exploration
could be made of pollution travel, or of the operational problems asso-
ciated with sewage injection, failure of the recharge well as signaled
by a break-through of injected water to the ground surface. Repairs
consisted of gravel packing the recharge well and grouting the area
known to be fractured. Such measures, however, proved inadequate and
further grouting was carried out simultaneously with the construction
of a new recharge well and additional observation wells. The new well,
designated in this report as the ‘‘final recharge well’” was test pumped,
recharged with fresh water carrying tracers, and later recharged with
sewage degraded water of various characteristics. The principal find-
ings of the investigation on pollution travel, well clogging, and well
redevelopment are the result of the successful operation of the final
recharge well. , '

Details of each phase of the investigation and a discussion of its
implications and significance are presented in this and following sec-
tions of the report.

Specific Capacity of Original Recharge Well

The specific capacity of the original recharge well was determined
on various occasions, beginning shortly after its construction was com-
pleted in November, 1951, and ending at the close of fresh water
recharge tests in February, 1953. Both pumping and recharge data
were used in the caleulation and found to be in quite good agreement.

{ ER
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Figure 25 indicates that the specific capacity of the original recharge
well was about 1.1 gallons per minute per foot of drawdown.

kecharge With Fresh Water (Original Recharge Well)

Although the major objectives of the investigation required the in-
jection of sewage, a thorough study of recharge with fresh water was
first carried out. It might be considered that such water represents a
sewage which has been subjected to the maximum possible degree of
treatment, in contrast with the degree of treatment normally accom-
plished in a sewage treatment plant involving secondary processes.

Recharge with fresh water was undertaken for a number of purposes:

1. To check the values of aquifer permeability found by pumping tests.

2. To check under field conditions the apparent chemical compatibility of the re-
charge and aquifer waters.

3. To test out equipment and develop operational techniques necessary to mini-
mize danger of interruption during sewage recharge tests.

4. To establish the nature of the pressure response of the aquifer, and to detect
inadequately developed observation wells.

5. To obtain a preliminary idea of maximum permissible recharge rates, and mini-
mum rates for convenient overflow sampling.
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FIGURE 25. Specific capacity of original recharge well
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6. To determine by means of tracers, the rate of movement of recharge water, and
consequently of chemical pollutants, in various directions from the recharge
well and under imposed gradients of known value.

. To learn whether ground water recharge could be successfully accomplished
at any important practical rate even under the most favorable conditions.

8. To establish the frame of reference necessary to an interpretation of pollution
travel, well clogging, well redevelopment, and other data obtained from sewage
injection.

9. To build up steep piezometric gradients before introducing sewage, so that a
maximum distance of travel might occur before clogging could make further
injection impossible or reduce the pollution entering the aquifer by formation
of an excessive filter mat.

-]

Injection of fresh water through the original recharge well was
begun on March 4, 1952 at a rate of 13.6 gpm and continued for a
period of 66 days with but one interruption for redevelopment, between
the 10th and 14th days as later described. The chemical nature of the
recharged water and the aquifer water is shown in Table 6. As might
 be expected from an inspection of the table no problem of ion exchange
developed.

TABLE 6

TYPICAL CHEMICAL ANALYSES OF GROUND WATER
AND RECHARGE WATER

Ground Recharge Ground Recharge
water water water water
45 ppm 83 0 0
1.4 1.5 T ppm -
34 74.0 0 0.3
33.9 60.6 21.2 . e
0.0 0.4 7.5 6.65
48.2 140.9 0.6 m-mhos/ 1.20
0 172.0 em
0.5 Trace Na+K
5.3 10.7 G —— 30.8% 29.6%
271 248 Ca+Mg+Na+K

A record of the recharge wellhead pressure during the 66 days of
operation is shown in Figure 26. The left hand section of the curve
shows that the pressure built up in an orderly fashion and levelled off
at about 18.5 feet above sea level or 15 feet above the static water
surface elevation in the well. At that time the pressure distribution in
the well field was that shown in Figure 27. On March 14 the first tracer
study was attempted by introducing a 1400-gallon slug of water con-
taining 3000 ppm of sodium chloride plus fluorescein. As shown in
Figure 26 a precipitous rise in wellhead pressure occurred immediately,
indicating that the relatively large amount of sodium had dispersed
the clay fraction of the aquifer and caused serious clogging. A sample
taken at an observation well when fluorescein arrived showed a large
increase in magnesium with almost no increase in sodium; conclusive
evidence of base exchange. Recharge operations were immediately
halted and the well redeveloped at a rate of 400 gpm for a period of
half an bour, during which the injected salt was effectively removed
and fluo: in could no longer be detected in the effluent.

INVESTIGATION OF TRAVEL OF POLLUTION
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Recharge with fresh water was resumed on March 17, 1952 and con-
tinued without interruption for 52 days. As shown in Figure 26 there
was a distinct undulation of the recharge wellhead pressure which,
because of its somewhat cyclical nature, is presumed to come prineipally
from such natural phenomena as tidal effects and changes in barometric
pressure. It was previously noted that variations in the piezometrie
surface in the well field resulted from tidal swing in the nearby bay
although the mathematical equation of the relationship was not ap-
parent from the amount of data available. It is possible that clay from
the overlying stratum may have fallen from time to time into an
aquifer void, surrounding the recharge well screen, created during the
original pumping tests of the well. Such a series of events could have
caused periods of increased pressure as clay was forced out into the
aquifer. The cyclical nature of the pressure curve, however, makes this
explanation less plausible than that of pressure variations on the sub-
marine overburden of the aquifer, although clogging may have been
a contributing factor. Data are not sufficiently extensive to be con-
clusive on this point and the pressure variation did not seem serious
enough to justify delaying the major purposes of the investigation to
amass conclusive evidence.

Tracer studies were attempted with fluorescein, and with salts of
sodium, caleium, magnesium, and potassium mixed in the same pro-
portions' as observed in the normal ground water. (See Table 6). This
overcame the problem of clay dispersion but was unsatisfactory because
of sampling difficulties in the observation wells. It proved impossible to
obtain satisfactory samples from 6-inch wells by thief samplers because
even a small diameter sampler acted as a vertical mixing device to ob-
scure the changes in water quality accompanying the movement of
chemicals past the well. To sample by pumping the wells involved a vast
expenditure in equipment and installations if wells were individually
equipped, or the impossibility of sampling rapidly enough to catch an
advancing pollution front with but one or two portable samplers. In
addition there were difficult problems of sterilizing the pump between
samplings, even if sampling pumps were operated at low enough rates
to avoid disturbance of the underground flow pattern of recharged
water. It was therefore decided to attempt to recharge at a rate suffi-
ciently high that samples could be collected from continuously over-
flowing sampling tubes originating at the level of the well screen in
each observation well.

On May 9, 1952 the recharge rate was stepped up to 16.6 gpm and
maintained for a period of 12 days. During that time an equilibrium
pressure was approached without producing overflow of observation
wells. The recharged wellhead pressure rose to about 22 feet above the
normal static water surface in the well, in contrast with the average of
some 15 feet previously observed at 13.5 gpm. On April 21 the rate was
advanced to 37 gpm. This solved the sampling problem without in- -
ducing an exceedingly high wellhead pressure at the recharge well.
Figure 28 shows a typical pressure curve for a short period of recharge '
at the higher rate of fresh water injection taken at a later date.

A series.of experiments with injected tracers were carried out and
the recharge studies with fresh water in the original recharge well were
completed on February 9, 1953, the period having been somewhat
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longer than anticipated because of various mechanical problems and
the necessity of refurbishing the installations which furnished recharge
water and sewage, including reperforation of badly clogged well screens
in the recharge water supply wells.

A summary of the series of recharge and redevelopment experiments
is presented in Table 7.

The recharge studies at 13.5 and 37 gpm demonstrated clearly that
it is possible to inject clear water into an underground aquifer such as
used in the investization, for long periods of time and at appreciable
rates. It also demonstrated that the pressure required was not so great
as to cause aquifier separation under approximately 90 feet of over-
burden.

TABLE 7

SUMMARY OF OPERATION OF ORIGINAL RECHARGE WELL DEVELOPMENT
AND FRESH WATER INJECTION
November 1951 to February, 1953

Injection

Date rate Pumpage Remarks
59 gpm, 3 hrs Original well development
75 gpm, 1 day
100 to 70 gpm
3 days
70 gpm, 1.5 hrs
13.5 gpm NaCl tracer tried 3/13
400 gpm, 0.5 hrs
70 gpm, 3 days
3/17to5/9_ .. _______ 13.5 gpm
5/9to5/21.__ . ______ 16.6 gpm
5/21t06/3. ... ____ 37 gpm Interrupted 5/26
6/3 o __ 400 gpm, 0.25 hrs
6/3t07/6___ . _____ 37 gpm Injected mixed salts
T/6 .. 400 gpm, 0.5 hrs Supply pump failed
7/16 to 7/28___ 37 gpm
7/28. . 400 gpm, .25 hrs
7/28 to 8/5..__ 37 gpm Interrupted on 8/1 (6 hrs)
8/5 ... 400 gpm, 0.7 hrs
8/5t08/20_ __________ 37 gpm Admitted tracers 8/12
Interrupted 8/18
8/20. . __ 200 gpm, 1.5 hrs (To remove fluorescein)
8/20to 8/24_____.__._._ 37 gpm
8/24 to 8/25__. Off ‘Water shortage
8/25t09/24__________ 37 gpm Interrupted 7 hrs 8/27. surface
cave-in observed 8/28. Flour.
tracer injected 9/2
10/11 .. 400 gpm, 0.1 hrs
10/11 to 10/12__ _| 37 gpm
10/16 to 10/31._ ----| 37 gpm
10/31 . 200 gpm, 0.25 hrs
12/4to 12/24__________}{ 37 gpm Interrupted 12/10 and 12/15,
. 12/22
12/24 . _______.. . 400 gpm, 1.2 hrs
1953
12/24 to 1/2/53 37 gpm Recharge equipment failed
1/5t0 2/4_____ 37 gpm Interrupted 1/23
2/5 ... 400 gpm, 0.3 hrs Well apparently clogged
2/5t02/9 ... 37 gpm
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Recharge With Sewage (Original Recharge Well)

The pressure response of the aquifer at 37 gpm having been estab-
lished and acceptable values for rate of movement of recharged water
obtained from tracer studies, the injection of sewage degraded water
through the original recharge well was undertaken. This degraded water
was a mixture of the freshwater used in previous recharge studies, and
effluent from the primary sewage settling tank, in the proportion of 90
percent water to 10 percent sewage effluent. Such a proportion was
selected in an effort to approximate in terms of BOD and bacterial
content, the effluent from a sewage treatment plant employing both
primary and secondary treatment processes; this representing about
the most refined sewage which might be available for practical recharge
operations. It was recognized, of course, that the suspended and dis-
solved organic solids in a primary effluent are a great deal more un-
stable biochemically than a similar amount of solids in a final effluent.
Nevertheless the primary effluent was considered suitable for the pur-
pose of the study for a number of reasons:

1. It was not feasible, within the limits of funds available for investigations of

this sort, to bring together an ideal combination of suitable aquifer, research
facilities, and fully treated sewage.

2. Primary effluents carrying both bacteria and substrate in the form of raw
solids might enter the ground water through sewer wells used in conmection
with septic tanks. Since such a material is potentially somewhat more dangerous
than final effluent, its deliberate use in the investigation might be justified.

. A primary efluent might be_expected to impose the greatest health hazards if
pollution travel proved sericus, as well as the greatest difficulties in recharge
well operation. Hence if it could be safely and successfully injected into an
aquifer, a final efluent should prove less hazardous and difficult.

4. Chlorination could be used if necessary to overcome some of the differences

between a primary and final sewage effluent, especially as regards the clogging

effect which might result from the generation of gases underground by decom-
posing sewage solids.

44

A typical analysis of the recharge water both before and after deg-
radation with sewage is shown in Table 8. The sample of degraded
water was obtained from the recharge pump intake sump and therefore
represents the condition of this material as it reached the aquifer.

TABLE 8
ANALYSIS OF INJECTED WATER

Degraded Degraded
Fresh water wa::;-ﬂ(:é)% Fresh water wn::{ﬂ(;d()%
sewage) sewage)
pH_ .. 7.0 7.2 60 58
Elec. Cond._..__. 1.00 m-mhos- | 1.02 m-mhos- 70 78
/em /em T 1.3
COs. . 0 ppm 0 T 2.0
HCO* _______._. 244 236 -- 3.3
Clo . 137 167 - 4.0
165 174
16 20 0 2.4x108 per 100
2.3 1.4 ml
79 71 Na+K
1.4 2.1 e 22.99, 25.29,
Na+K+Ca+Mg
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From Table 8 it is evident that the injected mixture of water and
sewage differed from a typiecal final effluent in that it was low in sus-
pended solids and in BOD—3.3 ppm suspended solids and 4 ppm BOD
—as compared with values of 10 ppm S8, and 10-20 ppm BOD com-
mon in final effluents. This fact, however, was an asset to the study of
pollution travel. Under the circumstance it was possible to introduece
the indicated relatively high coliform eount on the order of 10 ¢ organ-
isms per 100 ml with a minimum danger of filtering by the buildup of
a mat on the aquifer face, and with the least liklihood of serious well
clogging before bacteria could be introduced continuously over a sig-
nificant period of time. The unusually low values of suspended solids
and BOD resulted from the fact that the 4-inch line which transported
sewage a distance of 600 feet from the settling tank to the injection
pump . behaved as a settling tank itself when it was delivering but 10
percent of 37 gpm. The only complication was the development of after-
growths of sphaerotilus after a few days, and a periodie unloading of
this organism and sludge. This difficulty was readily overcome by a reg-
ular schedule of backflushing of the line to the settling tank through a

- system of valved bypasses at the fresh water reservoir.

Recharge at 37 gpm with 10 percent primary sewage and 90 perecent
water was begun on February 9, 1953 and continued, with short
periods of heavy redevelopment, until March 21st, at which time in-
Jected water broke through to the ground surface. A resume of events
during this period is presented in Table 9.

From Table 9 it may be seen that two periods of injection of 24 and
18 days duration, respectively, were completed.

The clogging effect of even the small amount of solids introduced
with degraded water is shown in Figure 29, which represents the re-
charge wellhead pressures during the period represented by Table 9.
When compared with Figure 26 it is evident that under sewage in-
jection no steady state wellhead pressure would develop. Instead pres-
sures might be expected to continue to increase as clogging progressed
until the overburden failed in the immediate vicinity of the well, the
recharge equipment failed, or the aquifer separated by expansion under
a pressure sufficient to lift the overburden, thereby increasing its
transmissibility.

TABLE 9

SUMMARY OF OPERATION OF ORIGINAL RECHARGE WELL SEWAGE INJECTION
AND WELL RE-DEVELOPMENT

February to November 1953

Date Iﬂ’::b:on Pumpage Remarks
2/9t03/5. . ______ 37 gpm
8/5 o ceeceve=----| 400 gpm, 0.5 hrs.
3/5t03/28 ... 37 gpm
3/28 e 300 gpm, 1.0 hrs
3/23 to3/25___________ 37 gpm
3/25 . 400 gpm, 0.5 hrs
3/27 . 37 gpmo_ | Observed apring at surface
4/1t011/30___________ Constructio|n of new wells and repair of|fractured zones
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Pressures in the surrounding well field showed little tendency to
rise as recharge wellhead pressure increased, thus showing that increas-
ing resistance to flow was largely confined to the region immediately
adjacent to the recharge well. Figure 30 shows that pressure distribu-
tion curves for fresh water injection on February 9, 1953 were little
affected by the injection of sewage, which by February 14 had caused
a recharge wellhead pressure rise of some 6.5 feet.

The significance of these pressure observations is discussed in a later
section of this report dealing with the subject of well clogging. The
underground movement of bacteria and chemiecals during injection of
sewage through the original recharge well is likewise discussed in an
appropriate section of the report.

Failure of Original Recharge Well

In order to evaluate the results of pollution travel studies made with
the original recharge well it is necessary to consider in some detail the
nature of its ultimate failure, and to search for evidence which might
show the time of initial failure. It is especially desirable to determine
just when recharge water which outeropped at the ground surface on
March 21, 1953 first reached the aquifer at approximately 33 feet below
the ground. surface and whether any appreciable recharge of that
aquifer oceurred.

The first positive indication that something might be going wrong
with the recharge well was the sudden appearance on August 28, 1952,
of a cave-in immediately adjacent to the well casing and extending to
a depth of 14 feet below the ground surface. The cave-in followed a
period when a leak in the packing on the recharge pump bearing had
caused the ground to become saturated. As shown in Figure 31 the
opening was about two feet in diameter and roughly cireular in cross
section. In fact, it had very much the appearance of an old drill hole
which had bridged during filling operations and later opened as fill
material became sufficiently wet to subside. Inasmuch as a test boring
had been made on the site of the original recharge well, it seemed pos-
sible that the driller might have located the recharge well adjacent
to the former test hole instead of directly on it.

An annular space about two inches across appeared around the re-
charge well casing at the time the cave-in developed, suggesting that a
space around the upper part of the casing had been left inadequately
filled when the well was constructed. It was concluded at the time that
this and loose filling of the test hole may have led to the cave-in. The
absence of ground water in the hole, although the piezometric pressure
in the well casing was 25 feet above the bottom of it, supported a
belief that it did not extend to serious depths.

Early attempts were made to evaluate underground conditions by
interpreting changes in the pressure pattern in the aquifer under
pumping and recharge conditions. When the cave-in shown in Figure
31 appeared the well field pressure data was re-examined, but while
there was evidence of unpredictable variations in the pressure pattern
much more experience with the well field had to be gained before it
could be related to a developing failure of the reecharge well.
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FIGURE 31. Cave-in at original recharge well

In trying to trace the history of the well failure it must be assumed
that data from the initial pumping tests in November, 1951 (Figures
18 and 19) were indicative of the nature of the aquifer in a relatively
undisturbed condition, inasmuch as no event had taken place which
might have altered its condition to auny appreciable degree. Therefore
the unsymmetrical appearance of the piezometric surface shown in
Figures 18 and 19 are the result of aquifer variations such as the clay
lense shown by the log of Well 10N, and the aquifer stratification
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shown by other observation wells logs. (See Appendix I). Hence, vari-
ability such as shown by these early pumping tests may be taken as the
basis for interpreting later piezometric pressure data.

In order for failure to occur by subsidence and fracture of the over-
burden a serious loss of aquifer material around the well sereen must
first have taken place. That such a loss did oceur can now be deduced.
The well was originally developed by normal pumping tests in which
drawdown is the principal eriterion of permissible rate of pumping.
In this case the drawdown stabilized at about 78 feet at 70 gpm and
remained relatively constant during the period of some 20 days of test
pumping. The well behaved in the manner common to successful new
wells, yielding quite muddy water at first, then clearing up and remain-
ing clear during an extended period of constant pumping. Because of
the normality of this performance it was assumed that the considerable
amount of suspended matter removed represented the fine material in
the aquifer and that a beneficial increase in aquifer permeability was
being accomplished. This concept was supported by the fact that the
material removed was silt and very fine sand. In the light of sub-
sequent events it seems evident that the loss of fines from the aquifer
on the north and west sides of the recharge well during this period was
sufficient to produce some loss of support of the overburden and thus to
initiate a series of fall-ins. Quite probably some overburden material
was also removed during well development.

At the close of the test pumping period on November 27, 1951, on
which date the data presented in Figure 19 were recorded, the recharge
well was left undisturbed while observation wells were developed and
recharge equipment installed. It remained in a standby condition until
the start of fresh water injection at 13.5 gpm on March 4, 1953. (See
Figure 26). On March 13 (Figure 26) the well was redeveloped to re-
move clogging resulting from clay dispersion by sodium chloride in-
troduced as a tracer. Pumping was begun at 400 gpm for 30 minutes—
then reduced to about 70 gpm for a period of 3 days. During this period
the data presented in Figure 20 were obtained. Allowing for the fact
that curves in Figures 18, 19 and 20 represent only the best interpreta-
tion of the data found possible, the considerable difference between
PFigures 19 and 20 indicate that some change had taken place in the
interim. The possible changes are subsidente of overburden during the
sudden pressure change from recharge to redevelopment, the displace-
ment of aquifer material by the same forces, and the removal of such
materials from around the well screen by pumping. All three seem to
have been involved at one time or another.

On Mareh 25, 1952, five days after recharge was resumed (see Figure
26), the data plotted in Figure 32 were observed. At that time a
pressure equilibrium had apparently been reached. Interpretation of
the data, in the manner deseribed in connection with calculations of
aquifer permeability, yields curves which show no greater tendency for
variability than those plotted from pumping data taken during well
development (Figures 19 and 20). They represent, however, an average
aquifer permeability of only 1330 gallons per square foot per day as
compared with 1660 calculated one week previously. This indicates that
overburde= had fallen in significant amounts. Figure 26 shows that

T VESTIGATION OF TRAVEL OF POLLUTION 73

clogging bui! |, for a few days; then remained relatively constant
throughout the r:latively long period of recharge at 13.5 gpm. The
nature of the overburden fall-in and some idea of the extent of aquifer
fracture can be shown by a careful analysis of piezometric data plotted
in Figure 33 and taken 43 days after those represented in Figure 32.

From an inspection of Figure 33 it is evident that while some obser-
vation well pressures arrange themselves along lines which lie at about
the same slope as those in Figure 32, pressures at wells in the north
and west directions especially show a great deviation from such lines.

Inasmuch as recharge at 13.5 gpm was uninterrupted during the
period between tests represented by Figures 32 and 33, and since Fig-
ure 26 shows that clogging did not increase after an initial rise of some
2.5 feet, it seems certain that the only important possible cause of the
observed increase-in scatter of data is an increase in the effective radius
of the recharge well in the north and west directions. Assuming this
to be true, the necessary shift in plotted points to bring data into line
would represent an estimate of the extent of fracture in any direction.
Making a shift of 9 feet for north wells and 20 feet for the west wells
results in an excellent curve which is consistent with other data and
with the previpus observations of Figure 32. It can therefore be con-
cluded that on June 7, 1952 the aquifer had been fractured to an extent
of some 9 feet north and 20 feet west of the recharge well. But since
under continuous recharge conditions there could be no loss of aquifer
material between March 25 and June 5, and since the recharge well-
head pressure remained quite constant during the period, it must be
concluded that the aquifer fracture also existed on March 25. Why then
does not Figure 32 reveal such a fact?

A sequence of events which logically account for the apparent dis-
crepancy might be as follows:

1. A fall-in of overburden occurred during or after a consolidation of aquifer

material from which fines had been removed by well development, thus pro-
ducing the main fracture to the north and west.

2. This fall-in perhaps covered the face of the aquifer in a void adjacent to the
well casing in the northwest quadrant. Neither this void nor the cleavage in
the overburden need have been of great dimensions.

3. The addition of sodium chloride resulted in appreciable clogging of the exposed
aquifer face by dispersing fallen overburden. Subsequent high rate pumping,
therefore, exerted a force on both the dispersed clay and the fallen overburden,
stripping off a good deal of fallen material but not removing it sufficiently to
expose the underlying section of aquifer because the less clogged areas were
soon opened. At the same time the pressure was reduced on the blanketed
section.

4. As a result of the remaining blanket of overburden the aquifer was partially
clogged on direct lines from the recharge well to nearby sampling wells to the
north and west, with the further result that injected water reaching these wells
originally entered the aquifer through an unclogged area of its face and traveled
by circuitous paths. In this manner no unusual pressure variations appeared
on March 25.

. During the long period of subsequent recharge, sufficient clay was dispersed
into the voids of the aquifer to expose it on the north and west to direct flow
from the recharge well, thus revealing the extent of fracture. This aquifer
exposure need not have occurred on its principal face, but may well have
developed on its upper surface far out in the fissure created by subsidence of
the overburden.

o1
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Although this explanation may seem somewhat involved it is sup-
ported by the available evidence; including the later discovery of a
void of considerable proportions in the area discussed. The conclusion,
then, is that the original fracture of the aquifer, which ultimately led
to a fracture of the overburden and failure of the original recharge
well, took place in March 1952 at the time recharge with fresh water
was first undertaken.

Once a fracture had been created in the overburden it may be pre-
sumed that fall-in of this stratum was a progressive thing, being
accelerated by pressure reversals during the repeated recharge and
redevelopment procedures summarized in Tables 7 and 9 and extending
over a period of more than 8 months. Much of the fallen material was
certainly removed during periods of redevelopment. In fact, the short
periods of pumping shown in Table 7 were for the purpose of clearing
up-the well water rather than removing clogging, as was the case with
redevelopments shown in Table 9.

The aquifer fracture does not seem to have been extended laterally
after its initial appearance. A number of pressure curves plotted from
data taken during well redevelopments in the 8-month period of fresh
water recharge at 37 gpm show variability such as might accompany
cave-ins, but they repeatedly show evidence of strong interconnection
between the recharge well and observation wells located at 10 feet
north and 25 feet west.

Interconnection of Aquifers: The fact that injected water appeared
at the surface of the ground during recharge with sewage degraded
water makes it obvious that at some time the principal aquifer was
interconnected with lesser aquifers at the 75-foot and 32-foot levels.
It is important to determine when such a condition first oceurred in
order fully to evaluate the pollution travel data obtained. As has al-
ready been noted, the surface cave-in of August 28, 1952 did not reach
ground water; and ground water would certainly have overflowed the
hole if any opening had extended down to the 95-foot aquifer. On the
other hand a drill hole made in the course of repairs after the March
27, 1953 break-through encountered an opening on the north side of
the recharge well which extended up to 61 feet below the ground sur-
face. It is possible that this opening once extended to a higher elevation
and was closed above the 61-foot level by the cave-in of August 28.
There is no evidence, however, that such an opening ever reached the
32-foot level, although it did constitute an interconnection between the
95- and 75-foot aquifers during recharge with sewage. Several addi-
tional facts concerning aquifer interconnection are worthy of consider-
ation :

1. Well logs presented in Appendix I show that the 75-foot aquifer is thin and

quite poorly defined, being nonexistent in some areas of the well field. Inter-
connection with it was therefore of little importance.

. No increase in yield of the water supply wells penetrating the 32-foot aquifer
was ever observed during period of recharge, although they were watched
closely because of a threatened recharge water shortage. This is evidence that
no interconnection existed.

3. Pressures in the observation wells which reflect only the results of recharge
of the principal aquifer, showed no indication of lowering, as would be the
case when a breakthrough to another aquifer occurred, until just bLefore the
final £ re.

|
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Examination of records of water surface elevations throughout the
period of recharge at 37 gpm with both fresh water and sewage show
conditions of which observation well 25 East is typical. Table 10 is set
up to show water surface elevations in both it and the recharge well at
eritical times.

TABLE 10

TYPICAL WATER SURFACE ELEVATIONS OBSERVED
DURING RECHARGE AT 37 GPM

Wi irface elevation
Date Material injected
Recha 25E
T/25/52 e 30.5 23.8 Fresh water
8/14/52. _ o ___._ 29.3 23.7 Fresh water
2/9/53 36.7 *22.8 Fresh water (last day)
2/18/53 .. 49.8 23.3 109, sewage
2/20/53_ L ___. 45.3 21.0 10% sewage
3/20/53 ... 75 20.5 109, sewage

* Steady state not reached.

From Table 10 it may be seen that during the period of fresh water
recharge the water surface elevation in Well 25E remained at values
between 23 and 24 feet, and did not change materially after the start
of sewage injection (on February 9, 1953) until after February 18,
although the recharge wellhead pressure rose 36 percent or more. On
February 19, however, something happened which reduced the water
surface elevation in Well 25E by 1.3 feet. The loss in quantity neces-
sary to produce such a pressure drop is calculated to be 2 gpm. Thus
it may be presumed that an interconnection with some other aquifer
occurred in February 19, but that the aquifer was a minor one—per-
haps similar to that located at 75 feet below the ground surface. By
March 20, the pressure decrease was sufficient to represent some 4.5
gpm loss—still a minor amount but indicative of progressive fracture
to other aquifers. This continued loss of pressure in the observation
well in spite of a spectacular rise in recharge wellhead pressure de-
notes both loss of recharge volume and clogging of the aquifer near
the recharge well screen.

The recharge well was redeveloped and put back into service, but on
March 21 the wellhead pressure rose quickly and injeeted water ap-
peared at the surface at a rate estimated at 10 gpm.

From the evidence it is concluded that no serious loss of water to
aquifers above the 95-foot zone resulted from the progressive loss of
overburden which began early in March 1952. It is further concluded
that the break-through to the surface represents a catastrophic fracture
of the weakened overburden by excessive wellhead pressure in the
recharge well.

Repair of Recharge Well: In order to repair the damaged aquifer
overburden so as to make it watertight it was decided to grout the area
adjacent to the recharge well from the 75-foot aquifer to the surface,
foreing the grout out into the higher aquifers as far as possible. Ac-
cordingly, a 3-inch grout hole was drilled 18 inches f  the recharge
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}Ix‘*zllls c‘jsomlig in:i t{le ?I(I)rt]éwest side, where the surface leak had appeared
1s work led to the discovery of the previousl i ing
which extended from the 95 foot aquifell)' up to ghén gxll-tt}((:cl)lte?e\?el‘)lelgﬁg
made necessary a revision of plans. It was decided that the rechar e
well shou.ld be gravel packed and the entire cavity filled with pga
gravel, with grouting beginning in the gravel fill at the 85-foot level
E;l.l.d continuing to the ground surface. To carry out this plan two 6~iﬁch
(lmmeter cased holes.were drilled near the recharge well to intersect
the subterranean cavity. During the drilling, surface caving of minor
pr(ri‘portlons oc:curred at the site of the cave-in of August 25, 1952
J “_-e%}'e' cubie yards of 1 to 3” washed pea gravel were placed in
1e cavity while surging and bailing the recharge well (from which the

pump had been removed) to displace muck and to consolidate the

gravel pack. Pea gravel soon entered the recharge

open end of the well casing at 112 feet. The cas%nvwélgs t:l}fgrlllgslelaa{}elg
with a wooden plug 18 inches long above which 14 gacks of quick set-
tl:l{! cement were placed. The gravel pack was next grouted from the
85-foot level to an elevation of 56 feet. After allowing a few days for
the initial grout to set, grouting was begun at the 50-foot level under
a pressure of 60 psi and continued until grout extruded at the surface
érﬁllleglll);;?f;}:e was then redltl)(lzed and grouting operations continued untii

¢ were presumably
us(’}d e e :Bcion. ably filled. A total of 81 sacks of cement were
he recharge well was then carefully redevelope
gpm. In the process of this dev<910pme-nt,y however, ?t dw;(s) rf;zzg:ac:y ?:2
apply some water pressure to the observation well at 10 feet north and
a small spring appeared 15 feet northwest of the recharge well. Fresh
water was injected at 37 gpm for a period of eight days to observe the
nature of the.leak. The piezometric pressure mound did not reach
equilibrinum within that period but the flow of the spring increased
and a new leak appeared arvound the casing of well 10’ north. At that
time it was decided to drill a new recharge well and to grout the fraec-
tured area more extensively. Approximately 110 sacks of cement were
introduced through five 4-inch grout holes—four extending down to 75
.feet. and one to 45 feet below the ground surface. Subsequent experience
indicated that the repaired area was amply strong to withstand the
lower pressures resulting from injection into the new recharge well
2(;%n§b§0 t(‘:h50 feet ccllistan; The original recharge well casing was cut
ve the ground surfa i
e o 1:heg e ce and closed with a st‘eel plate welded to

Pumping Test of Final Recharge Well

_ Upon completion of the final recharge well in Nove 5

ing tests were conducted to develop the well, observzﬂ‘sﬁz 1)%;2;1})1'?1;2-
sponse of new observation wells, and check the permeability of the
aquifer. The first test, lasting 5.5 hours at rates from 35 to 55 gpm
demonstrated that no prolonged period of development was necesgary’
The pressure response of observation wells was good and the dischargeci
water showed no turbidity. On November 30 a second pumping test
was run at 40 gpm (see Figure 21) to check the aquifer permeability
Thereafter pumping rates were increased to a maximum of 70 gpm f01:
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a period of one day. The continued clarity of the discharged water in-
dicated that previous bailing at 100 gpm and surging during the
gravel packing of the well had developed the aquifer to a satisfactory
degree. The specific capacity of the well was found to be 1.5 gallons per

foot of drawdown.

Recharge With Fresh Water (Final Recharge Well)

Injection of fresh water was begun on December 2, 1953 at 37 gpm
and continued at that rate until January 14, 1954. During this period
tracer studies were conducted and the data, previously presented in
Figure 22b, obtained for checking the aquifer transmissibility. Addi-
tional data gave indications of the effective radius of the gravel packed
recharge well.

The upper set of curves in Figure 34 represent an interpretation of
the pressure response of the aquifer in the manner presented in a
previous section of this report. 1t is notable that both the west and the
east observation wells show pressures which do not fit the normal
straight lines as readily as do the data from wells on the north-south
axis. This could mean that:

1. The gravel pack is elongated on the east-west axis.
9 A void exists beyond the east and west boundaries of the gravel pack, or
3. A minor aquifer fracture extends in the east and west directions.

The lower set of curves in Figure 34 represents the data after ob-
servation well distances from the recharge well were shifted to the left
an amount necessary to bring pressures into line. The necessary shifts,
which theoretically define the limits of the effective radius of the re-
charge well, are as follows: west, 13 feet; east, 9 feet; north, 1.5 feet;
and south, 1 foot. It is more than happenstance that these shifts align
data so uniformly ; hence it must be assumed that the recharge well s
effective radius is indeed variable, although the known variability of
the aquifer may make exact values uncertain. ,

Tt is quite important to determine which of the three possible causes
account for the low pressure drop between the recharge well and ob-
servation wells located 13 feet east and 13 feet west. Calculation of the
volume of gravel required to fill the 99-inch hole in which the 12-inch
recharge casing was set indicate that less than one cubic yard of
material would be required. Inasmuch as 2.5 cubic yards of gravel
were used in the packing it is obvious that surrounding material was
removed by surging, being replaced by gravel in the process. In fact,
such was the deliberate purpose of the gravel packing operation. Since
it would be virtually impossible to remove aquifer material at great
distances and to replace it with gravel, it must be assumed that the
pack is concentrated in the vieinity of the well. That the area beyond
the pack on the east and west is not void is evidenced by the fact the
repeated redevelopments of the recharge well did not bring up more
than 15 or 16 cubic feet of silt over a period of some 10 months opera-

tion. Had a real void existed, caving overburden would have appeared
when the well was pumped.

Tt must therefore be concluded that a minor aquifer fracture exists
on the east-west axis, presumably induced by the stresses of drilling
new sampling wells on that axis and constructing the recharge well.
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FIGURE 34.
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The sampling wells on the north-south axis were already in place and

no further aquifer disturbance occurred along that line.

From the whole experience of the investigation it is concluded that
to drill wells in the immediate vicinity of a recharge well when no
sound rock strata overlie the aquifer is to invite eventual disaster.
Once the wellhead pressure at the recharge well is applied to one of
these auxiliary wells a failure such as experienced at the original
recharge well may occur, even though the recharge well casing is
strongly bonded to surrounding material. Furthermore, it is not neces-
sary that the interconnection between the two wells be of such size as
to channel important quantities of water. In a thin aquifer such as used
in the investigation, the removal of fines during normal well develop-
ment could permit sufficient consolidation to result in aquifer separa-
tion or minor ‘cracking of the overburden under pressure reversals.
Presumably this factor would be less eritical in a deep stratum such as
might be used in practical recharge operations. While such operations
would not require nearby observation wells, suggested wells for back-
flushing the recharge well sereen would pose the same serious problems.

Tracer Studies

Observations of the underground movement of recharged water along
known pressure gradients were made at various time during the investi-
gation by means of added tracers. The principal purposes of these
tracer studies were to:

1. Determine whether injected water was indeed flowing to all observation wells.

2. Obtain a better understanding of the variability of the aquifer by studying the
comparative time required for a tracer to travel a given distance in various
directions, and through a study of the time-concentration of the moving tracer.

3. Learn something of the comparative behavior, and consequently of the effective-
ness, of several tracer materials.

4. Establish the rate of movement of water injected into the aquifer under a
steady state piezometric pattern, as a basis for evaluating later studies of the
travel of pollution.

Chlorides: One of the most commonly used tracer materials is sodium
chloride, because of its high degree of solubility, low cost, and ease of
detection by simple tests readily performed in the field. For this reason
it was used in the first attempt, on March 3, 1952, to trace the rate and
pattern of movement of injected water. A massive injection of salt was
necessary in order to induce a detectable increase in the already high
(240 ppm) chloride content of the ground water. As previously noted,
the result was a quick clogging of the aquifer because of ion exchange
with clay particles. Serious ion exchange was somewhat unexpected
inasmuch as it was believed that the aquifer was relatively free of
clay. This conclusion was derived from observation of bailer samples
during well drilling, and from the expectation that the well develop-
ment had removed much of this type of material from the aquifer,
especially in the vicinity of the recharge well. When clogging occurred,
however, it was logically assumed that washing in the bailer had ob-
scured the real clay content of the aquifer. As shown in a previous
section of this report, it was later possible to demonstrate that the clay
represented a fall-in of aquifer overburden.
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Attempts to sample during this first tracer test revealed the necessity
of overflowing the observation wells, hence the second tracer study was
postponed until equilibrium pressures could be established at the 37
gpm recharge rate.

In June, 1952, a second tracer study with chlorides was undertaken.
This time the tracer consisted of chlorides of sodium, calcium, potas-
sium, and magnesium in the proportions represented by these various
cations in the ground water. Standard tests for chlorides (52) as well
as conductivity measurements were used to detect the pressure and
concentration of chlorides in samples taken at frequent intervals from
the overflowing sampling tubes of observation wells. Although no ion
exchange occurred; the results were unsatisfactory. The heavy chloride
concentration necessary to produce a significant increase in ground
water chlorides caused density currents of such serious nature that the
arrival of the tracer at the observation wells was too sporadie to pro-
duce a detectable pattern.

Fluorescein: The first satisfactory tracer test was made on Septem-
ber 2, 1952 by using fluorescein. This dye had been added in a moderate
coneentration along with chlorides in previous tracer tests, but the
results were inconclusive because of the difficulty of detecting the
material in the samples by visual observation under ultra-violet light.
In the successful test a 450-gallon slug of water containing 100 ppm
of sodium fluorescein was injected during recharge with fresh water
at 37 gpm. Samples were taken at five minute intervals at the nearest
sampling wells, and at increasing intervals as the movement of the dye
progressed. Concentration of fluorescein in samples was determined
with a spectrophotometer and found to follow a pattern, building up to
maximum and tapering off again along a typical skew frequency curve.

Figure 35 shows the curves of fluorescein concentration as the dye
passed observation wells located at 25 feet north and 25 feet west of
the recharge well, while Figure 36 presents similar data for wells 25E
and 258.

From a comparison of the two figures and of the individual curves
it is evident that:

1. In all directions some portions of the recharged water moved faster than others.

2. While the curves are of the same general form there is no uniformity of flow
rates in the four directions observed.

3. Some degree of similarity of curves can be detected between the north and
south curves, and between the east and west curves, if allowance is made for
the scale difference used in Figures 35 and 36.

4. Ground water movement is much more rapid in the south and east than in the
north and west directions.

5. The same high degree of variability of the aquifer west of the recharge well
shown by pressure tests is.evidenced by the scatter of data on concentration
of fluorescein.

6. A tendency exists for the east and north curves to show after peaks, suggest-
ing that recharged water arrives at the observation wells by more than one
route. The tendency is even more evident in the plotted point from which the
curve for Well 25 West is drawn, and from data for additional curves shown
in Appendix II. The tendency is least evident toward the south—the direction
of normal ground water flow.
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From Figures 35 and 36 and similar curves presented in Appendix
II it may be concluded that:

1. Injected water flows from the recharge well to all observation wells, albeit at

different rates, and
2. The aquifer is stratified and of a variable nature as presumed from pumping
and recharge tests previously analyzed.

The shape of the time-concentration curves presented in the fore-
g going analysis poses a number of problems of interpretation of tracer
3 f studies. Specific questions include:

1. Should the time of arrival of the first detectable amount of the tracer be con-

sidered as the rate of movement of underground water?

; 2. If so, how can the results of more than one type of tracer be compared when
; the least concentration which can be detected by the method used for ome
o : tracer is not the same as that for another?

1 3. Since the curve shape shows conclusively that the time of arrival of the in-

jected tracer is spread over a relatively long period of time, what value of
concentration might be most representative of the rate of movement of re-

charged water?

I
800

|
700

WELL 25 EAST

600

Answers to the questions might presumably be different for different
investigative purposes. For the purpose of interpreting pollution travel
data, with which this report is primarily concerned, the analysis is

| based upon the assumption that the fact of arrival of pollution is the
! event of primary significance. This is true for chemical pollutants, be-
g cause even quite small concentrations of some chemicals can be ex-
' tremely offensive; and of bacterial pollutants, because small numbers
of bacteria may represent a major threat to the public health. The time
of arrival, or rate of travel of the fastest moving water, is therefore of
less importance to the investigation reported than the fact that pollu-
tants arrive with it. Curves such as shown in Figures 35 and 36 merely
mean, in terms of pollution travel, that after the first arrival of the
pollutant the ‘‘worst is.yet to come.”” However, to establish informa-
tion on the rate of ground water movement as a basis for comparing
later pollution travel data, which was one of the purposes of the tracer
! studies, it is necessary to give more consideration to the relation be-
i tween concentration of tracer and quantity of transporting water than
might be required for evaluating the significance of the arrival of pol-
lutants.
It was decided that two eriteria should be established from the data
obtained using fluorescein as a tracer:
7] ‘ 1. The time of first arrival of the tracer dye at various distances from the re-
charge well in the four directions observed.

2. The most significant time of arrival, at various distances and in various direc-
tions from the recharge well, of a mass of recharged water.

|qo
500
Injection, {Min,)

< WELL 25 SOUTH
l(255) l?o
400 (25E)

1
Time After

300 (Well)
Time-concentration of fluorescein in observation wells

(well) 80

FIGURE 36.
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Figure 37 represenst a logarithmic plotting of the observed time of
] first arrival of fluoreseein at various wells, interpreted as described for
* previous logarithmic plottings. In this case the data fit unusually well

o
o
2 Jo along two curves, showing that the time of first arrival of fluorescein at.
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various wells in the north, east, and west directions was relatively the
same, but that movement to the south of the recharge well was more
rapid. From the slope of these curves, as illustrated in Figure 37, the
linear velocity of water moving outward from the rech- e well, at any
point r feet distant, can be caleculated for each of : two curves
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shown. The results are plotted in Figure 38, which represents by two
curves the radial velocity of expansion of cylinders which might be
represented by the observed maximum rate of travel of fluorescein in
various directions.

From velocities shown in Figure 38 and piezometric slopes shown in
Figure 39, and assuming 40 percent voids, the permeability of the
aquifer can be determined by Darcy’s Law. Assuming that all of the
water moved outward at the rate indicated by the data shown in
Figure 37, a permeability of approximately 6000 gallons per square
foot per day would result. This is about three times the calculated
aquifer permeability and gives some basis for judging aquifer vari-
ability.

A consideration of the time-concentration curves for all wells led to
the expectation that the peak, or modal value, might occur at a time
typical for an aquifer of the observed permeability. To check this possi-
bility, the time of arrival of maximum concentration of fluorescein
at each well was plotted as shown in Figure 40. Here an unusual degree
of regularity appears in the south line of observation wells, but in the
other three directions the approximately equal time observed for the
first arrival (Figure 37) no longer appears. Similar values of dr/d
(log t) for the north, east, and west wells, however, shows that the dis-
similarity is principally in the length of time required for the peak
concentration to arrive. Using observed velocities at each observation
well, and slopes from pressure curves in Figure 39, the average aquifer
permeability caleulated from Darcy’s Law is 1410 gallons per square
foot per day. Considering the variability of the aquifer and the con-
sequent distortion of the ideal piezometric surface and velocity fronts,
it is concluded that the time of arrival of the peak concentration of
fluorescein may be taken as representative of the rate of movement of
the greatest mass of water recharged in a unit of time.

It should be noted that the foregoing rough check between aquifer
permeability calculated from pumping and recharge tests and that
computed from time-cencentration of dye does not necessarily establish
the peak concentration as an ideal measure of time of travel of a mass
of water. Inasmuch as pumping or recharging water automatically
integrates the time-quantity curve within the aquifer, resulting in a
most probable value of permeability, the time-concentration curve only
demonstrates the shape of a time-quantity curve for recharge or
pumping. The analysis, however, does show that the modal value of the
time-concentration curve may be used as a measure of time of travel of
a mass of water, with accuracy equal to that of other accepted measures
of aquifer characteristics. For purposes of the investigation, however,
the time-concentration curves obtained with fluorescein may be used to
interpret any changes which might be observed during recharge with
sewage.

As a final step in the study of fluorescein as a tracer the area under
the curves illustrated by Figures 35 and 36 was integrated to find the
total amount of dye at the face of an ideal flow cylinder of any given
diameter. The resulting data were, of course, quite scattered because of
the known divergence of the advancing front of recharge water from
the ideal cylindrical shape. Nevertheless, the data were sufficient to
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lead to the conclusion that fluorescein is adsorbed to some extent on
the aquifer particles. Consequently the use of small amounts of this
dye as a tracer in soils might lead to difficulties in identifying the time
of its first arrival. It is not believed that adsorption introduced any
particular error in the results of the tracer study with fluorescein be-
cause of the high concentration used.

Coliform Organisms: During the relatively short period when sew-
age was injected into the original recharge well the rate of movement
of coliform organisms was observed for comparison with the results of
fluorescein studies. Figure 41 shows the time of arrival of first coliform
organisms at various wells reached by this pollutant. Typical velocities
of travel shown in Figure 41 are compared with those presented in
Figure 37 in the following table:

Velocity of tracer at well
Well No.
Fluorescein Coliform org.
1008 . _______ 0.023 ft/min 0.009 ft/min
508 . ... 0.27 ft/min 0.15 ft/min
£510) O 0.017 ft/min 0.0067 ft/min

Figure 41 shows that bacteria moved most rapidly toward the south
just as did fluorescein, while the table shows that the rates were appre-
ciably less. This might be expected from the simple fact that bacteria
represent particulate matter, which is more difficult to transport than
a dissolved dye.

Tracer Studies on Final Recharge Well: As previously noted in this
report, injection of fresh water into the final recharge well covered a
period of about 6 weeks. During that time tracer tests were attempted
with chromate ion, fluoresecein, and sugar. Later the movement of coli-
form organisms was used as a tracer. In all of these studies the time
of first arrival only was noted. No time-concentration eurves were at-
tempted because they could offer little new information and because
of the need to be about further studies of pollution travel and other
objectives of the investigation.

Chromate Ion: Reported success with the use of chromate ion as a
tracer in oil wells led to an experiment in which a soluble chromate was
injected with recharge water at 37 gpm. Evidently the ion was adsorbed
beeause the near sampling wells yielded only weak concentrations, and
the test was abandoned.

Sugar: Ordinary sugar was tried as a tracer on Januarv 11, 1954.
The material was selected because of its high solubility, the lack of
similar materials in the ground water, and the ease of its detection.
Twenty pounds of sugar were introduced with recharge water at a rate
of 37 gpm and its time of arrival determined by applying the anthrone
test (53) to samples taken at periodic intervals as before. In general
sugar prov: ‘o be a satisfactory tracer. Results of the test are shown
in Table 11 ng with similar results for coliform organisms.
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FIGURE 38. Maximum radial velocity of fluorescein tracer

Coliform Organisms The time of arrival of the first coliform organ-
isms at various sampling wells after the introduction of 10 percent
sewage on January 18, 1954, were observed. The values presented in
Table 11 show but 11tt1e dlﬁerenee from those obtained with sugar at
some of the nearest wells. Arrival time at most of the fartheI: wells,
however, is definitely longer, again probably because of the different
nature of the two tracer materials.

Because of the different distances involved and the altered aquifer
conditions, and also because bacteria are continuously removed in the
aquifer, no definite comparison could be made between the fluorescein
rates obtained from the original recharge well and the rates obtained
with sugar and coliform organisms with the final recharge well. Such
a correlation was not deemed of great importance. The fluorescein tests
revealed the nature of the time-concentration curves for dissolved
chemicals, showed that the aquifer was continuous between recharge
and observation wells, established the significance of the peak concen-
tration, demonstrated that fluorescein can be lost underground by ad-
sorption, and developed a basis for judging pollutior avel results.
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8 TABLE 11
T T T ¥ ¥
| 1< TRAVEL TIME FOR CHEMICAL AND BACTERIAL TRACERS
| < ]
[ Well Distance from Time for Time for
= : z = - e Recharge Well Sugar Travel Coliform Travel
a 5
- o 0 .
ow g 13 feet N 0.4 hours 0.5 Hours
» o oo i 28 " N 2.2 <2.9
on . 47 " N 6.7 7.4
S o § 63 * N 7.9 9.4
S . 8 " N 18.9 36
c o 138 " N 24.4 Not Contaminated
»® & @
> > >
39 " NE 6.7 <6.4
| 45 " NE 6.7 8.4
63 " NE 7.4 21
106 " NE 19.4 Not Contaminated
39 " NW 2.4 3.2
45 " NW 6.7 <6.4
° 63 " NW 7.7 <7.9
Q o a
e E 13 " E 0.5 0.3
2 % 50 " E 12.4 <7.9
4 ¢ 8§
4 & 5 13 " W 0.2 <0.2
1 8 ¢ 50 " W 7.7 14.4
e 5
18% £ 13 " 8 0.6 0.4
v, 9 63 "'S 8.2 23
E = 100 " S 15.9 24
. 5 = 18 " 8 23.4 Not Contaminated
z - 192 " SE 23.4 Not Contaminated
1 6 2
2
$ 3 i : :
3z - The results with sugar established a base for evaluating the rate of
1. ¢ movement of pollution from the final recharge well, and confirmed that
E £ djssolved materials are better tracers than suspended matter.
o Radioactive Iodine: Twenty millicuries of I'3! were introduced dur-
< ing a 4-minute period while fresh water was being injected through
3 E the final recharge well at 37 gpm. Samples for radioassay were taken
1 o at frequent intervals from the south line of observation wells only.
| . 4 w Figure 42 shows that the time concentration of the radioisotope in Well
- < - . 13 South followed a curve similar to that observed for fluorescein in
5 S & E'ﬁ nE = n previous tests. At greater distances the samples gave counts less than
. Z oaqWO « o 10 per minute and quite variable in pattern, becoming increasingly

|- wwzuzn L 418 . . . . . ’ Lo .

K Somax 3 indefinite with increased distance from the point of injection. First

- adJ . countable concentrations appeared in Wells 63, 100, and 188 feet south
at essentially the same time 26 hours after injection. Peak concentra-

- o - tions followed at about 30 and 70 hours for the 63 and 100-foot dis-
tances, respectively. At 188 feet the count was very small over the pe-
riod from 30 to 120 hours after injection.

- - - A comparison of travel time for I'3! and other tracers is shown in
Table 12, from which it is evident that the radioisotope was the poorest
indicator of rate of movement of the transporting water in the aquifer.
Recharge With Sewage (Final Recharge Well)

i 1 L | i o N .
) ) ] Q S o Injection of sewage degraded water through the final recharge well

(44)*l1om 9DiDYosY w014 25uDisIO was begun on January 18, 1954 and continued until -  =lose of the
- ‘ project on December 31, 1954. The principal recharge ...e used dur-
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TABLE 12
COMPARATIVE MAXIMUM RATES OF TRAVEL OF VARIOUS TRACERS

. Travel Time in Hours
Distance
Well No. from point
of injection Im Coliforms Sugar *Fluorescein
508 .. 137 1.1 0.4 0.6 0.2
1008 ____________ 637 29 23 8.2 2.8
N100S_ .. ... 100’ 75 24 15.9 15.0
2258 oo 188’ ———e P, 23.4 -

* Estimated from data, original recharge well.

ing the period was 37 gpm, although two final experiments were con-
ducted at rates of 16.6 and 64 gpm respectively. Mixtures consisting
of fresh water with 10, 20, and 27 percent sewage were used in various
experiments. As previously noted, sewage was the effluent from a pri-
mary settling tank.

The purpose of the recharge studies involving sewage was to obtain
data pertinent to the travel of bacterial and chemical pollution, and
to the clogging and redevelopment of recharge wells. Consequently the
principal observations made during these studies are presented in fol-
lowing sections of this report.

The pressure pattern in the well field remained fairly constant
throughout the studies at 37 gpm, being essentially as shown in Figure
34, with minor variations. Recharge wellhead pressures, however, be-
haved very much as illustrated in Figure 30 for the original recharge
well—rising steadily under progressive clogging of the aquifer in the vi-
cinity of the well. At the beginning of sewage injection on January 18
it was decided that an arbitrary maximum wellhead pressure of 75 feet
above sea level (approximately 71 feet above the normal piezometric
height of ground water) should represent the safe maximum and hence
signal the need for well redevelopment. Under constant injection of
10 percent sewage at 37 gpm beginning on January 18, the wellhead
pressure rose steadily from 27 feet above sea level, which represented
the steady state value for fresh water injection, until on February 6
it reached 66 feet. During the next three days, however, the pressure
rose but slightly. This leveling off of the curve undoubtedly represented
a parting of the aquifer under pressure. Thereafter, redevelopment of
the recharge well was undertaken whenever the wellhead pressure
approached 66 feet. Later studies using 20 and 27 percent sewage
showed a similar orderly rise in wellhead pressure, without other im-
portant disturbance of the piezometric surface, but at rates directly
proportional to the injection rate and injected solids. Curves showing
the pressure rise under recharge, and some drop under redevelopment
during the period of sewage injection would be similar to those previ-
ously presented in Figure 29.

The pressure gradients along the south line of sampling wells are
very nearly the same for all tests shown in Table 12, although the ac-
tual pressures at the sampling wells were 2.4 feet less during the I!3!
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test. Since rate of travel is a funection of pressure gradient the absolute
pressures affect only the time required for a sample to rise to the surface
through the sampling tube. This increase, however, is insignificant in
comparison with the great difference in travel time of I'*! and other
tracers. One factor which might have affected the I'3! results is the
change in permeability which might result from selective clogging of the
aquifer. From Figure 35 it is evident that a portion of the water travels
by some route of greatest permeability. Sewage injection such as pre-
ceded the I8! tests might have caused clogging of these easier routes
beyqnd complete recall by redevelopment, thus preventing I'3! from
moving through channels previously open to tracers. The similarity
in shape betwe.en the curve in Figure 42 for Well 13S and the curve
for Well 258 in Figure 36 (making allowance for scale differences)
makes the se!ective clogging seem unlikely as a major cause of the dif-
.ference. Until greater experience with radioactive tracers is available
it must be presumed that adsorption and other phenomena definitely
reduce the rate of travel of I'3! to a value below that of some other
types of tracers.

Studies of Travel of Bacterial Pollution

.Observations of the rate and extent of travel of bacteria associated
?Vlth sewage degraded water injected into the aquifer were made dur-
ing the operation of both the original and final recharge wells. The
first study of pollution travel began on February 9, 1953 and ended
46 days later when the recharge well failed. More extensive studies
utilizing the final recharge well, covered a period of more than elever{
months during the year 1954.

Coliform organisms were used as the prineipal indicator of bacterial
pollutlpn,_although in several tests Sireptococcus fecalis was also used
as an indicator organism. On some occasions standard bacterial plate
counts were made as well. The presence and Most Probable Number
(MPN) of coliform organisms was determined by standard decimal
dilution techniques for coli-aerogenes group organisms (52) involving
a lactose broth presumptive test at 37° C followed by partial conﬁrmabA
tion in green ox bile broth. S. fecalis was determined by the azide dex-
Frose Ipethod (54). Plate counts were made by standard methods (52)
involving incubation at 37° C for 24 hours.

The general procedure was to establish, by testing a series of 10 ml
samples plus dilutions taken during fresh water recharge operations
the fact that each observation well was suitably free of coliform orﬁ.':inz
isms. The desired percentage mixture of settled sewage and fresh W;ter
;n_ras tgen admitted to the recharge well intake sump and injection con-
inued.

. Samples were taken periodically at the pump intake for determina-
tion of bacterial characteristics of the injected water. At each observa-
tion well the sampling tube was permitted to overflow continuously into
a sterile test tube (see Figure 5b) which in turn overflowed continu-
ously, and from which bacteriological samples could be withdrawn as
desired by means of sterile pipettes. When the time of arrival of coli-
form or- —isms at each observation well was the objective, such as in
the tra  studies previously summarized by Figure 41 and by Table
11, multiple 10 ml samples were taken at periodic intervals. From a
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umber of such studies it was soon evident that the maximum concen-
tration of organisms appeared on the third day. of sewage injection at
37 gpm. Consequently when maximum intensity of pollution was the
objective, samples for MPN determinations were required only at daily
intervals. By limiting the percentage of sewage injected it was possible
to observe the advance and regression of coliform numbers before the
pressure build-up made well redevelopment necessary.

In interpreting bacterial pollution travel data obtained by the fore-
coing procedure, as hereafter presented, it is important to note that
the decrease of organisms with distance from the well is not theoreti-
cally a function of dilution; that is, of the reduction of bacteria per
unit volume as a cylinder of water of ineremental thickness expands
in radius as it moves outward from the recharge well. Such a cylinder
can maintain continuity around its cireumference and at the same time

remain of constant incremental thickness only if diluting water is con-
tinuously encountered. Under these circumstances the intensity of
pollution would decrease with distance from the recharge well. In the
confined aquifer used in the investigation, however, normal ground
water is displaced by injected water. Hence an expanding cylinder of
recharge water mainutains its circumferential continuity by a continuous
reduction of its wall thickness. In this case the number of organisms
in-any unit volume of water is constant unless organisms have been
reduced in numbers by filtration, death, adsorption, or other phenome-
nen not involving dilution during movement through the aquifer. The
expanding cylinder of injected water, of course, expands at a decreas-
ing rate, but its advaneing front pushes back the normal ground water.
This results in an island of injected water around which the normal
oround water flows. For obvious reasons this island should be distorted
in the direction of normal ground water movement, hence the ad-
vancing front of injected water should not be truly cylindrical.

Practical considerations of variations in aquifer permeability, of
course, alter the nature of the advanecing front. Figures 35, 36, and 42,
for example, show conclusively that the first pollution arrives by a
roughly radial streaming which certainly involves dilution along the
way. Consequently, no valid conclusion can be drawn from the relative
concentration of bacteria injected and the concentration first reaching
the observation wells. The maximum rate of pollution travel only may
thus be obtained. After continued injection, however, pollution arrives
by a variety of routes and the entire aquifer within the limits of obser-
vation must ultimately become filled with recharged water. The result
is that change in intensity of pollution from recharge well to observa-
tion well is the result of phenomena other than dilution. Non-uniform-
ity of the aquifer merely exposes some bacteria to longer, more tortuous
routes than others. We may conclude therefore, that the survival shown
by tests is different than might result from a uniformly expanding
cylinder, but the data themselves are valid within the limits of aceuracy
of standard methods.

Pollution Travel From Original Recharge Well: The first study of
travel of bacteria with recharged water was made by injecting at 37
opm a mixture of 10 percent settled sewage and 90 percent fresh water
through the original recharge well, after sixteen bacteriological exam-
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inations had demonstrated that the observation wells and sampling
equipment had no coliform contamination. As shown in Table 9, in-
jeetion of sewage was interrupted on only three occasions for short
periods of high rate redevelopment during a 46-day period. In addition,
there was one 3-day period beginning on the 14th day of sewage in-
jection when fresh water alone was introduced while the sewage supply
was interrupted for equipment repairs.

Immediately upon the initial introduction of sewage, samples were
taken on a schedule varying from 5-minute intervals at the nearest
wells to 2-hour intervals at wells 100 feet distant. The rate of travel of
~ bacterial pollution as observed by this experiment is shown in Table
13. For purpose of comparison, the rate of travel of fluorescein tracer
as previously observed is also shown in the table.

TABLE 13
RATE OF TRAVEL OF COLIFORM ORGANISMS AND FLUORESCEIN
Arrival First Arrival First
*Well No. Coliforms (Hours) Fluorescein (Hours)
Recharge_ . ________ 0 0
ION___ .. 4 1.1
25N e 15 3.3
50N _ oo Did not arrive e
100N_____ .. .. non " ——-
10E_______________ 0.5 0.23
25K ___________.__. 5 3.3
50E_ ... __ 33 14.7
ow__ 1.1 1
25W . . Did not arrive 10
50W _ . ____ nor " 20 (approx.)
108 . 0.33 0.2
258 ... 0.33 0.6
505 . ... 2.1 1.4
100S. .- __. - 33 15

* Well No. Indicates distance from recharge well (ft.).

From Table 13 it was concluded that within the limits of the well
field, bacterial pollution travels quite rapidly under the gradients im-
posed by continuous injection; that pollution travels most rapidly in
the direction of normal ground water movement (S and E); and that
coliforms travel at approximately one-half the rate of the transporting
water as indicated by fluorescein. The ultimate distance of travel to
the east and south was not definable by the existing wells and, as pre-
viously noted, new observation wells were quickly constructed at 100’
east, 225 south, 225 southeast, and 500 south. Subsequent bacteriologi-
cal observation, however, revealed no coliform organisms in any of the
added wells after 41 days of injection, leading to the conclusion that
the maximum distance of bacterial pollution travel was less than 225
feet south and 100 feet east of the recharge well. Limits in the north
and west directions are shown in Table 13.

Following the initial study of rate of pollution travel, daily determi-
nations of the M.P.N. of coliform organisms in each well were made
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over a period of 41 days. Counts of organisms were observed to fluctu-
ate from day to day but there was no tendency for a progressive in-
crease in pollution at any well. Maximum, minimum, and average values
of M.P.N. are shown in Table 14 for observation wells showing con-
tamination in the south and east directions where conditions were most
critical.

TABLE 14

M.P.N. COLIFORM ORGANISMS DURING 41-DAY PERIOD
OF INJECTION

M.P.N. Coliform Organisms per 100 ml
Well No.

Average Maximum Minimum
R 2.4 x 106 2.4 x 10° 2.4 x 104

2.4 x 108 2.4 x 106 95
2.4 x 108 2.4 x 10¢ 2.4 x 104

2.4 x 10? 2.4 x 104 0

23-38 38 2

2.4 x 104 2.4 x 106 2400

2.2 x 10? 2.4 x 104 38

23 38 2

The studies on which Table 14 is based indicated that the decrease
in numbers of coliform organisms with distance is quite rapid, and that
the extent of travel of bacterial pollution in the aquifer is limited to
little more than 100 feet.

Pollution Travel From Final Recharge Well: Investigation of the
travel of bacterial pollution was resumed in January 1954 following
fresh water recharge and chemical tracer studies of the final recharge
well, together with bacteriological examinations to establish the fact
that observation wells were free of coliform contamination. As before,
a mixture containing 10 percent settled sewage was injected at 37 gpm
and the rate and extent of bacterial travel established from the quali-
tative examination of samples taken frequently at each observation
well. The results of this study have previously been presented in Table
11. A strict comparison between Table 11 and Table 13 is not possible
for a number of reasons: :

1. The north line of observation wells was considerably disturbed in the vicinity

of the original recharge well after the data shown in Table 13 were observed,
and before the data for Table 11 were taken at a point 37 feet farther south.

9. The aquifer characteristics are different in the vicinity of the final recharge well
than near the original recharge well, especially in the matter of aquifer thick-
ness.

3. The distances shown in the two tables represent surface distances between the
recharge wells and the observation wells. In neither case are these corrected for
the effective radius of the recharge well.

Two important facts, however, can be noted from a study of the
Tables 11 and 13:

1. In neither case did bacterial pollution travel to observation wells more distant
than 100 feet.
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2. The time required for bacteria to travel 100 feet is of the same ovder of magni-
tude in each case.

From Table 11 it may be noted that the rate of water movement is
approximately the same in all directions. In comparison with this, the
rate of bacterial movement is erratic but inereasingly slower than the
rate of water movement as the distance from the recharge well increases.
Although the relation between rate of water movement and rate of
bacterial travel is somewhat less clearly defined in the January 1954
test, both studies support the conclusion that bacteria tend to move
more slowly than the transporting ground water.

The injection of 10 percent sewage was continuous from January 18
until February 25, 1954, at which time redevelopment was considered
advisable. Beginning on the third day of injection, daily samples from
each observation well were analyzed for Most Probable Number of coli-
form organisms. Table 15 presents the results for the 3rd, 12th and
32nd days of operation. It shows that bacterial pollution of the obser-
vation wells was greatest near the beginning of the period of injection
and subsequently decreased.

The most distant wells showing coliform pollution during the 38-day
period were 25N, 50E, and 50W (located 63 feet from the recharge
well) and N100S, with the exception that 100E (at 106”) was found
positive on four of 37 days, and samples from Well 2255 (at 188 feet)
showed occasional positive tubes. The econtamination at 2258, however,
was traced to outside sources associated with work on the sampling de-
vice at this well.

From a consideration of Table 11 and 15 it may be concluded for the
aquifer investigated that:

1. Prolonged injection of pollution does not cause bacteria to extend beyond their

initial distance of travel.

2. The maximum concentration of coliform organisms occurs soon after injection

begins and decreases as clogging of the aquifer in the vicinity of the recharge
well develops a filter mat.

3. Both small M.P.N. and absence of coliform organisms in more distant sampling
wells indicate that bacterial travel in the aquifer beyond 100 feet is negligible.

The results do not indicate whether great distances of travel might
oceur with greater amounts of injected bacteria. The next experiment
was designed to explore this possibility.

On March 15, 1954, a series of recharge studies were begun with a
mixture of 27 percent sewage aud 73 percent fresh water, having an
average coliform concentration of 4.7 x 10% organisms per 100 ml. The
first of these studies was ended on the ninth day as the recharge well-
head pressure neared the allowed maximum. As in the case of recharge
with 10 percent sewage, no increase in distance of bacterial-travel was
observed after the third day. The tendency for early bacterial increase
and subsequent regression was apparent, but the shorter period of ob-
servation yielded data less conclusive than those presented in Table 15.
The most distant wells showing econsistent coliform contamination were
25N, 50E, 50W and 1008, (all located 63 feet from the recharge well).
This time Well N100S (located 100’ from the recharge well) failed to
show contamination and no contamination of Well 2258 was found.
Maximuw  ucentrations of coliform organisms observed in the farthest
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TABLE 15
MOST PROBABLE NUMBER OF COLIFORM ORGANISMS IN OBSERVATION WELLS
Distance from MPN/100 ml MPN/100 ml MPN/100 ml

Well No. Recharge Well 3rd Day 12th Day 32nd Day
238 .. 13 Feet N 240 240,000 230
10S. ... - 28 7 N 2,400 240 5
1ION__ . ... 47 " N 240 38 5
REJ 63 ” N 23 8.8 Not Pos.
50N_ ... 88 " N Not Pos. Not Pos. Not Pos.
100N______.___. 138 * N | ... Not Pos. Not Pos.
10E_. .. ____._. 3 " NE 2,400 240 8.8
25E. .. 45 " NE Not Pos. 8.8 Not Pos.
S50E_____.__.._._... 63 " NE Not Pos. 38 Not Pos.
100E._:___._____._. 106 " NE Not Pos. Not Pos. Not Pos.
10W_ . 39 " Nw 2,400 240 2,300
25W .. 45 " NW 240 Not Pos. 5
50W___ . ___ 63 " NW Not Pos. 2.2 8.8
NI8E______._____ 13 " E 24,000 24,000 8.8
N3OE._.___._.._____ 5 " E 240 5.0 Not Pos.
N13w._______._.. 13 " W 23 Not Pos. 2,300
NsOW ___________ 50 " W 23 > 240 2.2
508 ... 13 " 8 95 2,400 230
100S_____ . _____ 63 " 8 Not Pos. Not Pos. 9.4
N100S___...._____ 100 " S 23 5.0 Not Pos.
2258 .. _. 18 ” S Not Pos. Not Pos. Not Pos.
RRER) O 192 " S Not Pos. Not Pos. Not Pos.

wells showing contamination during the test period ranged from 2.2 to
240 per 100 ml. The study, therefore, gave no evidence that a greater
intensity of contamination produced travel of bacteria to greater dis-
tances, nor that the intensity of pollution at the maximum distance of
travel was materially increased. The principal effect of the greater
amount of sewage was to shorten the permissible period of recharge
through more rapid clogging of the recharge well.

These observations were borne out by the second period of injection
of 27 percent sewage, which began on April 8, 1954. In this experiment
the maximum permissible recharge wellhead pressure was reached in
8 days. It was therefore evident that prolonged periods of injection of
27 percent sewage were not possible without interruption for recharge
well redevelopment. On April 16, however, whenh sewage injection was
stopped, recharge was continued with fresh water at 37 gpm to deter-
mine whether pollution already in the aquifer might be forced outward
by prolonged injection. The experiment was terminated on April 26,
after ten days of fresh water injection had produced no evidence of
pollution travel beyond the limits reached early in the study. Maximum -
distances of pollution travel and concentrations of coliform organisms
were essentially the same as observed in the preceding test run. .

In order to confirm the findings of the April study of pollution travel,
especially coneerning the behavior of the recharge well pressure when
fresh water injection followed sewage injection without redevelopment,
it was decided that the third experiment with ret¢harge of 27 percent
sewage should duplicate the second. However, it seer desirable to
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attempt more comprehensive bacteriological examinations. Inasmuch wgooggMmo
as tracer studies had shown that chemicals traveled farther and faster - "
than coliform organisms, the possibility was suggested that the morpho-
logical or physiological characteristics of other organisms might make
them better suited than coliforms to travel with moving ground water.
Streptococcus fecalis was therefore selected as an additional test organ-
ism, both because it is recognized as an indicator of pollution and be-
cause of its dissimilarity to coliform bacteria. Plate counts were in-
cluded in the testing program to measure the degree of general bacterial
contamination resulting from the introduction of sewage into the
ground water.

In preparation for the experiment all observation wells were flushed
by removing the well caps (Figure 5a and 5b) during recharge with
fresh water. Bacteriological tests were repeated until it was determined
that acceptably low background counts of test organisms had been
established. The left hand section of Table 16 shows the bacteriological
condition of all wells on two days just prior to the start of recharge
with sewage. In interpreting this table it should be noted that the re-
ported M.P.N. of less than 2 organisms does not mean that light con-
tamination existed in wells previously reported as showing no contami-
nation by bacterial travel. Rather it signifies the minimum sensitivity
of the test for coliform organisms and for §. fecalis. It is notable that
most observation wells showing coliform pollution in previous tests still
showed a small degree of pollution of May 17, 1954.

On May 19 the injection of 27 percent sewage was begun. Since it
had been previously noted that the maximum coliform count occured
on the third day, bacteriological sampling was confined to the third
and fifth days after the start of recharge with sewage. Daily sampling
was deemed impractical because of the vast facilities required for
bacteriological testing on such a scale.

The results of coliform, S. fecalis, and plate counts are shown in the
right hand section of Table 16. Significant findings of the experiment
as regards bacteria pollution travel include:

1. There is no difference in the distance of travel of coliform organisms and

8. fecalis, the maximum observed distance of travel of either organism being
63 feet.

2. The experiment confirms previous observations of the distance of travel of
coliform organisms when 27 percent sewage was injected at 37 gpm.

3. Coliforms are the better test organisms for measuring pollution travel, probably
because of a greater initial number of coliform organisms than of S. fecalis.

4. A remarkable decrease in the number of test organisms present in-the observa-
tion wells occurred between the third and the fifth days.

. Plate counts show increases at even the most distant observation wells, with a

slightly greater tendency for increase in numbers with time in the south and
east directious than in the north or west.
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TABLE 16
RESULTS OF BACTERIAL ANALYSES OF OBSERVATION WELLS
Strep.

Coli-
form
5.0
<2
<2
12
<2
<2
5.0
<2
<2
<2
2
.2
0
0
2

4]
(ft.)

13
28
47
83
88
138
39
45
83
106
13
50
39
45
83
13
50
13
63
100
188
463
192
0

Dist.

The fact that neither of the tracer organisms reached distant ob-
servation wells leads to the conclusion that other organisms did not do
so, and that the observed increase in plate counts represents a multi-
plication of saprophytic organisms already in the observation wells as
injected nutrients arrived with the ground water. It should be noted
that Wells 100N and 500S were uncapped during the study to facilitate
samplings by means of a pump.

Well No.

* Coliform count not made May 18, 1954.
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Injection of sewage was maintained from May 19 to May 24, after
which fresh water was injected until a pressure decline leveled off
on May 28.

Although the injection of 27 percent sewage was continued ‘through-
out June and July, no new significant data on bacterial pollution
travel were obtained. During three periods of injection ranging from
four to seven days each, bacteriological examinations were made, but
no increase in the extent of pollution travel occurred. Studies during
the period were of necessity more concerned with objectives of the
investigation other than the travel of bacterial pollution. In order to
maintain recharge periods of satisfactory duration between successive
redevelopments of the recharge well it was found desirable to reduce the
percentage of sewage in the recharge water from 27 to 20 percent.

The next significant experiments in bacterial pollution travel were
 made with such material in August 1954. Acceptably low background

~ ecounts were observed on three successive days during fresh water in-
" jection at 37 gpm and prior to the start of sewage injection on August
17. Coliform density was five or less organisms per 100 ml, and §.
fecalis counts did not exceed 8.8 per 100 ml. No wells not previously
found contaminated were found to contain either coliform or S. fecalis,
and no pollution was found in 25K, 50E, or N100S—wells which had
been polluted on previous occasions. Plate counts were variable, but
less at all wells than previously observed during injection of sewage.
After the start of sewage injection the numbers of indicator organisms
increased slightly to maximums on the third and fourth days, then
declined noticeably by the seventh. day, at which time recharge well
development was necessary.

Combined results of bacteriological examinations for the two days
of peak pollution are presented in Table 17. As observed in previous
test, coliforms and fecal streptococci did not extend to wells beyond.
63 feet north, east, and west, and 100 feet south of the recharge well.
Tt should be noted that observation wells do not exist on the final east-
west axis (see Figure 1) beyond N50W. The behavior of 50W, and
N100S, however, make it quite certain that the extent of pollution to
the west is no greater than in other directions.

Plate counts were variable throughout the seven days of the experi-
ment and no day to day trend was discernible. It was again observed
the observation wells 100N and 5008 showed high plate counts. The
fact that these open wells show greater counts than do any distant
capped wells supports the previous coneclusion that-plate counts outside
the range of travel of coliform organisms represent indigenous rather
than water transported bacteria.

Table 17, in addition to confirming previous experience, shows that
all forms of bacteria observed diminish rapidly in numbers with
distance from the recharge well.

The next experiment with 20 percent sewage represented an attempt
to obtain data sufficiently precise to define to a higher degree the rela-
tionship between numbers of organisms and distance traveled, under
the conditions of the experiment. It was recognized, of course, that
variations in the numbers of organisms in sewage, non-homogeneity of
the aquifer the statistical nature of the determination of Most Probable
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TABLE 17
BACTERIAL CONTAMINATION OF WELL FIELD
M.P.N. Coliform M.P.N. S. fecalis
Well No. Distan . Average of 3
ce Before Maxupum Before Maximum Plate éounts
Se'wnge During Sewage During
Injected Sewage Inj. Injected Sewage Inj.
Recharge____ 0 *NC 1.5x108 NC 2.4x105 305,000
13 i 240,000 2.2 24,000 3.7

. ) . 8 700
28 62,000 NC 2,400 550
47 " 240 NC 38 6
63 : <240 NC 38 21
88 . NC NC NC 44

138 NC NC NC 1,100 (open)
39 : : 6,200 5.0 <2,400° 240
ég oo 6.(0) NC NC 13
5 NC 38 130
106 " NC NC NC 11
13 2.2 2,400 5.0 <2,400 950
50 NC 62 NC 38 17
39 N"C 6,200 2.2 2,400 230
45 . <700 NC 2.2 18
63 . NC 2.2 NC 20
13 . 620,000 8.8 24,000 300,000
50 240 5.0 38 24
13 ’ . 240,000 NC 2,400 8,300
63 . 12 5.0 NC 30
100 . 6.0 5.0 NC 22
1(853 ; 1138 NC NC 71

. NC NC 700 (o
192 NC NC NC 48 (opew)

* Not contaminated.

Number., and the unpredictability of biological life, place quite pro-
found limits upon the accuracy of such an undertaking. To minimize
the M.P.N. error, five replicates were made of each dilution of samples
taken from each observation well.

M.P.N. values obtained on the third day of sewage injection during
the Septemb_er experiment are plotted against distance from the ren-
charge well in Figure 43. From this ficure it may be seen that values
for both the north and west wells fall fairly closely along straight lines
on semi-log coordinates. Exceptions are Wells 10N and 25W. It is
probable that shielding of 10N by the original recharge well and ad-
Jacent grouting accounts for its behavior, but the reason why 25W
should show a low value is not clear. The dotted line indicates that the
three south wells showing contamination roughly fit a straight line
also. Samples from the east wells gave ambiguous values.

The straight line relationships shown in Figure 43 can be expressed
as:

Log Ny = Log N, — F (rs—r;), in which:

%\\;1 = the M.P.N of organisms at any sampling point in the aquifer, rt
! 2 = th((e] ’I\%P‘N'b()ft organisms at any other point in the aquifer, s

1. 72 = distance bhetween sampling points and point of contami i
F = “Filterability” of the system P ntamination
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From the foregoing equation the percentage or fractional reduction
in bacteria per foot of travel (R), may be determined. The logarithm
of the fraction remaining after one foot of travel equals —F, or in
general,

—F = log (1—R)
The values of F for the north and west wells in Figure 43 were found
to be 0.077 and 0.11, respectively, which correspond to R values of 16
and 26 percent reduction per foot of travel. The experiment from which
these values were obtained was repeated on September 28, and again
on six separate occasions during three periods of recharge with 20
percent sewage in October 1954.

In all of these later tests renewed efforts were made to obtain more
consistent values of M.P.N. Observation wells were allowed to overflow
freely for periods ranging up to one hour before sampling in order to
flush out the well casing with water characteristic of the aquifer water
at that point, thereby minimizing the possibility of dilution. Consider-
able variation in coliform counts with distance nevertheless oceurred
at some of the observation wells. The reason is clear from the results
of coliform counts made from samples of the injected sewage—fresh
water mixture on 17 successive days during a later experiment in-
volving 10 percent sewage recharged at 17 gpm. During this period
the coliform count was observed to fluctuate erratically between
2.4 X 105 and 3.3 X 108 organisms per 100 ml. From this it is con-
cluded that much of the variation in coliform organisms in four wells
located at the same distance from the recharge well is the result of dif-
ferent rates of radial travel in various directions delivering sewage of
varying degrees of original bacterial contamination.

Average values of filterability were determined from all wells on the
north, south, and east directions inasmuch as they showed a tendency
to fit straight lines of the same slope. In each test, the west line of
wellslshowed the greatest filterability and is therefore reported sep-
arately.

The results of all observations of filterability based on data obtained
during recharge with 20 percent sewage at 37 gpm are summarized in
Table 18. The values shown were obtained from Figure 43 and similar
curves not reproduced in this report.

From Table 18 it may be seen that in the north, south, and east di-
rections the filterability of the aquifer averages 0.092, which corre-
sponds to a reduction in coliform organisms of 19 percent per foot;
while along the west line of wells the filterability averages 0.12, which
corresponds to a rate of decrease in organisms of 24 percent per foot
of distance from the recharge well.

In order to determine the effect of a reduced pressure gradient. on
the travel of bacterial pollution the injection rate was reduced to 17
gpm during November 1954 experiments. At the same time the per-
centage of sewage in the recharge mixture was reduced from 20 to 10
percent in order to limit clogging and thus extend the period of injec-
tion. Sewage recharge began on November 2, 1954 and continuous in-
jection was maintained through November 22. At the low recharge rate
employed, the piezometric pressure surface was below the top of ob-
servation well casings, and sampling, therefore, had to be accomplished
with small sampling pumps. This limited the number of wells which
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TABLE 18

VALUES OF FILTERABILITY OBSERVED DURING INJECTION
OF 20 PERCENT SETTLED SEWAGE

September-October, 1954

F
Date of Test (Ave. N.,S,&E Wells) F West
0.077 0.11
0.083 0.10
0.083 0.10
0.11 0.16
0.097 0.16
0.10 0.11
0.093 0.11
0.11 -
0.092 0.12
19% 24%

could be sampled, hence data were secured for only the north and west
observation wells. Values obtained on six days are plotted in Figures
44 and 45 for north wells and west wells, respectively. Maximum values
were observed on the fifth day, as compared with the third day in pre-
vious tests at 37 gpm. The right hand curve in each of the fizures rep-
resents the data for this maximum day (Nov. 8). From similar curves
drawn for each day, the left hand curve was obtained. It represents an
average of the six daily slopes, and is seen to parallel the maximum day
very closely. In order to avoid confusion the individual daily curves,
other than that for the maximum day, are omitted from the figures,
although an attempt is made to identify the points by symbols, which
overlap in a number of cases. It should be noted that the lateral posi-
tion of the average curve is not important inasmuch as its slope deter-
mines the average value of F.

Filterability as determined from the slope of the curves is 0.11 for
the north wells, and 0.13 for the west wells, corresponding to reductions
(E) of 22 percent and 26 percent per foot of distance, respectively.

A similar experiment using 6 percent sewage at an injection rate of
64 gpm was made in December 1954 to determine the effect of steeper
pressure gradients on travel of bacterial pollution. Rapid fluctuations
in the numbers of organisms in the injected sewage made difficult an
accurate estimate of the filterability from data obtained during this
experiment. Values of F ranging from 0.062 to 0.097 were obtained
however, from graphical interpretation of plottings of the Most Prob-
able Number of coliform organisms. No organisms were found in wells
more distant than 63 feet from the recharge well, which supports the
evidence previously obtained at the 37 and 17 gpm rates of recharge.

By comparing the R value of 26 percent for the west line of wells -
at 17 gpm, for example, with the value of 24 percent for the same line
of wells at the 37 gpm rate of recharge it is apparent that recharge
rate has little effect upon the rate of decrease in number of organisms
with distance from the well. This fact has implications of major im-
portance in the matter of bacterial pollution travel.
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The filterability (F) of an aquifer is a physical characteristic of the
aquifer. These experiments show that it is not a function of the pressure
gradient, and therefore not related to the ground water velocity. The
radial velocity of ground water changes inversely with the distance
from the recharge well. Calculated radial velocities for an aquifer 4.4
feet in thickness and having a porosity of 40 percent are shown in
the following table:

Distance Injection Rate Radial Velocity
13feet ___________ 37 gpm 0.034 ft./min.
63 " .. 37 " 0.0071 "

13 " 17 " 0.018 "
63 " .. 17 " 0.0033 "

The data in Table 18 having shown a 24 percent decrease in coliform
organisms per foot over a distance of 13 to 63 feet at 37 gpm, and Fig-
ure 45 having shown a 26 percent decrease over the same distance at
17 gpm, it is evident that a ten-fold change in ground water velocity
within the distance of observed pollution travel has but a negligible
effect on the rate of decrease of numbers of bacteria. This means that
the rate of decrease of bacterial numbers in an aquifer of any given
filterability is constant and that the decrease in numbers between two
points depends upon the length of path followed by the transporting
water, if bacterial survival is not involved.

Actually the viability of organisms must be considered in evaluating
any data of reduction in numbers with time and distance. For this
reason an experiment was conducted to test the viability of coliform
organisms under simulated aquifer conditions. Samples of sewage de-
graded water were placed in the dark in a 20° C. incubator, and pe-
riodic analysis made for Most Probable Number of organisms remain-
ing. Results for samples originally taken on October 11 and November
4 are shown in Figure 46.

The sample of October 11 (see Figure 46) showed a constant rate of
decrease from 7 X 105 organisms to 6 )X 102 in 21 days; then apparently
a second curve developed which passed through an M.P.N. of 130
organisms per 100 ml on the 41st day. The sample of November 4 pro-
duced results which fit three successive straight lines, two of which
have slopes similar to those for the first sample. A possible explanation
of the observed results is that the samples contained species or strains
of coliform organisms having different but well defined death rates, and
that the higher rates obscured the lower ones until the organisms re-
sponsible for the high rates were no longer dominant.

Obviously the experiments were too few to give conclusive informa-
tion on bacterial die away but they show interesting possibilities for
further study of the phenomena associated with the underground travel
of bacterial pollution. The results can be used to show some rough rela-
tionship between observed decrease in bacteria during ground water
travel and the decrease which might be expected by natural die away
of organisms. From the curve for October 11, Figure 46, the decrease
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in organisms from 7 X 10° to 6 X 102 required 21 days. In 21 days the
mass front of sewage injected at 37 gpm is caleulated theoretically to
advance a distance of 163 feet from the recharge well. Using a filtera-
r r . r . v . y r - T . bility (F') value of 0.12 and the general equation: Log N» = log N,

1 —F (ry-r;) and assuming r; as zero for maximum conditions, it may
2 E be shown that a reduction of bacteria from 7 % 105 to 6 X 102 would be
accomplished in the aquifer in a distanee of about 25 feet, which rep-
resents a 12-hour advance of the mass front of sewage injected at 37
gpm.

‘While no claim is made for the absolute values involved in the fore-
going analysis,; the gross differences are sufficiently great to justify the
conclusion that the observed decrease in numbers of bacteria with
distance, and the limited distance of pollution travel, is the result of
removal in the aquifer and not of disappearance of viable organisms
through natural die away.

174/54

- Studies of the Travel of Chemical Pollution

From the beginning it was recognized that the well field could not
be made sufficiently extensive for significant studies of rate and extent -
of travel of strictly chemical pollution, hence such studies were not
included in the major objectives of the project. Numerous chemical
analyses, however, were required throughout the investigation in estab-
lishing and controlling the nature of the recharge water and sewage;
in detecting changes in the nature of injected sewage as it moved
] through the aquifer; in establishing the rate of movement of injected
water under imposed gradients; and in interpreting observed data and
results. From the mass of information thus obtained within the limits
] of the well field, some valid conclusions can be drawn concerning the
] nature of travel of chemical pollutants with underground waters.

MPN.

10/11/54

More than 600 complete determinations of the principal anions and
cations were made on samples of ground water, fresh recharge water,
and sewage degraded recharge water; and on samples taken from the
observation wells and from the recharge well during redevelopment
1 operations. Frequent determinations of BOD and of volatile and fixed
solids, both in suspension and in solution, were likewise made. Ground
water, and recharge water temperatures were recorded, and gases gener-
ated underground were sampled and analyzed. In general, standard
gravimetrie, colorimetric, and spectroscopic methods were used in
chemical analyses. In a few cases, modifications of standard methods
developed or adapted in the research laboratory were used. The most
notable of these improved procedures included a mercurometric method
for determining chlorides (55), and a turbidmetric method for deter-
mining sulfates (56).

Typical chemical analyses of the fresh water used in recharge studies
, , ; A and of the ground water normally found in the aquifer have been

60 previously presented in Table 6 to show their chemical compatability.
A similar examination of degraded water and ground water was made
FIGURE 46. Die away of coliform organisms in February 1953 at the beginning of the first recharge test involving
10 percent sewage. It was found that the addition of sewage to the re-
charge water had the effect of reducing its percentage of monovalent
ions from 28 to 24. Thus it was evident that any clogging which might
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occur would not be the result of dispersion of clay, since any ion ex-
change with clay would be in the direction of greater aquifer perme-
ability.

The effect of degrading the fresh water with sewage to the extent of
10 percent is shown in Table 19. These data represent the nature of the
fresh water injected as observed on two days just prior to the first
sewage recharge of the final recharge well, and of the degraded water,
as determined on the third, eighth, and eleventh days of injection.

TABLE 19

ANALYSIS OF INJECTED WATERS
January, 1954

Fresh Water Degraded Water (10% Sewage)
1/12/54 1/18/54 1/21/54 1/26/54 1/29/54
77.0 ppm 74.0 ppm 79.8 ppm 73.6 ppm 72.6 ppm

1.2 1.2 - 2.0 1.9 1.9
51.5 53.0 48.9 50.0 48.0
69.1 67.5 69.3 63.4 64.1

0 2.1 0.7 3.8 2.4

141 136 135 130 118
150 175 207 168 176

0 0.73 2.89 6.74 6.14
19.4 3.25 19.6 11.61 9.68
- - 0.25 0.35 1.01

234 233 234 233 240

Table 19 indicates that the phosphate and nitrite ions were the only
chemical constituents of the water appreciably increased by the addition
of sewage. The table also illustrates the extent of variability of the
injected sewage. As might be expected, the greatest fluctuation oceurs
in the various compounds of nitrogen and in the phosphates and sul-
fates.

The chemical nature of the recharge mixture containing 27 percent
is shown in Table 20 which is representative of the change in quality of
the recharge water after degradation to 27 percent sewage.

As in the case of degradation to 10 percent sewage (Table 19),
ammonia, nitrites, and phosphates were the prineipal compounds in-
creased by the addition of sewage. In this case, however, sulfates and
some of the cations showed a significant decrease. This, together with
the decrease in chlorides shown in both tables, is the result of the nature
of the water constituent of the sewage which comes from the low
mineral potable water supply of the Bay Area.

The decrease in chemical constituents of the recharge water
through dilution with sewage is more evident in the case of 20 percent
sewage, as shown in Table 21. A comparison of the fresh water analyses
of Table 20 and 21 shows that an increase in the chemical content of the
recharge water occurred between March and September of 1954. Such
an increase, progressive in nature, i1s noted each year as the winter
rainy season comes to a close and the dry season advances. Meanwhile
the potable water supply, which originates largely from melting of the
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TABLE 20

ANALYSIS OF INJECTED WATERS
March, 1954

Degraded Water (27% Sewage)

Fresh Water

3/15/54 3/17/54 3/22/54

Iy P

82.9 ppm 79.8 ppm Tg(()) ppm
3.8 3.3 .
o2 382 &7
.2 .

6;.62 5.35 13'3.09
136 136 16
ot 17?! 56 1.81

.33 .
1:?5.97 6.10 (7)%2
3.6 1.92 220.
244 244

tant high

e Sjerras tends to remain of cons

annual snow pack in th

1 t the year. ) the
qu’?};{)}l’etg{o;g?szﬁts inf}t;rmation on the solids content and BOD of

i the addition of sewage.
4 :mmediately before and aftgr (
gﬁﬁﬁzied;?efgrlﬁlhis same degraded water 18 shown in Table 22 for a

R B it 1 i that the total solids test is of no

99 and 21 it is evident tha 0

i F??ircnax?c?ilflsthe investigation. Table 21 shows that1 _‘fihe iflll‘eselcl) ;g)c;z;gn
i’:’i::lelr has an extremely high content of total solds

i i e. Furthermore, the break-
with the suspended solids added with s;elg:%n e mace breat

down of biear b0t fa ndlo)fcl'ller eofin%(;%d components of the suspended
i i volatile an nents
n such a high loss o ) tis of |
1solids in the sewage degraded water at time of 1nj
TABLE 21
ANALYSIS OF INJECTED WATERS
September, 1954
Degraded
Degraded Fresh carace
T e Water (20% Sewage)
Water (20% Sewage)
I e
9/13/54 9/14/54
9/13/54 9/14/54 /13/
i 9.2ppm
12 m 112 ppm Suspended Solids- - - - 0 ppm
! 4pp 3.0 Total Solids 520 530
82 71.9 Volatile_ - - - | = 530
126 114 fixed. - - -- 0 0
7 B uativity *1.95 *1.76
36g 316 Conductivity - - - ~--- .
170
4.7 4.0
266
H 260 |

* millimhos/em.



116 . STATE WATER POLLUTION CONTROL BOARD

TABLE 22

ANALYSIS OF INJECTED WATER (20% SEWAGE)
August-October, 1954

Maximum Minimum Average
Suspended Solids___.___
Suspended Solids - 18.0 ppm 3.2 ppm 8.7 ppm
Volatile__.______________ 700 520 588
B Ofi]x)ed ____________________ 1,000 910 930
i TR EE e 15.9 7.1 ‘10.1
onductivity . .- __________ *1.98 *1.76 *1.84

* millimhos per cm.

Table 23 presents data on suspended solids and BOD of recharge

~ water degraded to 10 percent sewage, as observed during the first sew-

age injection study with the final recharge well. Similar but less exten-

sive data are shown in Table 24 for one period of injection of 27 per-
cent sewage.

From a comparison of Tables 23 and 24 it is evident that increasing
the sewage content of the recharge water from 10 to 20 percent had the
eﬁgct of roughly doubling the average BOD, whereas the suspended
solid content increased about 5-fold instead of merely doubling as might
be expected from theoretical considerations. This apparent discrepancy

TABLE 23

ANALYSIS OF INJECTED WATER (10% SEWAGE)
January 18-February 24, 1954

Maximum Minimum Average

Suspended Solids.__ ... __..__ 2.1
BOD 12.3

ppm

- Qo

.2 ppm 1.6 ppm
1 6.0

is readily explained by the fact that secondary settlin

solids took place in the 400 feet of 4-inch pipeyused togdglfivs«;lrsgee:vigi
from the settling tank to the pump which injected it into the recharge
water. (See Figure 1). At the higher velocity associated with greater
sewage percentage a vastly reduced degree of after-sedimentation took
place in the delivery line. From the BOD values, however, which obey
quite well the laws of simple dilution in spite of the beh;wior of sus-
pended solids, it would seem that the principal oxygen demand of the
sewage was represented by dissolved rather than suspended solids.

TABLE 24

ANALYSIS OF INJECTED WATER (27% SEWAGE)
June 19-24, 1954

Average . Remarks
Solids . . __...____ 11.8 ppm Values estimated from
________________ 13.6 erratic data

IS
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The foregoing data exemplify the changes in chemical characteristics
of the fresh recharge water upon the addition of various amounts of
settled sewage, and show the nature of the degraded water as it entered
the recharge well. Similar chemical analyses were made of samples taken
from all observation wells on numerous occasions. Because of the
similarity of ions in the ground water and in the injected sewage, and
because the chemical changes with distance from the recharge well were
never great, these analyses did not identify the advancing pollution
front as accurately as did the fluorescein and sugar previously used to
determine the rate of travel of chemical pollution. Consequently, they
were used to determine the changes in various ions taking place in re-
charged water and sewage within the limits of the well field; that is,
to define as accurately as possible the extent of pollution travel, as
contrasted with its rate of travel.

The most conclusive data concerning the change in anions such as
phosphates, nitrates, nitrites, ammonia, and sulfate were obtained dur-
ing the first periods of sewage injection when the aquifer, beyond the
limits of the advancing sewage front, was filled with fresh water rela-
tively uncontaminated by any residuals from previously injected sew-
age. The best data on cation changes, however, were not obtained from
the first experiments, but rather from later studies involving higher
rates of sewage injection.

As shown in Table 20 and elsewhere, the addition of sewage to the
fresh water, with which the aquifer was filled prior to the beginning
of sewage injection, changed its ion concentration. Cation changes were
most accurately identifiable when the greatest possible change had been
induced ; that is, when the highest percentage of sewage had been added
to the recharge mixture. The change in anions should also be the
greatest under this condition, and only the operational eonditions under
which the data were taken obscured the fact. In presenting the data on
travel of chemical pollution the chronological sequence of events as
shown by operational records is followed, in order that the results may
best be interpreted.

As mentioned in a previous section of this report, the first period of
injection of sewage degraded water through the final recharge well
began on January 18 and ended on February 27, 1954. The recharge
rate was 37 gpm, and 10 percent sewage was used. This experiment was
begun 11 months after the close of the only previous sewage recharge
study, in which 10 percent sewage was injected through the original
recharge well for a period of three weeks. It is therefore reasonable to
assume that in the interim the aquifer had been filled with normal
ground water which effectively erased any previous chemical pollution.
Furthermore the injection of fresh water of a quality previously shown
in Table 19 preceded the injection of sewage for a period of more than
one week. Tt must therefore be presumed that the water in the aquifer
at the beginning of sewage injection consisted of recently recharged
fresh water within much of the area covered by the observation wells.
Possibly some combination of recharged water and normal ground water
existed in the region of the more distant observation wells. This latter
presumption is based upou a consideration of tracer results such as
summarized in Figures 35 and 36 which show that the most rapidly
moving portion of the advancing pollution front over~ ™s existing
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aguifer water and is diluted by it, finally being displaced by the more
slowly moving undiluted front.

Analyses of the principal anions and cations were made from samples
taken daily from each observation well, beginning on January 21 (the
third day of injection) and continuing through February 17. The data
showed but little variation from day to day at any individual well,
hence it was evident that steady state conditions were essentially
achieved and that average values at each well could be used for inter-
preting the results.

Table 25 presents average concentration of various ions in all observa-
tion wells and the recharge well during a 28-day period. From a study
of this table it is evident that changes in cations are small. This fact
together with a tendency for slight fluctuations in eoncentrations, ob-
scures any important trends which might exist within the limits of the
well field. There seems to be a tendency for sodium to decrease with
distance from the recharge well, but no consistent corresponding in-
crease in other cations appears along various lines of observation wells,
A comparison of data for the recharge well and for Well 225S does,
however, show a decrease in sodium and an increase in caleium, which is
evidence of a mild degree of ion exchange provided recharged sewage
traveled as far as Well 225S. By comparing the characteristics of the
water in Well 2258 and in the recharge well (Table 25), with the fresh
water introduced prior to sewage injection (Table 19), and with normal
ground water (Table 6), it is evident from the change in anions that
injected sewage was indeed appearing at observation Well 2258,

Sampling difficulties resulted in loss of data for Well 500S. A sample
taken on January 18, however, just prior to the injection of 10 percent
sewage, was so similar to normal ground water and so unlike the fresh
recharge water as to demonstrate that eight days of fresh water in-
jection were sufficient to deliver recharged water to 5008 when no pres-
sure mound had been previously established in the well field. From this
it must be conecluded that under relatively short periods of alternate
injection of fresh water and sewage it might be possible to observe in
the more distant wells at any given time some combination of previous
injections, instead of the one currently in operation.

Referring to the anion data of Table 25 it may be seen that definite
changes occurred, although there is appreciable scatter of the data.
Sulfates, in spite of fluctuations, show a quite definite tendency to de-
crease with distance from the point of injection in all directions.
Chlorides appear generally lower than the value reported from the
recharge well, but otherwise they vary from time to time without pro-
ducing evidence of reduction within the limits of the well field. This
is, of course, in line with general experience in tracer studies in which
chlorides are often selected because they are not subject to serious loss

by adsorption.

The most important chemical changes observed during the experi-
ment of January-February 1954 occurred in the compounds of nitro-
gen. This is to be expected because these, and to a lesser degree the
phosphates, are the compounds most involved in the bio-dynamics of
sewage decomposition.
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TABLE 25

AVERAGE CHEMICAL CHARACTERISTICS OF WATER IN OBSERVATION WELLS
DURING RECHARGE WITH 10 PERCENT SEWAGE AT 37 GPM

January 21 to February 19, 1954
(Note: All values in ppm)

Well No.
Ion
Re-
charge | 258 108 10N 25N 50N 100N 10E 25E 50E
.5 75.9 74.8 74.2 68.4 57.4 76.6 76.1 75.9
.1 1.6 1.7 1.6 2.0 2.2 1.6 1.5 1.6
7 52.2 54.8 54.4 49.2 57.0 54.0 53.5 56.4
4 65.2 65.8 66.0 63.7 54.9 85.3 63.6 63.0
0| 131.8]122.8}129.6 | 125.4 | 102.8 || 129.2 | 132.2 | 131.6
21171.3 | 174.3 | 177.3 | 154.8 | 149.0 || 163.0 | 162.5 | 168.5
.04 2.61 2.06 3.29 3.67 2.36 2.44 1.17 2.26
.00 1.08! 0.54 0.65 1.02 0.73 2.6 1.21 1.78
7.01 5.27 6.24 8.21 2.67 3.94 7.33 5.59 7.27
2.5 2.39 0.29 0.27 0.04 - 1.33 0.47 1.38
244 257 228 237 266 250 245 241
Well No.
Ion
100E | N13E | N50E || 10W 25W 50W | N13W | N50OW 508 1008
75.2 | 76.6| 74.7] 72.4| 71.3| 74.0| 74.2| 74.6 | 75.2
2.0 1.7 1.6 2.4 2.4 2.0 2.0 1.9 1.9
52.6 54.4 -54.1 53.4 61.0 50.3 54.5 52.3 54.0
85.6 64.7 65.8 63.5 -62.3 64.9 65.0 66.8 67.9
133.4 | 131.0 || 130.0 | 120.8 | 126.4 | 131.4 | 129.8 || 133.6 | 132.8
171.3 | 171.1 || 167.8 | 165.2 | 171.5 | 177.0 | 177.2 || 169.8 | 156.5
3.27 1.32 2.52 2.02 2.86 3.00 2.43 2.39 2.73
1.37 1.58 0.36 0.51 0.60 1.55 0 0.90 0
8.28 4.66 7.28 4.51 7.71 8.35] 11.64 8.36 7.44
3.33 0.60 1.35 0.72 0.57 1.81 1.39 3.50 0.68
242 259 249 241 253 235 238 238 246
Well No.
Ion
N100S 22558 5008 224SE
73.8 70.5 66.7
2.1 1.9 2.04
56.2 59.9 57.0
63.5 64.9 64.5
130.4 127.4 122.4
170.3 163.5 161.5
1.44 2.6 2.20
0 0.60 0
2.7 6.47 12.69
0.22 0.20 . 0.05
250 253 251

Table 25 shows that the amounts of nitrite and ammonia are at all
times small, hence difficult to evaluate. Ammonia is, of ecourse, so
readily adsorbed that in small amounts it can hardly be expected to
travel important distances with ground water movement. It may, how-
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ever, contribute to changes in other nitrogen compounds when oxygen
makes it available to bacteria. Table 25 shows also that there is a
tendency for the concentration of ammonia to increase near the re-
charge well, presumably in the zone of aquifer clogging by suspended
solids, then to decline rapidly with distance.

Data for nitrites, nitrates and phosphates from Table 25 are plotted
in Figure 47. Because of the small values involved, no attempt has been
made to plot a curve of ammonia concentration. The scatter in plotted
points results both from variations in the data and from the fact

that no consideration is made of the direction of the various wells from
the recharge well, nor are corrections applied for the effective radii of

the well. In attempting to draw interpretative curves, however, the
axes of observation wells is kept in mind. In the case of the nitrates,
Figure 47, there is a definite tendency for a decrease in concentration
near the recharge well, followed by an increase at greater distances.
Scatter of the data is too great to permit the fitting of a quantitative
curve but its qualitative nature seems unmistakable. Values of nitrate
concentration tend to rise. If the curve is extrapolated beyond Well
2258, the nitrates would exceed the nitrate potential of the injected
sewage. If such an excess does indeed oceur it means that recharged
sewage reaching this outer region becomes diluted with high nitrate re-
charge water previously injected. Evidence that such a mixing takes
place has previously been presented. On the other hand mitrates de-
crease sharply at Well 100N, a fact which is discussed later in con-
nection with similar behavior with other ions.

Nitrites increase immediately in the vicinity of the recharge well and
show a tendency to remain high during the decline of the nitrates. The
nitrites, too, possibly show a decline before the nitrates began to in-
crease. While the ecurves are somewhat speculative in relation to each
other, the tendencies deseribed seem to be valid. The conclusions are
that bacterial decomposition of organic matter in the region im-
mediately adjacent to the well involves the reduction of nitrates to
nitrites. Later the nitrites are oxidized to produce nitrates through
chemical oxidation, the mechanism of which has not been fully de-
termined. The degree of ammonia production and ammonia oxidation
in the process is obscured by its tendency to be adsorbed by soil.

The phosphate data appear to show a slight decline with distance
but it may be that they are essentially unaltered within the limits of
the well field. From Table 25 it is notable that phosphates in all ob-
servation wells were appreciably lower than in the recharge well. This
indicates that phosphates are to an appreciable degree associated with
the solids removed in the clogging zone adjacent to the recharge well.

A second study of chemical pollution was begun on March 15, 1954,
after 18 days of fresh water injection and redevelopment experiments.
Degraded water containing 27 percent sewage was introduced, and
samples were taken from all wells on March 15th, 17th and 22nd. As
might be expected, the samples of March 15 showed some similarity to
samples taken ten days earlier during fresh water injection, especially
at the more distant wells. Samples taken on the two later dates, how-
ever, showed the effect of sewage recharge and were generally in fair
agreement, with one outstanding exception. Phosphates on March 17
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FIGURE 47. Concentration of selected anions in observation wells

were higher than on March 22 in 18 of the 21 observation wells, by an
average of some 300 percent. There was a general tendency for the
concentration of phosphates on the 22nd to be similar to that observed
on the 15th, although the variability was considerable.

An examination of the records for the injected sewage shows that on
March 15 the phosphate ion was 13.33 ppm, almost twice the amount
going in on March 17. Tt is therefore possible to learn something of the
rate of phosphate travel in the well field. From an analysis of the data
the following observations are of interest:

1. The most distant observation well samples (2258 and 224SE) showed high
concentrations of phosphates on March 17, indicating the presence of chemical
pollution introduced two days previously.

2. A profound decrease in phosphates on March 22 in the most distant wells
indicated that the major effect of the recharge of March 15 had passed
beyond them.
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3. The travel of phosphate concentration is evidently similar to that observed
for fluorescein, and is presumably characteristic of dissolved chemicals in
general.

4. An appreciable scatter of data can be expected along any line of observation
wells since the characteristics of sewage are normally subject to fluctuation.

Some variability was observed in nitrites and nitrates, though it was
less pronounced than that found in the phosphates. In a few wells
chlorides and sulfates showed relatively large differences on the two
sampling dates.

The experiment was brought to a close by clogging of the recharge
well, and data for March 17 and 22 were averaged for purpose of
general analysis. Table 26 presents the average data for all cations
and anion concentrations observed. The table does not reveal any in-
formation relative to changes in cations beyond that previously ob-
served with 10 percent sewage. There are some indications of mild ion
exchange, but the evidence is inconeclusive. The fluctuations along any
line of recharge wells often produces average values greater than the
observed average injected. The reason for this is evident from a con-
sideration of the behavior of the phosphates as previously described. It
means that the normal variation in the chemical characteristics of sew-
age is greater than the variation observed at the recharge well, and that
the samples taken from the observation wells do not represent material
previously sampled at the recharge well. These facts, together with the
rate of clogging of the recharge well under injection with 27 percent
sewage, lead to the general conclusion that the rate and extent of travel
of chemical pollution is not readily observed by means of cations intro-
duced with sewage. Results of the experiment, as shown in Table 26
however, do not indicate that cations, and such of the anions as are
not readily adsorbed on soil or involved in the life processes of bio-
logical agents, are not greatly affected in distances such as observed in
the well field, when no ion exchange is involved.

The change in nitrites and nitrates along the north and south lines
of observation wells is shown in Figure 48. Of these, the north line
is best defined because of its more closely spaced wells. The tendencies
previously shown in Figure 47 are again apparent; nitrites rise and
remain relatively high for some distance at the expense of the nitrates.
Later the nitrates rise as the nitrites are oxidized and begin to disap-
pear. Nitrates again appear to decline at 100N and to increase at 22583.
Either result is possible, depending upon the degree of overrunning
of previously injected water, and the consequent dilution. The data
presented in Figure 48 and Figure 47 are not sufficient to support a
valid conclusion concerning the ultimate fate of nitrates. As shown in
Table 26 ammonia disappeared in a short distance from the recharge
well. Ammonia, however, is an unreliable measure because of its ad-
sorption on soil particles.

From Figure 48 it appears that biological denitrification is taking
place within the well field and that subsequent oxidation of nitrogen is
taking place in the absence of free oxygen.

Following the March 1954 experiment a series of studies of well
redevelopment methods were undertaken. Sewage was injected for
short periods, and on one occasion (April 8 to 18) was maintained for
ten days. As noted in a previous section of this report, this 10-day
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TABLE 26
AVERAGE CHEMICAL CHARACTERISTICS OF WATER IN OBSERVATION WELLS
DURING RECHARGE WITH 27 PERCENT SEWAGE AT 37 GPM
March 15-22, 1954
(Note: All values in ppm)

‘Well No.
Ion
Re-

charge | 258 108 10N 25N 50N | 100N 10E 25E 50E 100E
Na__._. 74.9 73.9 | 74.2 77.0 | 78.0 71.1 62.1 76.8 77.1 77.1 73.4
) : SR 2.6 2.3 1.6 2.0 1.6 1.9 2.2 1.8 1.4 1.5 2.1
Ca._.___ 49.0 | 53.3 52.4 55.6 56.4 | "44.6 58.2 53.5 48.0 56.0 | 56.1
Mg..-.-- 62.8 64.6 59.3 63.1 63.1 58.7 | 53.2 62.0 66.4 64.3 64.8
Clo_..__ 136 136 135 142 152 143 119 139 153 143 148
SO+ .- 169 166 167 176 198 157 126 199 175 204 203
PO 4.68 3.4 4.56] 3.7 3.1 0.80 3.09 3.42 2.21 4.38 2.17
NH.. ... 2.72 0.27) O 0 0 0 0 0 0.13 (i} 0
NO;.___ 6.69 3.32 0.88) 0.92 2.96| 0.68f Tr 1.59 2.65 4.09 1.41
NO;_-__ 1.28 2.41 2.42 0.11 0.27 0 0 1.11 0.07} 0.48 0.13
HCO,. .| 232 251 250 257 250 226 264 244 251 244 252

Well No.
Ion
N13E | N50E 10W 25W 50W | N13W | N50W || 508 1008 | N100S
*77.8 76.5 79.5 78.5 80.6 80.2
2.5 2.4 1.9 1.9 2.5 2.2
64.5 52.9 53.3 52.5 57.1 59.0
56.5 62.4 62.5 61.5 85.7 64.7
156 141 142 136 148 147
187 188 173 180 201 211
4.17 2.68 2.37 4.74 3.87 0.68
1] 1.45 0.71 0 (1] 0
0.39 2.63 2.11 2.01 2.35 3.28
0.79 2.44 1.41 4.05 0.78 0.33
254 244 245 238 240 253
Well No.
Ion
2258 5008 2245E
76.2 72.8
2.0 2.1
61.3 61.0
66.8 66.1
149 140
164 154
5.56 5.7
(1] 0
3.82 5.31
0.24 0.48
259 263

period was productive of data on the travel of bacterial pollution, but
no chemical analyses involving the entire well field were made until
May 1954, The May experiment with chemical pollutants followed 32
days of fresh water injection at 37 gpm. Analyses of the water in all
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TABLE

27

AVERAGE CHEMICAL CHARACTERISTICS OF WATER IN OBSERVATION WELLS
PRIOR TO INJECTION OF 27 PERCENT SEWAGE, AND CHANGES
RESULTING FROM SEWAGE RECHARGE

May 18-23, 1954

(Note: All valves in ppm)

Well No.
Final v”;,‘;flh“ge 258 108 10N 25N
Ion
Fresh | Change| Fresh | Change| Fresh |Change| Fresh |Change| Fresh | Change
Water | (ppm) | Water | (ppm) | Water | (ppm) | Water | (ppm) | Water | (ppm)
84.0 | —8.6 86.2 | —5.6 | 84.1 | —3.5 82.0 | —0.4 81.8 | +0.7
1.0 +2.6 1.4 40.6 1.6 | —0.1 2.2 —0.2 1.8} 40.1
64.5| +5.9 | 66.0 | —0.9 65.3 | —7.8| 66.9 | —6.1 66.3 | —3.3
84.7 |—39.0 85.9 |—11.7 | 83.6 | —9.8 83.6 |—10.4 | 85.0 | —6.9
188 |—30 186 |—16 186 |—21 182 —9 180 —1
212 |—56 217 |31 225 |—48 225 |—41 262 |—78
3.6 +1.9 1.3 | 4+0.7 2.4 —0.9 0.4 | +1.7 0.9 | +1.0
0 +9.8 0 +1.6 0 0 0 0 [ 0
15.3 (—11.0 13.6 |—13.6 17.9 |—17.9 8.4 | —8.4 18.3 | —9.8
0 +0.50] 0.08 —0.08 0 0 0.06| —0.06| 0.29] —0.03
270 +23 266 +10 256 +23 271 —3 254 +11
Well No.
50N 100N 25E 50E 100E
Ton
Fresh [Change| Fresh {Change| Fresh |Change| Fresh {Change| Fresh |Change
Water | (ppm) | Water | (ppm) | Water | (ppm) | Water | (ppm) | Water | (ppm)
.0 60.2 | —2.5 8l.4 | —4.2 82.5 { —3.3 75.4 | +3.3
.1 2.1| 4+0.1 2.0 +0.1 2.0 40.1 1.8 4+0.2
.5 58.0 | +1.3 58.8 |—10.6 67.8 | —6.6 65.8 [4+11.4
8| 63.5| —2.2 83.4| —9.4| 82.8| —3.2 75.9 |—12.6
118 +3 180 +2 181 —9 161 +9
135 —3 203 —2 224 —20 202 +19
.6 0.7 | +1.5 1.8 40.3 1.1} 4+1.0 1.2} 40.8
0 0 0 0 0 0 0 1]
—0.9 0.4 —0.4 6.1 +2.4 15.2 |—10.9 5.0 +3.9
0 0 0.38| —0.38) © +0.07}, 0 +0.20
HCOs...___._.__| 262 |—74 275 |—13 269 —2 260 —1 275 +4
Well No.
NI3E N50E 10W 25W 50W
Ton
Fresh {Change| Fresh {Change| Fresh {Change{ Fresh {Change| Fresh | Change
Water | (ppm) | Water | (ppm) | Water | (ppm) | Water | (ppm) | Water | (ppm)
83.4 | —5.3 83.0 | —0.4 | 76.9 | —0.3 78.3 | —1.3
2.0 —0.1 1.8 ] +0.1 2.2 40.1 2.1 (1]
65.4 | —3.2 | 67.0 |—16.7 61.9 |+17.2 | 72.5 | —5.3
84.0 | —5.1 82.9 | —5.4| 77.6 |—15.4 | 78.6 | —4.9
184 |—11 184 —7 172 +7 173 +1
214 |—34 213 —4 214 |—23 226 | —37
2.4 | —0.5 2.8 —0.9 1.5 ] 4+0.8 1.1 ] +1.0
1} 0 0 0 0 0 0 ]
7.6 | —7.6 13.8 |—13.0 1.5 41.9 9.2 | —7.4
0 1] 0.06{ +0.01 0.04| —0.04 0.18{ 4+0.15
264 +10 263 —20 271 -—15 266 —Af
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TABLE 27—Continved

AVERAGE CHEMICAL CHARACTERISTICS OF WATER IN OBSERVATION WELLS
PRIOR TO INJECTION OF 27 PERCENT SEWAGE, AND CHANGES
RESULTING FROM SEWAGE RECHARGE

May 18-23, 1954
(Note: All values in ppm)

Well No.
Ton N13wW N50W 508 1008 N1008
Fresh |Change| Fresh [Change| Fresh Change | Fresh [Change| Fresh | Change
Water | (ppm) | Water | (ppm) | Water (ppm) | Water | (ppm) | Water | (ppm)
83.1 | —2.9 83.0 | —5.1 84.4 | —3.6 83.4 | —3.2
2.0 0 1.2 4+0.5 1.9 { +0.3 2.0} +0.4
67.3 —10.5 65.3 | —8.5 67.4 | —6.1 69.1 | —5.8
83.8 —13.7 84.6 |—11.5 83.0 [—11.1 81.8 | —7.6
184 —20 187 —17 183 —10 183 —8
192 —9 204 22 202 +6 235 —18
5.1 | —3.1 2.1 | —0.4 2.3 —0.1 2.3 | 4+0.1
o 0 0 o 1] 1] (1] (1]
15.9 |—14.0 11.9 |—11.9 5.2 | —5.2 15.7 { —9.1
0 +0.07| 0.57] —0.44 0.13] —0.13 0.08( 4+0.10
252 +5 256 +16 266 +2 263 +1
Well No.
Ton 2258 5008 224SE
Fresh Change Fresh Change Fresh Change
Water (ppm) Water (ppm) Water (ppm)
Na 75.3 +0.5 62.4 —0.9 69.1 +0.4
K___ 1.8 +0.3 1.8 0 1.8 +0.2
Ca 67.0 —0.7 63.2 —0.4 63.7 —0.1
Mg.._. 75.4 —1.8 70.2 —0.8 76.5 —3.2
Cl 162 +6 155 —I11 162 —4
SO 181 +45 140 +84 190 —45
POy..__ 1.0 +1.1 2.7 —0.9 0.3 +1.7
NH,.._. 0 1] (1] 0 0 [}
NO,__. 13.2 —1.6 13.0 +5.4 11.8 —5.4
NO,___ 0.06 +0.06 0 1] 0.39 +0.9
HCO, 265 —2 264 —8 265 +4

observation wells were made on May 10th and 14th. Injection of 27
percent sewage was then begun on May 18, and all wells were again.
sampled on May 21 and 23.

_ Table 27 shows the average condition of each well prior to sewage in-
Jection, together with the average change in all ions resulting from re-
charge of the aquifer with sewage.

F_‘rom-the data in Table 27 the average concentration of the prineipal
cations in the observation wells was calculated for all wells along the
north-south axis at the end of 32 days of fresh water injection, and at
the end of five days of recharge of the aquifer with 27 percent sewage.
The results are shown in Table 28 in terms of milli-equivalents per
liter. Sn_mlarly, the relative abundance of the principal cotions, ex-
pressed in pereent of the total, is shown in Table 29.
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TABLE 28

CONCENTRATION OF PRINCIPAL CATIONS IN NORTH AND SOUTH
OBSERVATION WELLS BEFORE AND AFTER INJECTION
OF 27 PERCENT SEWAGE AT 37 GPM

May, 1954

(Note: All values in milli-equivalents per liter)

Na Ca Mg *Total cations
Well No.
Fresh 27% Fresh 27% Fresh 27% Fresh 27%
water sewage water | sewage water sewage water sewage
Recharge
3.75 3.50 3.30 2.96 7.14 6.10 14.61 12.61
3.65 3.50 3.26 2.88 6.97 6.07 13.92 12.49
3.57 3.55 3.34 3.04 6.97 6.02 13.94 12.66
3.56 3.59 3.32 3.15 7.08 6.02 14.01 13.21
3.14 2.96 2.98 1.10 6.12 5.00 12.29 9.11
2.62 2.51 2.90 2.48 5.29 5.05 10.86 10.58
3.61 3.39 3.27 2.84 6.96 6.02 13.84 12.25
3.67 3.51 3.37 3.06 6.83 5.92 13.87 12.49
3.62 3.48 3.46 3.18 6.73 6.15 13.81 12.81
3.28 3.30 3.35 3.32 6.20 6.06 12.83 12.68
2.71 2.67 3.16 3.14 5.87 5.71 11.74 11.52

* Total includes K.

From Tables 28 and 29 it may be noted that the total cations in the
fresh water show a decrease in Wells 25N, 50N and 100N. The relative
abundance of the various cations, however, is constant in all north wells
except 100N, indicating that base exchange does not occur. Calcium in
the fresh water shows a slight increase at 100N, but the relative
abundance of various ions is about the same throughout the entire
north line of wells. :

TABLE 29

RELATIVE ABUNDANCE OF PRINCIPAL CATIONS IN NORTH AND SOUTH
OBSERVATION WELLS BEFORE AND AFTER INJECTION
OF 27 PERCENT SEWAGE AT 37 GPM

May, 1954

(Note: Values expressed as percentage of total, including K)

Na Ca Mg
Well No.

Fresh 27% Fresh 27% Fresh 27%
water sewage water sewage water sewage
26.3 30.8 23.3 33.1 50.3 35.3
25.7 27.8 22.6 23.8 49.0 48.6
26.2 25.5 23.2 22.2 50.1 48.6
25.6 28.1 24.0 24.0 49.9 47.5
25.4 28.2 23.7 23.8 50.5 . 48.5
25.5 32.5 24.2 12.1 49.8 54.9
24.1 23.8 26.7 28.0 48.8 47.7
26.1 27.7 23.6 23.2 50.3 49.2
26.5 28.1 24.3 24.5 49.3 47.3
26.2 27.2 25.1 24.2 48.7 48.0

© 25.5 26.0 26.1 26.2 48.3 47.8
23.1 23.2 26.9 27.2 - §0.0 49.5
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FIGURE 48. Concentration of nitrogen in observation wells

Upon the addition of the sewage mixture, in which ion concentra-
tions are normally lower than those in the fresh water, a decrease in
total cations is observed as far north as Well 25N. Changes at Wells
50N and 100N appear erratic and of uncertain origin.

Along the south line of wells the total fresh water cations decrease
at 2258 and 500S. The change in total cations due to sewage 1njection
(See Table 27) is likewise less at these two observation wells, and in
both cases the change is most pronounced at Well 5008. This is evi-
dence of an intermingling of ground water and recharge water at the
most remote observation wells. Relative -abundance values (Table 29)
show that for fresh water, calcium increases slightly as far out as
N100S, while magnesium decreases and sodium is constant. This indi- .
cates a slow exchange of Mg for Ca within 100 feet of the recharge
well. :

Changes in concentration of individual cations after the start of
sewage injection, as shown in Table 27, are of proportionate decreasing
magnitude out to Well N100S. At Wells 2255 and 500S the effect is
very appreciably less, demonstrating that after five days of sewage in-
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jection the effect of early intermingling of the most rapidly advancing
sewage and previously injected fresh water is still evident. On the basis
of tracer studies and the evidence obtained from phosphate observa-
tions in the previous study of chemical pollution, it is known that the
fastest moving sewage should reach Well 2255 in one or two days. It
can be shown by caleulation, however, that in a period of only five days
Wells 2258, 2245E, and 100N, located at distances from the recharge
well of 188", 192’, and 138’, respectively, should not show the change in
ions reflected in less distant wells. Assuming an aquifer thickness of
4.4 feet, an aquifer porosity of 40 percent, and a I:echarge rate of 37
gpm, it would require, as shown in Table 30, approximately 28 days for
injected sewage to reach a point 190 feet from the recharge well, pro-
vided that the advancing front was a symmetrical uniformly expanding
cylinder. Such a cylinder would have a radius of about 80 feet by the
end of the 5-day period observed in the experiment of May 1954.

TABLE 30

THEORETICAL AND OBSERVED TIMES REQUIRED FOR AQUIFER TO BE FILLED
TO INDICATED DISTANCE FROM RECHARGE WELL AT 37 GPM
RATE OF INJECTION

Time required to reach radius R
Radius . Flourescein
R (ft) Uniformly ‘
) expanding PO, ion
cylinder N S E w
10 . ... 112 minutes 200 minutes | 35 minutes {._________.__ 300 minutes
25 ... 11.7 hours 15 hours 1.16 hours 6 hours 35 hours
50 _._._.. ce--| 4Thours ... _____.__ 45hours .. _________. 43 hours
63 .- 3 days
80 ___________ 5 days
100 ____..___ 7.8days || ... ___. 2.84 days
.- 9d
28 3§;s ______________________________________________________ <7 days
41 days

Since it is shown that the recharged sewage does not advance in an
idealized pattern, but instead is distorted and elongated in the direction
of normal ground water flow, it is reasonable to assume that Well
N100S (100 feet from the recharge well) is reached in ﬁve: days but
that Wells 100N (at 138 feet), 2258 (at 188 feet), and .224bE (at }92
feet) are not. Well 50N (at 88 feet) is on the border line. Reviewing
the data shown in Tables 27, 28, and 29, we find that 2258 ;3111d 5005
showed a lack of conformity with other wells on the south hmbz that
100N likewise failed to conform, and that 50N yielded uncertain re-
sults.

It must therefore be concluded that the samples taken on the fifth
day at these more distant wells represented a con_lbinatl_on_ of recently
injected sewage and an unknown mixture of prev10usl_y 1n;|eete<_i Watez'
and sewage which arrived in different amounts at dlffereqt times.
further conclusion is that although samples from the more distant welli
will give valid data on the rate and extent of bacterial _po.llut-lon trave
or on t! ite of chemical travel, only long periods of injection with 2
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constant material would result in water of comparative nature in all
sampling wells. Thus it is demonstrated that well clogging limits the
extent of chemical travel which can be accurately observed, and shows
once again that studies of chemical pollution had best be run with some
indicator other than sewage.

The behavior of the principal cations, Na, Ca, and Mg, as shown in
Table 28 for the south line of wells, is represented graphically in Fig-
ure 49. Here it is evident-that the difference between the cations before
and after sewage injection decreases at Well 2258, and all but disap-
pears at Well 500S. Figure 50 shows this same convergence of curves
at Well 100N. Similar plottings along the shorter final east-west axis
were made. These, although showing some indieation of variability,
added no new considerations in the matter of chemiecal pollution travel.
The same was true of graphs showing changes in chlorides and sulfates
along the various lines of wells.

Nitrates showed some indication of behaving in the manner previ-
ously shown in Figures 47 and 48 out to 100 feet north and south, but
the trend was poorly defined. As shown in Table 27 nitrites were absent
from many wells. It was concluded that the experiment was successful
as a study in chemical pollution travel only in that the behavior of the
cations seemed to establish the reason for apparent peculiarities in re-
sults observed at the more distant observation wells. It demonstrated
also the great difference between the travel time of the fastest moving
pollution and the mass of recharged liquid, and supported the impor-
tant conclusion that the rate and extent of pollution travel does not
depend upon displacement of all ground water in the aquifer.

A final study of the movement of chemicals with injected water was
made in August 1954, following 15 days of intermittent injection of
fresh water at 37 gpm. From August 17 to August 24 the aquifer was
recharged with 20 percent sewage. Samples were taken from all obser-
vation wells on August 23, after six days of recharge, and analyzed for
cation and anion content. As before, the cation concentrations were
quite constant out to approximately 100 feet. In all cases they tended
to decrease at wells not reached by the mass of injected water.

Figure 51 shows the cation content of all wells sampled. The falling
off of curves in regions not pervaded by injected sewage appeared in
all experiments, and has interesting implications. The addition of
sewage to the recharge water tends to reduce the total cation content
of the mixture, but never to the level of that of the normal ground
water. (See Table 6). It must be presumed, therefore, that the more
distant observation wells, at all times sampled, contained a mixture
which included ground water as well as previously injected fresh
water and sewage.

Nitrite, nitrate, and phosphate concentrations are presented in Fig-
ure 52. The curves shown are interpretative of the trend of all well
observations out to 100 feet from the recharge well. Curves drawn
through points representing the north and south wells in each case,
would however, have the same shape as those presented; that is, a
decline followed by a rise, with a secondary decline beyond the 63-foot
observation wells. As previously shown, the most remote wells do not
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FIGURE 50. Concentration of cations in north wells before and after sewage injection

reflect accurately sewage injected over a 6-day period. Consequently
the points shown in Figure 52 for Wells 100E, 2258, 224SE, and 5005
give background information only and may not be used in curves show-
ing the effect of sewage injected during the experiment. The same
reasoning can now be used to validate the shape of the eurves previ-
ously postulated in Figures 47 and 48.

While the concentrations are small and the absolute magnitudes inex-
act, the qualitative behavior of the nitrates and nitrites underground
seems certain. Biological reduction of the nitrates is followed by oxida-
tion of nitrogen to a small degree in the absence of free oxygen, and
by a process yet not fully explained. '

The principal results of the experiment were to show that cations
do not change during travel of 100 feet in the aquifer, and to confirm
previous observations of the behavior of mnitrogen compounds in the

aquifer.
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Throughout the course of the investigation of travel of chemical
pollution, repeated attempts were made to use change in BOD as a
measure of the change in quality of injected sewage as it moved out-
ward from the recharge well. The possible use of this measure was
suggested for two reasons.

1. It is the most commonly used device for evaluating the degree of sewage

treatment accomplished by any process, and

2. In spite of controversy regarding its true value its general meaning is
widely understood by those concerned with waste treatment.

At best, Biochemical Oxygen Demand is a temperamental analysis, and
in the low concentrations of sewage used in the investigation it proved
to be unusually unreliable.

The best data obtained were observed during the experiment of
August 1954. The average of six daily observations of BOD in each
observation well as shown in Table 31 are plotted in Figure 53. Here

TABLE 31

BIOCHEMICAL OXYGEN DEMAND IN OBSERVATION WELLS DURING RECHARGE
WITH 20 PERCENT SEWAGE

Distance| *BOD Distance| *BOD Distance| *BOD
Well No. feet ppm Well No. feet ppm Well No. feet pPpm
0 9.3 45 0.5 Ni3w___.. 13 5.8
13 1.8 63 0.2 N5OW_____ 50 0.4
28 1.3 106 0.2 50S__.__--- 13 1.3
47 0.4 13 1.4 100S__.---- 63 0.6
63 0.4 50 0.8 N100S__._-- 100 0.2
88 0.4 39 1.0 2258 .- 188 0.1
138 0.8 45 0.7 5008_.__..-- 463 0.2
39 0.9 63 0 224SE_____ 192 0.2

* Average of six observations.

it is seen that straight lines may be fitted to the data for the north
and west lines of sampling wells. Five wells, however, show a high
degree of nonconformity. Of these it has been observed that 10N is
shielded by the grouting around the original recharge well and has
always been unpredictable. Well 25E has also quite consistently given
low values of chemical data, but for the range of BOD values shown in
the figure the unique fact is that a high degree of order exists at all,
rather than that five wells show wild values. Of particular interest is
the fact that the north line of wells showed the same slope as it did
during a previous study in February 1954. On that occasion, however,
no pattern could be found for other lines of wells.

A comparison of Figures 53 and 43 shows that the rate of decrease
in BOD is similar to the decrease in bacterial numbers, at least in
the region around the recharge well. BOD values at more distant wells
were slight and presumably represented soluble organiec matter which
had moved out with the most rapidly advancing fraction of injected
sewage.
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The general conclusions of the BOD studies are:

1. That decrease in BOD seemed to parallel the decrease in bacteria inlh
distance from the recharge well, possibly signifying that the BOD was rapidly
satisfied by the biological activity near the recharge well.

2. That BOD is not a useful tool for studying the travel of pollution in a
water bearing stratum.

Clogging and Redevelopment of the Recharge Well

As previously noted, one of the objectives of the investigation was a
study of the operational procedures necessary to maintain prolonged
recharge of an aquifer with sewage of various degrees of treatment.
Reports in the literature indicated that only a highly clarified liquid
was suitable for ground water recharge and that even then the aquifer
might become consolidated or ‘‘jammed’’ under recharge pressure and
thus lose permeability to a serious degree. On the basis of engineering
experience with liquid flow through porous media it was possible to pre-
dict with certainty that suspended matter in a recharge water would
eventually clog the pores of an aquifer. It was believed that this elog-
ging would occur at the aquifer face near the recharge well screen and
that, consequently, it might be removed by well redevelopment. On this
point, however, engineering experience was much less conclusive than
on the inevitability of clogging if solids enter the recharge well. It was
also known that jon exchange could disperse clay but the matter was
of little concern in conventional ground water hydrology. As it turned
out, a great deal of attention had to be directed toward well redevelop-
ment.

The initial long period of recharge with fresh water at 13.6 and
37 gpm demonstrated that a clear water chemically compatible with
the ground water could be recharged at appreciable rates for long
periods of time. On the basis of 4.4 foot average aquifer thickness
ultimately determined, these values represent recharge rates of 3.1 and
§.4 gallons per foot of aquifer.

Clogging due to ion exchange was demonstrated as previously noted
when sodium chloride was introduced as a tracer (see Figure 26). On
that occasion the recharge wellhead pressure rose more than a foot
almost instantly when the chloride entered the aquifer. The aquifer
permeability was quickly restored by pumping the recharge well until
the sodium salt had been removed.

Indications of progressive clogging began to appear as soon as re-
charge with sewage began in January 1953. Ten percent sewage con-
taining 3.3 ppm of suspended solids injected at a rate of 37 gpm
produced a uniform pressure rise at the recharge well of one foot per
day for a period of nine days. Immediately after a short period of re-
development (25 minutes at 400 gpm) on March 6, the rate rose to
four feet per day for three days while the pressure equilibrium was
being re-established, then dropped to 1.7 feet per day and remained at
that rate for a period of 10 days, just prior to failure of the recharge
well. The uniform nature of the pressure increase indicated that clog-
ging was directly proportional to the amount of solids which entered
the aquifer in any unit of time. Reasons for the rate differences were
not established but caving of overburden could have caused the ob-
served var’ “on.
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The next observation of the rate of well clogging was made in early
1954 when the new recharge well was put into operation. Continuous
injection of 10 percent sewage containing an average of 1.6 ppm of
suspended solids was maintained from January 18 to February 8, 1954.
Recharge wellhead pressures rose uniformly at a rate of 1.8 feet per
day for six days. Thereafter the rise was four feet per day for three
days, and 1.8 feet per day for eight days. Redevelopment of the well
was attempted by pumping for forty minutes at rates ranging from 30
up to 60 ppm. The first 90 gallons of water discharged contained a
thick slurry of filamentous organisms, principally sphaerotilus. Pre-
sumably this came mostly from the pump eolumn and well casing but
there was no reason to doubt its growth at the aquifer face as well.
Careful examination of the recharge water revealed that sphaerotilus
was_growing in the sewage supply line, unloading from time to time
and being recharged underground in concentrations not reflected in
the average suspended solids content reported. A program of periodic
flushing of the sewage line was begun and no further massive develop-
ment of sphaerotilus occeurred.

The redevelopment was but moderately successful, in that the re-
charge wellhead pressure was reduced from 66 feet to only 48 feet, in-
stead of to the 27-foot equilibrium level for fresh water recharge which
would indicate complete removal of clogging.

Upon resumption of sewage injection the pressure rose quite con-
stantly at a rate of 1.45 feet per day for 11 days, after a two-day
period during which the equilibrium lost by pumping was recovered.
A rise of five feet oceurred on the 14th day as clogging once again
produced a welthead pressure of 66 feet. Redevelopment was Legun at
20 gpm but discontinued after 12 minutes when no organic matter was
brought up. The resulting 10-foot pressure drop was regained in but
two days. It was, therefore, evident that after 36 days of recharge at
37 gpm with 10 percent sewage, the well was thoroughly clogged and
that moderate rates of pumping were not removing the organic matter
responsible for the clogging. It was then decided to experiment with
well chlorination for removal of clogging, and to begin studies with
larger amounts of sewage in order to further other objectives of the
studies.

From the two experiences with 10 percent sewage recharge it was
concluded that:

1. Clogging progresses at a uniform rate when suspended solids are injected into
the aquifer, and

2. Pumping at moderate discharge rates was inadequate to remove clogging to a
satisfactory degree.

Four periods of recharge with 27 percent sewage, and seven periods
with 20 percent sewage were subsequently carried out, during which
observations of the average rate of clogging and the average amount of
suspended solids injected each day were closely observed. During re-
charge with 27 percent sewage the average rate of aquifer clogging was
5.7 feet of recharge wellhead pressure per day. With 20 percent sewage
the rate was represented by 5.4 feet of water pressure per day. Figure
54 summarizes the findings of all experiments concerning the rate of
clogging. From it an average rate of 1.7 feet of head pe~ vound of
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FIGURE 54. Relationship of suspended solids to rate of well clogging
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suspended solids injected is obtained. Observed rates varied from a
maximum of 2.25 feet to a minimum of 0.78 feet per pound of solids.
The scatter of data may be due to any one, or to a combination of
three principal causes:

1. Difficulty in accurately determining suspended solids in the range from 1 to
10 ppm.

2. Variatious in the nature of the injected sewage from day to day.
3. Clogging due to gas binding of the aquifer.

All three of these variables are known to exist to some degree. Their
separate or aggregate effects however can not bé evaluated from the
information obtained in the investigation. Consequently Figure 54 is
based on the assumption that all clogging is due to solids.

In all studies from which data on rates of aquifer clogging were
observed, equilibrium pressures were essentially established by fresh
water recharge prior to the time sewage injection was begun. All
changes in the shape of .the pressure curve are therefore the result of
the changed nature of the recharge water, principally in the amount
and characteristies of solids. Some important deductions may be made
from a study of typical pressure curves for the recharge well during
sewage injection. Figure 55 shows the variation in injection pressure
during April 1954 when sewage injection, beginning at a fresh water
steady state pressure of 34 feet, was followed by fresh water injection
after the wellhead pressure reached about 63 feet.

Immediately upon the injection of sewage a pressure rise became
apparent. For two days the rise equaled 6.5 feet per day; then abruptly
changed and continued at a fairly constant rate of 2.2 feet per day for
seven days. The average for the nine day period was approximately
3.2 feet per day. Upon the substitution of fresh water for sewage, a
pressure decline immediately set in and continued until the drop had
totaled six feet. Thereafter the pressure remained essentially constant
until the close of the experiment.

Inasmuch as all of the pressure changes noted are quite abrupt they
must be considered significant; and sinee recharge water quality is the
only variable, they must be explainable in terms of water quality
change. A plausible explanation is that a clogging of the aquifer face
began_as soon as suspended solids were introduced. As long as the bio-
chemical nature of the solids was essentially constant, pressure ad-
vanced at a rapid rate. In two days, however, a balance was established
between the rate of increase of clogging due to the accumulation of
raw solids at the aquifer face, and the rate of decrease in the clogging
potential of solids undergoing biological decomposition. This balance
then remained in effect until the start of fresh water injection on
April 16. Biochemical changes continued to reduce the clogging po-
tential of solids in the mat at the aquifer face, but without the addi-
tion of raw solids the result was a drop in wellhead pressure. This drop
continued for only about two days, at which time the substrate ap-
proached exhaustion and clogging remained constant at some residual
potential of the partly decomposed organic solids. A repetition of the
experiment produced similar results. Many experiments verified the
abrupt pressure changes, shown at the left in Figure 55, when sewage
injection followed fresh water under steady state conditions.
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A second factor may enter into the decline in pressure shown in
Figure 55 for the two days immediately following the cessation of
sewage injection. That is, a change in gas binding of the aquifer by
re-dissolution of free gases when colder water entered the aquifer.
From the beginning of sewage recharge there was a tendency for water
discharge during redevelopment to be foaming and to contain gas bub-
bles. As time progressed and this tendency became increasingly ap-
parent, temperatures of injected water and discharged water were
observed to a greater degree of precision. Under one two-hour period
of well development, for instance, the ground water temperature was
found to range from 18.5° C at the beginning of pumping to 18.1° C,
at the end. The temperature of the water and sewage previously in-
jected ranged from 17.1 to 17.6° C. Table 32 shows the temperature
difference between injected and discharged water in a number of days
in September and October, 1954. It may be noted that while the tem-
perature difference is never great the discharged water is always the
warmer, and that the longer the resting period between the end of
recharge and the beginning of discharge, the less is the differential.

TABLE 32
OBSERVED TEMPERATURES OF INJECTED AND DISCHARGED WATERS
Temperature *Resting Temperature
Date Injected Water Time Date Discharged
Water
9/30/54_ . _ .. _... 17 :4°C 10/6/54 18.4°C
10/2 - e 18.1 " 18.3
10/8 17.6 ” 18.4
10/4 . - 17.3 " 18.3
10/5_ - 17.1 " 18.3
Average. ..o oo __ 17.5°C 0.7 days Average 18.3°C
10/11/64 . ... 18.2 10/15 18.0
10/12 .- 17.8 " 18.1
10/13 . - 18.1 " 18.1
Average_ ____.____________ 18.0°C 2.0 days Average 18.1°C
10/20/54 - - - 17.5 10/26 18.0
10/21 17 .4 " 17.8
10/22___ 17.5 ” 17.7
10/24___ 17.5 " 17.5
10/25_ oo 16.9 " .
Average ... ... 17.4°C 1.0 days Average 17.8°C

« Time between end of injection and beginning of discharge.

In order to learn something of the amount and nature of the en-
trained gas, observations of the extent of gas travel in the aquifer were
attempted and rough measurements were made of the volume of gas
released from discharged water. Fine gas bubbles were observed in
samples of water carefully obtained from observation wells as far as
63 feet from the recharge well. Water pumped from the recharge well
was observed to contain gas in amounts equal to 0.5 to 1.0 percent of
its total volume.
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A sample of the entrained gas was obtained during a redevelopment -
period which had not been preceded by chlorination. An analysis made
from a mass spectrograph is.shown in Table 33.

TABLE 33

ANALYSIS OF GASES PRODUCED
FROM RECHARGE WELL

Mass Gas Abundanee %
28 .. N, 14.3 94.7
29 ... NuNws 0.11 0.73
32 . [62) 0.044 0.29
40 . ______. Argon 0.20 1.32
“ CO; 0.45 2.98

Table 33 shows that more than 95 percent of the gas is nitrogen. This
fact, together with the absence of oxygen and the presence of a rela-
tively high earbon dioxide content, would support the conclusion that
biochemical decomposition is taking place underground, consuming
oxygen, releasing carbon dioxide, and perhaps producing a part of the
nitrogen by de-nitrification. The remainder of the nitrogen is liberated
from the air originally dissolved in the recharged water, as the tem-
perature of the water is increased. Calculations show that if the in-
Jected water is in equilibrium with air at 17.5° C before recharge
0.6 liters of nitrogen per hour would be liberated in the aquifer at the
temperatures and pressures existing there. The concentration of argon
shown in Table 33 is evidence that air is indeed the principal source
of the entrained gases.

The energy required to produce the temperature increase shown in
Table 32 must come from within the recharged water itself. Since
normal ground water temperatures are less than that of injected sew-
age, a‘nq since the aquifer in the vicinity of the recharge well is filled
\_mth injected sewage, heat must be continuously generated during in-
Jection. Only two possible sources of such heat exist—internal friction
in the water, and biological decomposition of organic matter suspended
or dissolved in the injected sewage. Assuming an average head loss of
20 feet through the clogged zone around the recharge well, friction
could account for less than 0.2° C rise in temperature. A 100 percent
conversion of energy contained in 8 ppm suspended solids would pro-
duce less than twice this amount of emergy. A decrease in BOD of
some 8 ppm, such as reported in Table 31 to take place in the aquifer
near .the recharge well, could however, produce an excess of energy
suﬁiele_nt to bring about at plausible efficiencies the observed tempera-
ture rise of 0.1 to 0.5° C. Previous considerations having shown the
BOD to be more heavily concentrated in dissolved matter than in
suspended solids, it is concluded that the oxidation of dissolved matter
by micro-organism is the source of the heat energy responsible for the
liberation of dissolved gases.
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One obvious solution to the gas binding problem would be pretreat-
ment of the injected waters. Pretreatment by the addition of 10 ppm
of chlorine was used during two successive periods of injection of de-
graded water containing 20 percent settled sewage. The chlorine was
mixed with the degraded water at the mixing pump so that approxi-
mately 25 minutes of contact was provided before injection. Clogging
rates for the two periods were 3.7 and 3.5 feet per day. Redevelopment
was accomplished in each case by pumping the well at rates of from 75
to 60 gpm for 5.5 hours without additional chlorination. No entrained
gases were apparent and no significant increase in temperature was’
observed. These redevelopments reduced the equilibrium wellhead pres-
sure to about 32 feet, and it is believed that slightly higher discharge
rates would effect complete redevelopment.

All successful redevelopments of the récharge well were accomplished
with the use of clilorine, but not every experiment with well chlorina-
tion resulted in the satisfactory removal of clogging. A proper combi-
nation of chlorine dosage, extent of penetration of chlorine into the
aquifer, contact period, and redevelopment rate had to be determined
by trial.

A successful redevelopment was considered to be one which reduced
clogging to such an extent that the normal daily rate of pressure in-
crease was essentially restored. This, as previously noted, averaged
about 5.5 feet per day when 27 or 20 percent sewage was injected at
37 gpm. A complete redevelopment was considered to be a successful
one which reduced the recharge wellhead pressure to essentially its
original equilibrium pressure for fresh water injection—that is, to
less than 30 feet under steady state recharge conditions with fresh
water. Experience soon showed that a pressure of about 35 or 36 feet
under fresh water recharge was about the maximum which might follow
a ‘‘successful’’ redevelopment. When higher values obtained, pressure
rose with sewage recharge so much more rapidly than the normal rate
that it was difficult to make a 3-day observation of pollution travel.
Obviously, under such conditions the aquifer was still seriously clogged
with injected solids.

The procedure under redevelopment with chlorine was to inject
chlorine, allow a period of contact, redevelop the recharge well by
pumping and injeet fresh water until an equilibrium wellhead pressure
was established. The system was then ready for a new cycle of sewage
injection, or required further efforts to remove clogging, depending
upon the pressure reduction obtained. Chlorine dosage varied from 150
to 1100 ppm injected over periods ranging from 40 to 156 minutes.
Contact periods ranged from 0.1 to 2.0 days, while discharge rates
varied from 20 to 94 gpm for various periods of time.

A summary of redevelopments during the period of February to
December, 1954 is shown in Table 34.

This table indicates that of 28 studies in well redevelopment, 14
were successful, of which four, or possibly six, accomplished a full
recovery of aquifer permeability. It is notable that maximum discharge
rates of 80 gpm were required to bring about complete removal of
clogging. In most cases of successful redevelopment a chlorine residual
was detectable in discharge water for some time after the start of
redevelopment. :
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The introduction of chlorine was observed to have an almost immedi-
ate effect in reducing aquifer clogging. Figure 56 illustrates the typical
manner in which wellhead pressures dropped when injection of chlorine
followed immediately upon injection of sewage. After pressure increase
of about one foot over a period of twenty minutes, chlorine acted to
cause a pressure drop of about ten feet in approximately 2.5 hours. This
phenomenon was observed many times when chlorine was injected into
the clogged aquifer. The rate of decrease in Figure 56 ranged from
about six feet to two feet per hour, averaging some 4.35 ft/hour. The
cause of this observed decrease in pressure seems fairly obvious in view
the ability of chlorine to coagulate organic matter. The permeability
of the mat of organic solids concentrated at or mear the aquifer face
is progressively increased by the action of chlorine, up to some maxi-
mum limit. With sufficient operational experience it should be possible
to use the curve of pressure drop during injection of chlorine as a
control test to judge the degree of chlorination necessary. In the in-
vestigation, samples taken from nearby observation wells identified
the arrival of chlorine at points well beyond the presumed limit of the
clogged portion of the aquifer. In a practical recharge operation, how-
ever, such wells should not exist as they constitute severe weakening
of the overburden and invite failure of recharge wells penetrating
aquifers which are not bounded above by rock strata.

Referring again to Table 34 it may be seen that a small amount of
sand was discharged with each redevelopment. A careful record was
kept of each period of pumping by analyses of samples taken at
o-minute intervals. Quick sedimentation tests served as aids in judging
the safety of any pumping rate while it was under way. Invariably the
solids removal was high during the first ten minutes of pumping, then
dropped off to a fairly low rate. Figure 57 is typical of numerous
curves plotted from redevelopment data.

Table 34 shows volatile solids in the well discharge after corrections
have been made for values of such solids contained in the water itself.
Values for fixed solids were similarly corrected, then reduced by an
amount equal to the volatile solids on the assumption that organic solids
in sewage average 50 percent volatile. The result is an estimate of the
fixed solids which appeared as sand and silt. The results are not too
precise because of the large amount of total solids in the ground water,
but they are sufficient for estimating the probable effect on the aquifer
of prolonged recharge operations requiring periodic redevelopment.
Lack of precision is brought about specifically in the following man-
ner: When filterable solids alone were analyzed, the moisture involved
added appreciable amounts of solids, while soluble organic matter was
lost entirely. On the other hand, when unfiltered samples were evapo-
rated to dryness, the several hundred ppm of volatile solids (HCOg; ete.)
in the water masked the effect of small amounts of organic volatiles.
Visual observation, however, was enough to determine that fine sand
and silt were brought up in the early stages of redevelopment.

It is possible to caleulate from Table 34 the approximate amounts
of sand withdrawn from the aquifer in ten months of operation. Within
the limits of accuracy of the data it is found that during a total of 28
redevelopment attempts some 1,620 pounds of sand and silt were re-
moved from the recharge well. This represents a total of about 16 cubic
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TABLE 34
SUMMARY OF RECHARGE WELL REDEVELOPMENT
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2/8/54.______ 66 0 (1] 1] - 30-60 2;000 79 1] 48
2;2é _________ 66 150 2.1 0.7 1] 25-60 3,200 89 | 64 48 .
3/8 . 48 | 250 3.5 0.3 Tr. 50-80 1,700 54 3.2 34..5
3/22 .. _____ 52 0 0 (1] _— 30-40 800 10 3.2 163
3/25_____.___ 63 250 3.5 0.8 _— 36 1,900 24 1.8 | 49

2.3 138
3/29.________ 46 250 7.0 0.2 + 29-44 3,300 34
'4?1-- - 38 250 7.0 1.3 + 3043 10,700 16 1.1 | 34%
250 | 14 0.8 + 30-60 14,000 37 0.2 | 36+
600 | 18 0.7 [1] 35-47 21,000 8 | 40.7 | 46
600 | 14 0.1 + 37-40 16,000 71 33.4 | 36*%
24.3 be
T/ . 52 250 | 10.5 0.7 + 40-43 17,000 0
7;6 __________ 60 0 0 0 . 3542 37,000 62 | 61 46
T/ .. 48 250 | 10.5 0.1 + 35-38 5,800 91 11.7 | 48
7/23 . _.__ 58 250 | 10.5 1.0 + 3640 19,000 0| 22.5 43*
7/30_ .. ____ 52 250 | 15.7 0.8 + 39-94 22,000 238 | 60 28
' 21 38
8/25__.______| 58 250 7.0 0.8 0 60 12,300 111
/ - . -250 | 10.5 0.9 + 40 14,000 3 8 35%
- 0 - - - 57-49 23,500 105 2.4 | 41
- 570 | 14 1.0 + 61-57 20,500 25 7 27:
9/21_ ________ 61 600 | 14 _— 0 64-54 35,500 92 7 33
9/29________. 45 250 | 10.5 0.7 + 43-49 5,100 13 0 29%
10/6. . ____. 59 1100 | 17.5 0.7 + 45 Int ——— 24 4.2 38‘l
10/7 . ______ 38 0 ] - . 40-37 sujrged - - 32*
10/15_________ 57 1100 | 42 2.0 - 80-65 14,100 234 33 28*
10/26_________ 60 600 | 21 1.0 + 80-65 17,600 150 33 | 30
— 110 22 | 31*
11/24_________ 35t 600 | 10.5 1.2 0 77-61 9,800
12/10_________ 42 1100 | 19 2.1 + 78-60 7,400 79 13 | 27*

* Successful redevelopment.
+ 17 gpm, equivalent to 70 feet at 37 gpm.
1 Resumed 20 percent sewage injection immediately after redevelopment.

feet of material, or a little less than 1.2 cu. ft. per sucecessful rede-
velopment.

Assuming that the best redevelopment methods had been used-from
the beginning, that cycles of sewage injection and well redevelopment
average nine days, and that the loss of sand continued at a constant
rate, the ten month total of sand lost would have been some 38 cubic
feet. Recognizing the degree of speculation involved in such a calcula-
tion the result would still suggest a danger that the recharge well
might ultimately fail if operated continuously for a period of years.
To evaluate this possibility it is necessary to consider the probab}e
origin of the sand and the reasons for its appearance in the well dis-
charge, and to look for indications of trends in the data observed. )

Visual and physical observation of the suspended material showed it
to be fine sand and silt which settled out quite rapidly. The absence of
colloidal clay indicated that the origin of the material was the aquifer
itself rather than the overburden. Furthermore the »ange of particle
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size in the aquifer is such that we may well expect it to maintain
continuity of structure even though fine material is lost from within
the pore spaces. What is the reason for a continued loss of such fine
material ?

A plausible answer is that under recharge conditions individual
particles of fine material near the base of the aquifer rearrange them-
selves as necessary to resist the pressure gradient across them in an
outward direction. They are prevented from moving outward into the
aquifer because beyond them large pore spaces are filled with similar
fine material and velocities are decreasing. When a sudden reversal of
flow is set up by the start of wel redevelopment, the fine particles
nearest the aquifer face are unstabilized but are prevented from re-
forming their resistance to movement in the opposite direction because
the larger pore spaces beyond them are now open and any movement
toward the well subjects them to increasing velocities. Consequently
they are picked up by high velocity water and carried out of the well.
After a few minutes the situation becomes essentially stable and loss
of fines is reduced.

The start of recharge again causes a rearrangement of particles,
this time a little farther from the face of the aquifer, and the cycle
begins again. The expected result would be a slow migration of the
unstable face outward, accompanied by a slow broadening of the re-
charge pressure curve. At some radius, however, the combination of
lower pressure gradients and reduced velocity should create a situa-
tion where fine materials could make the necessary small adjustment
to resist movement in either direction and the loss of fines should cease.
Thus it would be expected that for any fixed recharge rate and rede-
velopment rate the loss of fines would oceur only during a short period
at the beginning of operations. Consideration of the last four well

‘redevelopments shown in Table 34, in which an optimum redevelop-
ment procedure was used four times in succession; a marked tendency
for decrease in loss of fines is evident. In this connection it should be
noted that a general rise in normal ground water level oceurred during
the November rains so that the 31-foot residual pressure shown for

11/24/54 represents just as great a degree of redevelopment as did
30 feet on 10/26/54.

The possibility that recharged suspended solids could penetrate
deeper and deeper into the aquifer as permeability increased is prob-
ably not serious. Other studies have shown that a filter mat will form
very quickly on coarser material than should result underground from
the observed loss of fines. The investigation showed, though, that these
mats can not be removed by simple pumping without chlorination.
Whether this condition is worsened by deeper penetration of organic
matter into the zone from which aquifer fines have been pumped is not
known. Redevelopment at sufficient rates to remove clogging without
chlorination could easily destroy the aquifer by pick-up of larger par-
ticles as water moved into the well at high velocities through local areas
of weakness in the clogging.

It is conceivable, of course, that aquifer structure might be lost, but
on the basis of observations made during the investigation, and the

foregoing considerations, such a risk does not seem great for the aquifer
studied.
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A certain percentage of the recharge water plust b.e returr_led to the
surface during redevelopment and would require sedimentation before
it could be returned underground. The estimated amounts gf water
discharged during various redevelopment studie‘s are shown in Table
34, but since the work was experimental and aimed at learning how
to redevelop the well, no attempt has been made to represent the
values presented as a percentage of the sewage preylously 1uJect9d.
From operational records it is possible to determine the relative
amounts of sewage water involved in recharge and redevelopment..A
typical successful period of sewage injection and redevelopment in-
cluded recharge with sewage for seven or eight days, follo_wed by
redevelopment involving pumping for three or four hours. Discharge
began at 80 gpm and was reduced to 65 after ab9ut one-half hour.
Assuming such a schedule, which seems to be the optimum for recharge
with 27 or 20 percent sewage, the amount of discharge during rede-
velopment is calculated to be 4.3 percent of the water }nJec_te-d. )

Experience with clogging of the recharge well du1:1ng injection of
27 and 20 percent sewage, and with redevelopment with chlorine lead
to the conclusion that:

1. The recharge well can be successfully redeveloped by in:iecting heg\'y doses.of
chlorine to break up the organic mat built up in the aquifer, allowing a period
of contact, then pumping at a maximum rate of 80 gpm.

2. In general the chlorine should extend to the 13-foot obsen:ation “{ells, r'emain
in contact for more than half a day, and appear as a slight residual in the
well discharge at the start of pumping. ca ) nd

i an i iate effect in reducing the degree of clogging;
. glhelo(lilel::‘lzix?emgfu cfescl?:rgl;n rwlllv‘iz(}lheac] pressure might be used as an indicator of
amount of chlorine needed. oo how that
i i ces such a pressure pattern as to
* :ilﬁv: ul:}glltl)%i:afl ‘:ilggfrlxilpgosli’triz(xlluof organic sltl)lids is taking place underground
and acts to lower the rate of clogging. )

An increase in ground water temperature occurs which could come from bio-

' logical activity associated with reduction in BOD.

i i and the problems of well redevelopment made more _

6 gilgiiill]:gb?aga:e;ﬁlcgfr?;egf the aqupifer when the ground water temperature -
exceeds the temperature of injected water.

7. Gas binding around the recharge well can be eliminated by pretreatment of
degraded water with chlorine. e 37 gom

i uifer under 27 or 20 percent sewage injection a

- ;glh:sgogﬁmiicﬁ;;e il;q re(?harge wellhead pressure averaging about 5.5 f'eet _of
water per day. Clogging rate is directly proportional to amount of §ollds 12116
jected, averaging about 5.5 feet of water pressure per day for unchl?rmated
percent sewage, and about 3.5 feet per day for 20 percent sewage with 10 ppm
. 11 fully it is necessary to remove

y the recharge well successfully it 1s

> illr)g?;ri(xl)?stt)oa;e?: ‘ri]s‘z:lt))re the normgal rate of. recharge wellhead pressure increase.
This means that the fresh water equilibrium pressure must be reduced below
36 feet, and preferably below 30 feet.

10. Loss of fine material during redevelopment does ‘not seem to en_dnnger the
aquifer at the discharge rates, up to 80 gpm, used in the ]nVEStlgathn.‘

11. Attempts to remove clogging without chlorination coulc_] lead to :}qulfer logs
by localized high velocities through the weaker zone in a clogging mat of
organic matter. )

12. It is necessary to redevelop the aquifer studied about once a week in order to
make possible continued injection of 27 or 20 percent sewage at 37 gpm.

13. Redevelopment involved a maximum discharge of from four to five percent of
the injected water.

[



DISCUSSION

The findings resulting from various experiments carried out in the
course of the investigation are discussed in some detail in connection
with the presentation of the data. Consequently, this section is con-
cerned principally with the implications of the results and their in-
terpretation in terms of the stated purposes of the study.

Svitability of Aquifer

The nature of the aquifer as determined from well logs, from sample
of the material, and from pumping and recharge tests is such that
observations of the travel of pollution with water moving through it
should be indicative of what might generally be expected in sand
aquifers. The permeability value of some 1900 gallons per square foot
per day is somewhat greater than that of many aquifers presently
developed for consumptive use. Since Caldwell (7) has shown that in a
fine material the extent of bacterial movement is less than in a coarser
medium, observed bacterial pollution travel within the aquifer might
be expected to represent a reasonably severe situation. In any event, the
pores in the aquifer are sufficiently large in comparison with bacterial
sizes that any failure of organisms to travel in it may be interpreted
as resulting from some phenomenon other than mechanical straining.

The fact that the aquifer is both confined and relatively thin makes
it well adapted to the production of valid data on pollution travel. To
begin with, the volume of water necessary to fill the aquifer out to any
observation point is within practical limits. Furthermore, recharged
water is forced to move laterally, with a minimum opportunity for a
complex flow pattern in any vertical plane. This makes it possible to
identify aquifer stratification and non-uniformity with the observed
lack of symmetry of the radial flow pattern, and to account for the
difference between the maximum and average rates of radial flow in
.any direction. It is possible that this velocity difference is greater than
might occur in a thicker aquifer, which could be expected to be more
homogenous, but the result could be nothing worse than an abnormal
spread between the rate of travel of the fastest moving water and that
of the advancing mass front, unless, of course, pinch-out interrupts the
continuity of the aquifer. Tracer studies demonstrated, however, that
the aquifer is continuous between the recharge and observation wells.
Tracer studies also demonstrated that the time required to reach any
observation well with the peak concentration of injected material capa-
ble of traveling freely with recharge water, was appreciably less than
the 7- or 8-day maximum injection period found possible with 20 and
27 percent sewage. In addition the relationship between the rate of
expansion of a theoretical cylinder of water around the recharge well
and the observed peak time-concentration values for fluorescein, indi-
cated that the variability of the aquifer was not so great as to impair
its usefulness in studying pollution travel.
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A detailed consideration of the nature of the aquifer and its behaﬁor
during the investigation reveals no reason to question its sultabll}ty
for the purpose of the study. The scatter of data taken from observation
wells in various directions from the recharge well can be related to
known variations in the aquifer. While such scatter sometimes makes
interpretation difficult, and limits the reliability of absolute yalues, no
situation was encountered in which the significance of pollution travel
data was lost because of aquifer variability. It is concluded, therefm:e,
that the findings of the investigation were not limited in validity or in
oeneral applicability by the nature of the aquifer used.

Travel of Bacterial Pollution

In a preceding section of this report evidence 1s presenfced to show
that the extent of bacterial pollution travel in the aquifer 1nv§st1gated
is so small that reclamation of sewer plant effluents by recharging them
into the ground water carried in the aquifer would not be limited by
public health concern over bacterial contamination. Specifically, the
evidence shows that concentrations of coliform organisms averaging as
high as 4.7 x 10% per 100 ml over signifieant periods of time, prm_iuced
peak bacterial numbers on the order of 23 per 100 ml at a maximum
distance of 100 feet from the recharge well in the direction of normal
eround water movement. In other directions a similar maximum was
observed at distances of 50 and 63 icet. Injection of rech.arge water
containing 10 percent of primary settled sewage, over sampling periods
of 41 and 32 days, failed to extend bacterial travel to points 100 feet
east, or 190 feet south or southeast of the point of recharge. Instead,
a bacterial regression was observed after the third day of recharge at
37 gpm. Typical regression is summarized in the following table, based
on 10 percent sewage containing an average coliform count of 2.4 x 108
organisms per 100 ml recharged at a rate of 37 gpm.

Distance Direction Mnx..M.P.N. M.P.N. Coli-
from Recharge from Coliforms forms at end of
Well Recharge per 100 mli 39.day period
(feet) Well in 32-day period
100 .- South 23 0
(i % S, North 23 0
[ N. E. 38 0
1% N. W. 8.8 8.8
F: {0 R, West 240 2.2

Higher concentrations of coliforms contained in 27 and 20 percent
sewages produced no greater extent of travel. In faet,‘there appeared
to be a tendency for a larger degree of water degradathn to transport
fewer organisms to the most distant wells found contam%nated.

That the failure of pollution to appear in the more distant observa-
tion wells is not a result of the failure of the recharge water to arrive
at such wells within the period of recharge, can be readily shown from
the fluorescein and other studies, and by theoretical calculations. For
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example, if .recharged water moved outward as an undistorted ex-
panding cylinder, its radius at various days during recharge at 37
gpm would have been approximately that shown in the following table.

*Radius of cylinder of Time Required
Recharged Water @ 37 gpm
10t . 2 hours
25 ft. . 12 hours
50ft. ... 2 days
100 f6. o ___ 7.8 days
108 Mt ___ 9 days
202 ft._ ... ___ 32 days
2306t ___ 41 days

* Aﬁu!fer assumed 4.4 feet in thickness; porosity = 40 percent.

When it is considered that the flow pattern is distorted appreciably
from a theoretical cylinder and that the first pollution traveled from
3 to 10 times as fast as the peak concentration of tracers, it is evident
t}_lat pollution should have traveled far beyond the limits of observa-
tion even in the seven to nine day periods used in some studies, if
pollution moved freely with the ground water.

Further evide.nce comes from the fact that during eleven months of
rgcharge operations, bacterial tracers,never appeared at any greater
distances than achieved in the first hours of injection.

Obsgrvations with Streptococcus fecalis showed no greater extent of
pollution travel than those with coliform organisms as the indicator.
Plate counts li}{ewise gave no evidence of greater movement of other
types of organisms, although they did show clearly that dissolved nu-
trients were reaching the most remote observation well, located 463
feet south of the recharge well, and serving as a substrate for organisms
a}ready in the well. From this it may be concluded that the multiplica-
tion of general types of saprophytic organisms in a well might result
from the injection of sewage at some nearby point. This cannot be
stated with certainty for a practical recharge undertaking where a
more highly stabilized final effluent from a secondary sewage treatment
plant is involved, but even with the raw sewage used in the investiga-
tion plate counts decreased rapidly with distance (see Table 17). It
may be concluded from the investigation that a limited distance of
travel, followed by a regression in numbers is typical of bacteria in
general.

The causes of limited bacterial travel with moving water, and of
subsequent regression in bacterial numbers, are indicated by the ob-
servations made during the investigation. The first evidence that re-
moval of bacteria from transporting water is a funection of the medium
or aquifer, was the slower time of arrival of bacteria than of tracers at
various observation wells. This indicated that removal is a dynamic
process once bacteria pass through a filter mat at the aquifer face.

The mechanics of the reduction in numbers of particles during the
passage of oue ‘iculate medium through the pores of another is com-
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plex, especially under biological econditions, and was not explored dur-
ing the investigation. One of the most important findings of the study,
however, is that the rate of bacterial removal with distance is a function
of the aquifer characteristic termed filterability ; and that for any degree
of filterability it depends upon distance only and not upon the rate of
recharge. On this point it was observed that the rate of decrease in
numbers of organisms per foot of distance of travel in the aquifer was
little affected by a 10-fold change in water velocity. Bacterial survival,
of course, enters into the number of organisms found at any distance
from the well at any time. That the extent of travel was not limited
by bacterial dieaway can be deduced from generally reported survival
periods for eoliform organisms in comparison with the few hours re-
quired for coliform organisms to reach the most distant wells (63 ft.
and 100 ft.) found contaminated at any time during the investigation.
Studies summarized in Figure 46 have also shown that dieaway might
require approximately 21 days to reduce bacterial numbers to a degree
observed in 25 feet of travel in the aquifer, requiring less than 12 hours.

Bacterial regression with time is a function of two phenomena not
critical in determining the extent of travel, filtering, and natural die-
away. The peak numbers of bacteria appear in observation wells early
in any period of recharge, when the porosity of the aquifer face is sim-
ilar to that at greater distances from the point of injection. A filter
mat of solids soon develops, however, and as its porosity decreases, the
number of organisms getting into the aquifer likewise decreases. Re-
gression then becomes essentially a phenomenon of the dieaway of
organisms which traveled out into the aquifer early in the recharge
period.

The behavior of the nitratés and nitrites, and of the recharge well-
head pressure when sewage recharge was followed by fresh water in-
jection showed that biological activity in the filter mat was considerable
and acted to reduce its density as solids were broken down. Active
decomposition of organic matter underground is further evidenced by
the observed increase in ground water temperature of from 0.1 to 0.5°C
as a result of sewage injection. Such an increase was previously re-
ported by Holtausen (15) in the operation of wells collecting water
from a spreading ground which utilized recharge water probably having
less organic matter than the sewage used in the investigation. The
effect of bacterial decomposition of organic matter on bacterial pollu-
tion travel in the investigation was to reduce the rate of filter mat
accumulation and, consequently, to admit bacteria to the aquifer be-
yond in greater numbers and over a longer period than might otherwise
have oceurred. ‘

Travel of Organic Matter

The formation of an organic filter mat effectively reduced the organic
particulate matter entering the aquifer to insignificant proportions as
far as could be determined by analysis of samples drawn from the
various observation wells. Previous experience with sewage spreading
at Lodi, California (57) and on soils in lysimeters (58) has shown that
organic mats form essentially at the soil surface. Presumably such is
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the case at the aquifer face underground, although, of course, no ob-
serva.tions of this mat could be made other than its effect on the piezo-
metric surface of the well field. It was repeatedly shown by pressure
observations, of which Figure 30 is an example, that much of the par-
ticulate organic matter was concentrated inside the radius of the near-
est observation wells. Inasmuch as the gravel pack extended close to
some of the 13-foot wells some evidence can be obtained from pressure
observations which indicates that the organic mat is at the aquifer face.
It may be concluded therefore that particulate organic matter, with the
exception of bacteria and similar fine material, remains near the aquifer
face. Bacterial studies have already shown that the finer materials do
not travel far from the point of recharge.

Direct evidence -of the extent of travel of dissolved organic solids is
!ess abundant. It has been shown that such material capable of support-
ing bacterial life reached wells 5008 and 100N (at 463 and 138 feet
from the recharge well). It has also been shown that changes in nitro-
gen compounds take place within 100 feet of the recharge well, but
that any changes beyond that point are obscured by high nitrate ground
and recharge waters. Attempts to use Biochemical Oxygen Demand as
an indication of travel of organic pollutants were only moderately suc-
cessful. Table 31 shows that the BOD drops sharply between the re-
charge well and the nearest observation wells, indicating that the oxy-
gen demand is lowered rapidly in the biologically active zone near the
filter mat. Values observed at farther wells show only that organic
matter is of small importance beyond 100 feet.

Such evidence as exists supports the conclusion that particulate or-
ganic matter does not penetrate the aquifer to any important extent,
the smallest particles behaving similarly to bacteria in their distance
of travel. Soluble materials presumably move freely with water but are
subject to biochemical change when properly seeded with organisms.
The limited extent of bacterial travel, however, confines this biologically
active zone to the region immediately surrounding the recharge well—
within 100 feet in the aquifer investigated.

The extent to which soluble organic matter may be involved in ion
exchange or in chemical reactions may not be stated from data obtained
during the investigation.

Travel of Chemical Pollution

The ion content of water in surface streams during-dry weather is
sufficient evidence that the cations and anions normally found in ground
waters are not greatly altered by distance. The addition of such ions
with recharged sewage plant effluent, in concentrations not exceedine
that normally found in the ground water, is of little concern in the
matter of pollution travel, unless aquifer clogging by ion exchange re-
sults or water hardness is increased by a displacement of Ca and Mg
ions in the soil. Generally the total ions in sewage is no greater than
those normally in the ground water, hence a gross increase in ions
would not result. In general, the introduction of sewage plant effluent
into an aquifer might be said to add seriously only to such materials
as nitrates and phosphates, and that these materials may be expected
to travel long distances. The unstable compounds of nitrogen do not
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appear to travel far from the source of injection in an unaltered con-
dition. Ammonia is quickly adsorbed on soil. Evidence of this was ob-
tained during the investigation. It was shown more clearly in sewage
spreading studies (57), in which ammonia was found to disappear in
the first foot of soil through which water was percolating. Caldwell and
Parr (9) however, reported ammonia dropping from 12 ppm to 6 ppm
in 1400 feet of travel through fine sand.

The limits of travel of nitrates and phosphates and of other anions
and cations were clearly not identified by the limited distances observ-
able in the investigation. Such information as was obtained on chemical
travel was of immense value, however, in identifying the extent to
which the aquifer was filled with recharge water in various directions,
thus making possible valid interpretations of data on bacterial pollu-
tion travel. No attempt was made in the investigation to study the raté
and extent of travel of chemicals not normally found in ground water
except as tracers for determining the rate of ground water movement
within the well field. Phenols, toxic metals, and other industrial wastes
which often appear in sewage are known to be unsuitable for recharge
because of their persistence in ground waters. Table 1 shows that such
materials have been observed several miles from the point of original
contamination, nor do the reported distances represent the extent of
such travel. In only a few cases reported in Table 1 do values represent
observed limits of travel of chemical pollution.

Recharge Well Operation

The problems of recharge well operation rather than the danger of
pollution travel seem to be the limiting factor in sewage reclamation by
direct recharge into underground aquifers. On the basis of engineering ex-
perience with sand filtration, and limited success in a few attempts to
inject surface waters underground, all observers have long agreed that
suspended solids will clog an aquifer. Other experience such as reported
by Meinzer (12) shows that bacterial growth as well as suspended
particles may cause aquifer clogging. Evidence of such clogging in the
recharge well used in the investigation was conclusive when sphaerotilus
was plentiful in the recharged sewage. This was the result of too low
a velocity in the sewage delivery line permitting a settling out of solids
from the primary effluent used. The ease with which this bacterial
growth was controlled by flushing suggests that it would not be a
serious cause of clogging in a recharge operation involving secondary
plant efluent delivered through properly designed lines.

Serious clogging of wells as a result of attempts to clean them by air
under high pressure has been reported ; and as previously noted in this
report, gas binding of the aquifer occurred when biological activity
raised the ground water temperature and released entrained gases. On
at least two occasions repeated redevelopment was necessary to over-
come such binding. Presumably a final efluent would contain solids of
a higher order of stability, and hence less capable of furnishing energy
for raising the temperature of the ground water. On the other hand,
the BOD of secondary treatment plant effluents is such as to suggest a
degree of biochemical instability which might produce significant
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temperature changes. On the basis of the experience of the investiga-
tion, however, gas binding does not seem to be a serious deterrent to
recharge operations.

Recharge well clogging by suspended solids is the most serious and
most difficult to overcome. Results summarized in Figure 54 show that
such clogging is directly proportional to the amount of solids injected.
1t is therefore important that the suspended solids content of the re-
charge water be kept to a minimum. This may be accomplished either
by diluting primary effluent or by using final effluent from a sewage
treatment plant. One of the important findings of the investigation is
that a high degree of treatment of the solids is not necessary prior to
injection. Since it would be impractical to dilute sewage with higher
quality water, it is assumed in this report that efluent from secondary
treatment processes would be used in any full scale recharge operation.

As might be expected from filtration experience the rate of clogging
of the aquifer depends upon the area of the exposed face for any given
rate of recharge and suspended solids content. One of the prinecipal
advantages of a gravel pack surrounding the recharge well sereen is
that it provides a greater effective aquifer face. By gradation of particle
size it also makes for a filter mat of greater permeability for any given
amount of accumnulated solids than would occur at a more sharply de-
fined aquifer face. ,

The investigation showed that clogging can be effectively removed by
chlorination followed by well discharge, after a few hours of contact.
The necessary frequency of such a procedure, however, is important to
the economy and general feasibility of recharge with sewage. Experi-
ence with injection of 20 percent sewage might be taken as an example.
In this case when material containing about 8 ppm suspended solids was
injected at a rate of 8.4 gallons per minute per foot of aquifer a well-
head pressure rise of about 5.5 feet per day was observed. On this basis
the maximum permissible pressure rise of some 45 feet was achieved in
about eight days. One day was then required for redevelopment, and
the eycle repeated. Water discharged during redevelopment amounted
to a maximum of 5 percent of that recharged. This water was re-
turned to the sewer without treatment. Under the circumstances of the
investigation it may be concluded that it is feasible and practical to
recharge ground water with sewage plant effluents.

To generalize the experience with recharge well operation gained during
the investigation, introduces factors which can hardly be evaluated for
specific cases by hypothetical assumptions. The permissible rate of re-
charge will depend upon aquifer characteristics ; the range of permissible
wellhead pressures will depend upon geological consideration; and the
rate of elogeing will depend upon the amount of suspended solids in the
recharge water and the design of the recharge well Some basis for
judgment may be developed by a further examination of the results
with 20 percent sewage injection. Assuming a normal 300 ppm sus-
pended solids in a raw sewage, it would be necessary to effect a removal
of more than 97 percent of such solids in order to reduce the total to
8 ppm. This represents a somewhat greater efficiency than is generally
achieved in a treatment plant. A more normal 95 percent removal of
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solids would about double the suspended solids in the effluent and re-
charge time would be cut to four days before redevelopment became
necessary. In this case 10 percent of the total water recharge would have
to be discharged during redevelopment.

In a full scale recharge operation, disposal of the redevelopment
water might be a problem. Quite likely it would involve sedimentation
at the recharge site and re-injection underground.

The difficulty of observing and controlling underground clogging
suggests that filtration above ground be given consideration in design-
ing a recharge operation. Such possibilities are subject to a straight-
forward engineering analysis by known methods. The investigation has
shown that underground filtering can be accomplished and that signi-
ficant amounts of water ean be recharged into an aquifer with a reason-
able amount of redevelopment.

Economic Aspects

The economies of reclamation of sewage plant effluents by direct re-
charge depends upon a number of factors, most of which were well
understood prior to the investigation. Some of the findings of the study,
however, have important economie implications. One of the most signi-
ficant conelusions is that no special treatment processes need be applied
to a sewage plant effluent before injecting it underground. Previous
beliefs to the contrary were based upon the possible danger of pollution
travel; and on the assumption that well clogging was so irretrievable
that only a highly clarified water could be injected. De-aeration, form-
erly reported as essential, was also found to be unnecessary.

The investigation also showed that recharge can be accomplished at
much lower pressures than previously thought to be necessary. Rates
of injection equal to the best reported for ground water recharge with
clear water, were achieved with pressures about equal to the drawdown
head involved in pumping water from the well at a similar rate. This
means that under equally favorable recharge conditions, the cost of
recharge and redevelopment is governed by the cost of installing and
operating normal water handling equipment. A similar lack of need for
special equipment was observed in the case of the recharge well. Here
a common tvpe of gravel packed well of estimable cost proved satis-
factory.

Using the values presented in the report for the aquifer tested as a
basis for judgment, the rate of clogging of an aquifer of known per-
meability, when sewage of a known content of suspended solids is intro-
duced, could be estimated with sufficient accuracy for preliminary cost
studies. From this and an estimate of permissible recharge pressures,
based on a knowledge of the aquifer and its overburden, the frequency
of redevelopment could be estimated. Should it be desired to remove
suspended. solids above ground by filtration, thus obviating the need
for well redevelopment, the cost of established methods could readily
be estimated. '

Until a greater fund of engineering experience with sewage re-
charge has been accumulated, field tests would presumably be necessary
in the final economic analysis of any proposed operation. This would
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probably involve the drilling of one or more test wells. In a practical
recharge project provision should also be made for monitoring the in-
jected sewage. This would require chemical and bacteriological analy-
ses of sewage prior to recharge, and the construction of observation wells
for bacteriological monitoring. Such wells need be located at only two
points down the stratum from the recharge well, possibly at 50 feet
and 150 or 200 feet. If a line of recharge wells is used it would not seem
necessary to have two observation wells for each recharge well, but ob-
servation wells should be required as a part of any sewage recharge
operation and their cost should be included in an economic analysis.
Presumably the reclamation of publicly owned waste water would in-
volve sufficient regulation of withdrawal of recharged ground water
that the location of discharge wells within the radius of bacterial travel
could be prevented.

From the foregoing considerations it seems evident that the econom-
ics of sewage reclamation by direet recharge in any specific situation
is subject to a straightforward analysis by established engineering
methods. For this reason, and because of the limited applicability of
any estimate, no cost figures are included in this report.

SUMMARY AND CONCLUSIONS

During the 44-month period from May 1951 to December 1954 the
Sanitary Engineering Research Laboratory of the University of Cali-
fornia conducted an investigation of the travel of pollution from direct
recharge into underground formations. The study was sponsored by
the California State Water Pollution Control Board as a part of its
program of defining the problems, and finding the answers to impor-
tant questions, associated with waste water reclamation in California.
The prinecipal objectives of the work concerned the rate and extent of
travel of bacterial and chemical pollutants, and the physical problems
involved in recharging an aquifer with waste water:.

A well field consisting of a 12-inch gravel packed recharge well and
23 6-inch observation wells was developed at the Engineering Field
Station of the University, located in Richmond, California. The wells
penetrate a confined aquifer approximately five feet in thickness and
overlain by some 90 feet of clay interspersed with thin sand strata.
Equipment was provided for supplying primary settled sewage and
fresh water in various combinations; for injecting water into the aquifer
at various rates; and for redeveloping the recharge well by pumping.

During the course of the experiments both fresh water and water
degraded with settled sewage were injected at various rates. Observa-
tions of the rate of travel of recharged water were made by chemical,
bacteriological, and radiological means. The rate and extent of travel
of bacteria were observed under various conditions, and the movement
of chemicals was traced within the limits of the well field. The nature
of well clogging was determined, and methods of well redevelopment
were studied.

The principal findings and conclusions obtained from these studies
'imd from an analysis of the data obtained may be summarized as fol--
OWS:

Recharge

1. The aquifer is typical of water deposited strata, being subject to some degree
of stratification and other variabilities.

2. Aquifer irregularities are identifiable and are not sufficient to impair its use-
fulness in studying pollution travel.

3. The fact that the aquifer is confined and relatively thin makes it suitable for
the investigation of pollution travel with relatively small volumes of water.
Also the radial flow patterns within it is undisturbed by complex currents in
a vertical plane.

4. The findings of the investigation were not limited in validity or in general
applicability by the nature of the aquifer used in the investigation.

5. As a result of various observations and ecalculations the permeability of the
aquifer is believed to be approximately 1900 gallons per square foot per day.

6. The average thickness of the aquifer as determined from logs of 25 wells is

calculated to be 4.4 feet.

. The aquifer may be safely operated at recharge wellhead pressures up to about

70 feet of water without danger of aquifer separation.
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Recharge pressure curves for the well field are essentially mirror images of
drawdown curves for the same area during pumping of the recharge well.

A change in piezometric pressure of about = 0.5 feet occurred periodically,
presumably as a result of pressure changes on the aquifer overburden by tidal
swing in the bay south of the recharge well.

Due to imperfections in the aquifer the piezometric surface under pumping
or recharge conditions shows a variation from an idealized cone at various
wells of about *= 1.5 percent.

Observation of the piezometric surface in much greater detail than normally
possible around a well reveals pressure differences not commonly reported.
These should not be taken to mean that the aquifer is unusually variable for
water deposited strata.

It is possible to recharge relatively shallow aquifers with water or sewage
under pressure, provided the aquifer is overlain by tight seil or other sound
strata.

(Deleted)

Recharge can be accomplished under conditions such as those observed in the
investigation at a pressure head similar to the drawdown caused by pumping
at a rate equal to the recharge rate.

. Injection of fresh water at 13.6 gpm for a period of 66 days indicated that

water free of suspended solids can be injected for long periods without diffi-
culty.

. Recharge studies at 37 and 64 gpm demonstrated clearly that it is possible to

inject clear water into the aquifer at appreciable rates for long periods of
time without employing pressures so great as to cause aquifer separation.

. Thief samplers proved unsuitable for sampling non-overflowing observation

wells because they induced vertical mixing which obscured changes in the
quality of water reaching the wells.

A recharge rate of 37 gpm, or 8.4 gallons per minute per foot of aquifer, proved
practical and produced sufficient pressure that observation wells could be
sampled by overflow tubes extending to the elevation of the well screens.

The injection rate of 8.4 gallons per minute per foot of aquifer equals the
highest rate reported in the literature for successful fresh water injection. It
is concluded, therefore, that in the matter of rate of recharge the investigation
yielded favorable results.

No difficulty with ion exchange resulted from injecting fresh water into ground
water.

It is evident that failure of the original recharge well, which was not gravel
packed, began in March 1952 when recharge was first undertaken, although re-
charged water did not break through the ground surface until almost one
year later. Successive fall-ins of overburden and loss of aquifer volume during
pumping can be shown to have taken place.

. Fracture of the aquifer overburden appears to have been progressive, being

accelerated by pressure reversals during repeated recharge and redevelopment
periods.

Evidence indicates that no serious loss of water to aquifers above the 95-foot
zone resulted from a progressive loss of aquifer overburden which began in
March 1952; and that the surface breakthrough of February 1953 was a
catastrophic fracture of the weakened overburden by excessive wellhead
pressure in the recharge well due to clogging.

Experience with the failure of the original recharge well used in the investiga-
tion leads to the conclusion that without gravel packing a recharge well can
not be made to withstand normal pressure reversals due to alternate recharge
and redevelopment.

5. A normal type of gravel packed well is suitable for recharge. The gravel pack

is necessary to support the aquifer face and to increase its area so as to re-
duce rate of clogging by injected solids.

. Repairs * the original recharge well, which involved extensive grouting of

the frac 1 overburden, had the effect of obstructing to some degree the

27.

28.

30.

31.

32.

33.

INVESTIGATION OF TRAVEL OF POLLUTION 161

north line of observation wells, shielding the well located 10 feet north of the
original recharge well so that its response was erratic.

The gravel pack surrounding the final recharge well is shown to be unsym-
metrical. It can also be shown that a minor aquifer fracture exists on the
east-west axis, probably as a result of drilling observation wells within 13
feet of the recharge well.

From experience with both a plain and a gravel packed recharge well, it is
concluded that to drill wells in the immediate vicinity of a recharge well when
no sound rock strata overlie the aquifer, is to invite eventual failure of the
recharge well.

29. The effective radius of the recharge well, due to an unsymmetrical gravel pack

and to minor aquifer fractures, decreases the effective distance between the
recharge well and the observation wells. In reporting distance of pollution
travel, however, the surface distances are used.

Recharged water forms a pressure intrusion in the aquifer around which
normal ground water flows. Theoretically, this intrusion represents an ex-
panding cylinder of water, which might be expectéd to become distorted in
the direction of ground water movement due to the normal gradient of the
ground water.

Injected water and sewage showed a tendency to flow more rapidly in a
southerly direction—the direction of normal ground water movement in the
aquifer tested. Periodic tendencies of injected sewage to move most rapidly
in other directions were the result of early clogging of the most pervious
path. Well redevelopment then restored the original tendency or created new
ones, depending upon the effectiveness of removal of clogging.

By using a diluted primary sewage treatment plant effluent it was possible to
inject large numbers of coliform organisms with a relatively small amount of
spspended solids and BOD.

Settling out of sewage solids under low velocities in a 4-inch delivery line
600 feet in length accounted for the abnormally low suspended solids ap-
pearing in the mixtures of sewage and water used in the study.

Pollution Travel
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The diluted raw sewage used in the investigation should impose a somewhat
more severe condition on the aquifer than a secondary plant effluent, because
of the greater biochemical instability of the solids. The results, therefore, should
be safely applicable to a more highly treated sewage.

. It is presumed that a secondary plant effluent would be used in full scale

sewage reclamation by direct recharge because no source of water exists which
might economically be used to dilute primary efluent to a practical degree.

Since ground water in the aquifer is displaced by injected water, the number
of organisms in any unit volume of recharged water in the filled section of
the aquifer should be the same at any distance from the recharge well, unless
reduced by filtration, death, adsorption, or other phenomena not involving
dilution. Likewise, chemical concentrations should be constant.

The maximum concentration of coliform organisms at any observation well
showing contamination occurs soon after injection of sewage begins, then
decreases as clogging of the aquifer by an organic filter mat develops -in the
vicinity of the recharge well screen.

By limiting the percentage of sewage injected it was possible to observe the
advance and regression of coliform numbers before clogging made well re-
development necessary.

During recharge of sewage at 37 gpm the maximum concentration of coliform
organisms appeared on the third day after the start of continuous recharge
of sewage, fresh water equilibrium pressures having been previously established.
At a recharge rate of 37 gpm, the aquifer should theoretically be filled with
recharged water out to 63 feet at the end of three days of injection. Con-
gidering restrictions of the aquifer to the north and a greater flow rate to
the south, it seems evident the aquifer was filled as far as 100 feet south
in three days.
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The most distant wells showing pollution during 38 days of continuous injection
at 37 gpm of 10 percent sewage containing an average of 2.4 x 10° coliform
organisms per 100 ml were located at G3 feet north, northeast, and north-
west, and at 100 feet south of the recharge well.

. Concentrations of coliform organisms as high as 4.7 x 10° per 100 mi, in 27

percent sewage injected at 37 gpm over significant periods of time, produced
peak bacterial numbers on the order of 23 per 100 ml at a maximum distance
of 100 feet from the recharge well in the direction of normal ground water
movement. Similar maxima in other directions were observed at distances
of only 50 and 63 feet.

3. The M.P.N. of coliform organisms in observation wells fluctuated from day

to day, as did coliforms in raw sewage, but there was no tendency for a
progressive increase in pollution after the third day, in any well showing
contamination.

4. Injection of recharge water containing 10 percent of primary settled sewage,

over sampling periods of 41 and 32 days, failed to extend bacterial pollution
to 100 feet east and 190 feet south and southeast of the point of recharge.

5. Increasing the concentration of organisms in the recharge water produced no

greater observed extent of pollution travel.

. Increasing the rate of injection from 13.5 to 64 gpm had no effect in extend-

ing the distance of bacterial travel.

. The principal effect of greater amounts of sewage or greater injection rates

was to shorten the permissible period of recharge between well redevelopments
for the purpose of removing clogging.

Bacterial pollution in the aquifer did not move outward when fresh water
injection followed sewage recharge without well redevelopment.

There was no difference in the distance of travel of coliform organisms and
Streptococcus fecalis.

Plate counts and observations of changes in nitrogenous compounds indicate
that the travel of other types of bacteria is no greater than that of coliform
and S. fecalis. .

High bacterial plate counts in two observation wells open to outside sources of
contamination show that dissolved nutrients traveled at least 460 feet to
serve as a substrate for indigenous saprophytic organisms. :
The small numbers of organisms reaching wells located at 63 feet north, north-
east, and northwest, and at 100 feet south of the recharge well, together with
the absence of organisms in more distant sampling wells, leads to the con-
clusion that bacterial travel beyond those points is negligible.

. Chemical analyses indicated that a mixture of previously injected fresh water

and sewage often existed at the most distant observation wells. The continued
absence of coliform organisms in these wells, therefore, is added evidence of
limited distance of bacterial travel.

54. Results of tracer studies show that injected water flows from the recharge

well to all observation wells, hence bacterial travel is not limited by discon-
tinuity of the aquifer.

. Secondary humps on fluorescein concentration curves indicate that recharged

water arrives at any observation well by a variety of routes, and that in all
directions some portion of the recharged water moves faster than the rest.

. Both the time of first arrival of fluorescein and the time of arrival of the peak

concentration were determined in the investigation.

. The concentration of injected fluorescein reaching any observation well fol-

lowed a typical pattern; building up to a maximum and tapering off again
along a typical skewed frequency curve.

58. The arrival of the first detectable amount of tracer is significant because in

DY,

interpreting pollution travel data the fact of arrival of pollution is more im-
portant than the shape of the time-concentration curve.

The time of arrival of the peak concentration of fluorescein tracer may be
taken as representative of the rate of travel of the greatest mass of water re-
charged in a unit of time, with accuracy equal to that of other accepted
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The time of arrival of first fluorescein was essentially the same in the north,
east, and west directions, but somewhat shorter in the south.

The advance of the first recharge water reaching the aquifer is by the least
resistive path. Therefore the first chemical tracer or injected bacteria arrive
at any observation point more rapidly than does the mass of recharged water.

. The first bacterial or chemical pollution arrives by a roughly radial streaming

which overruns existing aquifer water and becomes diluted on the way. Peak
concentrations of organisms, however, were observed when the aquifer was
essentially filled with recharged water and dilution was presumably negligible.
The rate of travel of bacteria is less than that of dissolved chemicals and hence
of the transporting water, indicating that the removal of bacteria is a dynamic
process associated with distance traveled.

Coliform bacteria traveled at about one-half the rate of fluorescein, reaching
the maximum distance of 100 feet in 33 hours as compared with 15 hours for
the dye. This travel time of 33 hours is in turn about one-half the time re-
quired for the aquifer to become filled out to 100 feet south with recharged
sewage at 37 gpm.

5. Although coliform organisms in small numbers traveled a distance of 100 feet

south in 33 hours, none traveled 225 feet south or 100 feet east in 41 days,
although the aquifer was filled with recharged sewage to a point beyond 225
feet within that period.
The rate of reduction of bacteria with distance was extremely rapid. Coliform
concentrations of 2.4 x 10° per 100 ml in the recharge well were reduced to an
average of 23 and a maximum of 38 per 100 ml in distance of 100 feet south
and 50 feet east.
A regression of bacterial numbers at all observation wells set in after three
days of recharge at 37 gpm, due to effective bacterial filtering in the zone of
clogging, and to dieaway of organisms which had previously moved out into
the aquifer under favorable conditions.
The reduction in numbers of coliform organisms varies logarithmically with
distance from the point of injection. The straight line relationship observed
may be used to determine the filterability of the aquifer by use of equation:
Log N-=Log Ni—F (rs-r1), in which, ’
Ni=the M.P.N. of organisms at any sampling point in the aquifer (r1).
N.=the M.P.N. of organisms at any other sampling point in the aquifer (rz).
11, rz=distance between sampling points and point of contaminztion.
F="Filterability” of the system.
From the equation in 68 (above) the percentage of fractional reduction (R)
of bacteria per foot of travel may be determined from the consideration that,
—F=Log (1-R).

. From a number of observations during injection of 20 percent sewage at 37

gpm it was found that in the north, south, and east directions the filterability
of the aquifer averages 0.092, which corresponds to a reduction in coliform
organisms of 19 percent per foot; while along the west line of wells the filter-
ability averages 0,12, which corresponds to a rate of decrease in organisms of
24 percent per foot of distance from the recharge well. ’

Values of filterability and rates of coliform reduction as determined for 10
percent sewage at 17 gpm were 3 percent greater for the north, south, and
east wells, and 2 percent greater for the west wells, than the values obtained
with 20 percent sewage at 37 gpm.

. From a consideration of 70 and 71 and the theoretical radial velocity of water

in the aquifer it is shown that a negligible change in bacterial reduction with
distance results from a ten-fold change in radial velocity.

. The filterability of an aquifer is shown to be a physical characteristic of the

aquifer and not related to ground water velocity.

. The rate of decrease of bacterial numbers in an aquifer of any given filter-

ability is constant; and the decrease in numbers between two points depends
on the length of path followed by the transporting water, if bacterial survival
is not involved.
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. Observed reductions in bacteria with distance do not present loss of viability.

A bacterial dieaway observed in one experiment decreased the M.P.N. of coli-
form organisms from 7x 10° to 6 x10* in 21 days. A similar reduction would
occur in a distance of travel of 25 feet, requiring a maximum of 12 hours.

76. It is concluded that the extent of travel of bacterial pollution in the aquifer is

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

91,

92.

93.

94.

96.

97.

so limited that reclamation of sewage plant efluents by recharging them into
it, would not be limited by public health concern over bacterial contamination
of ground waters. )

The well field used in the investigation is not of sufficient extent to observe
the distance of travel of cations and anions normally found in ground waters
and known to travel great distances.

Chloride ion proved to be a poor tracer because the high chlorides (170+ ppm)
in the recharge water masked its effect.

Injection of mixed chlorides in high concentrations produced density currents
of such serious nature that the arrival of the tracer at observation wells was
too sporadic to produce a detectable pattern.

Injection of sodium chloride alone as a tracer caused rapid clogging of the
aquifer by dispersal of clay.

Chromate ion proved to be unsatisfactory as a chemical tracer because of
rapid disappearance, probably through adsorption.

Sugar proved to be a satisfactory tracer because of its high solubility, dis-
similarity to normal ground water ions, and ease of detection.

Preliminary tests with Iodine™ did not give as satisfactory results as did other
types of tracers, taking appreciably longer to arrive at observation wells. The
results are not considered conclusive.

Fluorescein is adsorbed to some extent in the aquifer.

Chemical analyses involving changes in ions normally found in sewage did not
identify pollution travel as precisely as did bacteria, or fluorescein, and sugar
tracers.

The unstable compounds of nitrogen do not appear to travel far from the re-
charge well in an unaltered condition.

Biochemical Oxygen Demand did not prove to be a useful tool for studying the
travel of pollution in a water-bearing stratum.

Decrease in BOD seemed to parallel the decrease in bacteria with distance from
the recharge well.

. The BOD injected seems to be represented principally by dissolved rather than

suspended solids.

. The travel of the peak concentration of phosphates was shown to be similar

to that observed with fluorescein.

There is evidence that bacterial decomposition of organic matter in the region
immediately adjacent to the recharge well involves the reduction of nitrates to
nitrites. Later the nitrites are oxidized to produce nitrates through chemical
oxidation by a process which has been postulated but not yet verified.

Because of the high total solids in the recharge water and ground water it was
impossible to detect changes in fixed and volatile matter with distance of travel.
Anions which are not readily adsorbed on soils or involved in the life processes
of biological agents are not greatly affected by distances such as observed in
the investigation.

A progressive seasonal increase in the chemical content of the ground water
occurred in the dry period between March and September.

5. Because the potable water going into sewage was of higher mineral quality

than the fresh recharge water used in the experiment, the addition of 10 per-
cent sewage had the effect of reducing the monovalent ions I.Ty some fpur
percent. Phosphate,. ammonia, and nitrite ions were the principal chemical
constituents increased by the addition of sewage.

The rate and extent of pollution travel is not readily observed by the movement
of cations introduced with sewage.

Ion exchsa can cause increase in water hardness by release of Ca and Mg
jions from R

98

99.
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. Chemical, as well as bacteriological, results show that the rate and extent of
pollution travel do not depend upon displacement of all ground water in the
aquifer. Displacement is more closely related to the peak concentration.

From an analysis of data on chemical travel, and from the extent of movement
of recharged water in the aquifer in any period of time, it is shown that well
clogging limits the time during which chemical travel which can be accurately
observed and demonstrates that studies of chemical pollution had best be
run with some indicator other than sewage.

Recharge Well Operation

100

101.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

116.

. Serious clogging can result from the dispersion of the clay fraction of an

aquifer, or of clay in the boundary layers of the aquifer, if excess sodium is
introduced.

Clogging of an aquifer is directly proportional to the amount of solids injected
in any period of time. With 20 and 27 percent sewage, clogging produced an
average rate of pressure increase in the recharge well of 5.5 feet of water
per day.

. A rise in recharge wellhead pressure without appreciable change in elevation

of the piezometric surface at other points showed conclusively that aquifer
clogging takes place close to the recharge well screen.

. Particulate organic matter does not penetrate the aquifer to any important

extent. With the exception of bacteria and-similar small particles, it tends to
remain in a filter mat at or near the aquifer face.

. Settling out of solids in the sewage delivery line encouraged the growth of

sphaerotilus, which later hastened the clogging of the aquifer.

. Under recharge with sewage containing suspended solids, aquifer clogging pro-

gressed in an orderly fashion but showed no indication of changing rate before
the recharge equipment should fail, the overburden should’ fracture, or the
aquifer become separated due to expansion.

The buildup of clogging during sewage injection produces a pressure pattern
in the recharge well which shows conclusively that biological decomposition
of organic solids takes place underground and acts to lower the rate of clogging.
A sharp break in the pressure curve takes place after two or three days, in-
dicating that a biological equilibrium has been established.

Pumping at moderate discharge rates are inadequate to remove clogging to a
satisfactory degree.

Gas binding of the aquifer occurred when the temperature of the recharge
water was less than the temperature of the ground water.

Analysis of gases entrained in the well discharge showed that it was 95 percent
nitrogen. The presence of 1.32 percent of argon indicated that the source of the
gas was the atmosphere.

Gas binding of the aquifer resulted from the release of dissolved gases due to
temperature rise. Oxygen was absent from the released gas because of its
utilization by biological activity in the aquifer, near the recharge well. Gas
binding does not seem to be a serious deterrent to recharge operations.

The recharge well can be successfully developed by injecting heavy doses of .
chlorine to break up the organic mat built up in the aquifer, allowing a contact
period, then pumping at approximately 80 gpm for periods up to four hours.
It was found that in general the chlorine should extend to the 13-foot observa-
tion wells, remain in contact for about half a day, and be sufficient in amount
to show a slight residual in the well discharge at the beginning of pumping.
Injected chlorine has an immediate effect in reducing well clogging. A steady’
pressure decline of 10 feet in 2.5 hours was observed during the injection of
chlorine. Such a decline might be used as a control test in well redevelopment.
Los§ of fine m{itel'ial during redevelopment does not seem to endanger the
aquifer at the discharge rates (up to 80 gpm) used in the investigation. )
It was necessary to develop the recharge well once a week in order to make
possible continued injection of 20 or 27 percent sewage at 37 gpm.
Redevelopment of the recharge well involved a maximum discharge of from
four to five percent of the injected water.
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117. The problems of recharge well operation rather than the danger of pollution
travel seem to be the critical factors in sewage reclamation by direct recharge.

118. No special treatment processes are required in order to make a final sewage
plant effluent suitable for injection underground.

119. Disposal of redevelopment water would probably involve sedimentation and
re-injection underground. Inasmuch as a clogged well can be redeveloped, pre-
treatment of secondary sewage plant effluent before recharging it underground
would be necessary only on the basis of economic considerations. It does not
seem likely that the cost of underground filtering would equal the cost of
filtering above ground. .

120. No unusual and specialized equipment is needed for recharge operations,
consequently the cost is governed by the cost of hormal water handling pro-
cedures.

121. Cost estimates should provide for test wells to explore any aquifer proposed
for use in sewage reclamation by direct recharge.

122. Monitoring wells should be required in any sewage vecharge project, and the
cost of such wells should be included in any economic analysis.

123. The economics of sewage reclamation by direct recharge in any specific situa-
tion is subject to a straightforward analysis by engineering methods.

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.
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LOGS OF OBSERVATION WELLS
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TEST BORINGS

Log Hole #1 Log Hole #2
. 5 Elev. approx. 12t Elev. approx. 12!
! Gray heavy clay Gray heavy clay
§ s Sticky yellow clay i Sticky yellow sandy clay
’ = Pea gruvel Pea gravel & sand
? ' -Sticky yellow clay g
, 1 —7-Gravel 19 )
! : ® Soft yellow clay Sticky yellow sandy clay
n ~Sandy yellow cliy 24 i
o -sticky yellow clay & sand 28 Gray clay
70 ~Fine gravel and sand’ Yellow sandy clay
Soft yellow clay & sand 3
a7 " Yellow sandy clay
Fine gravel & sand with fine gravel & sand
45 | Sticky blue clay
Hole stopped at 50!
Blue clay
0 -Blue clay with brown streaks
B -Fine gravel & sand
Ty Blue clay

“Fine gravel & sand

Blue clay

9%

Pea gravel & sand

Yellow sandy clay

Hole stopped at 120t
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27

36

67

%

95
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LOG OF WELL 1O0-EAST
DESCRIPTION REMARKS

Black adobe
Gray clay

Yellow gravelly clay
Sand and gravel

Sandy yellow clay

Gravelly-sandy yellow clay

Sandy with yellow clay

Blue clay

Gray clay
Pea gravel and sand

Sticky blue clay

Gravel and sand

Sandy brown clay

105 ft. casing in place 7/23/31.
Perforations from 94-~101 ft,
Hole stopped at 105 ft.

Water bearing

10

22

24

37

S
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LOG OF WELL 25-EAST

DESCRIPTION

Black adobe
Sandy yellow clay

Gravelly yellow clay
Sandy-gravelly yellow clay

Soft sandy yellow clay

Pea gravel and sand

Blue clsy
Brown sandy clay

Blue clay

Pea gravel and sand

Brown sandy clay
—— Pea gravel and sand

Brown sandy clay

175

REMARKS

103 ft. of casing in place 7/2.4/51.

Perforations from 92-99 ft.
Hole stopped at 105 ft.
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28]
29

35|

69

89

97
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LOG OF WELL 50-EAST
DESCRIPTION REMARKS

Black adobe
Gray clay

Small gravel and sand

Gray clay
Yellow clay Water bearing

Y

Small gravel and sand

Blue clay

Brown sandy clay Water bearing
Blue clay

Sandy blue clay

Brown clay
Pea gravel and sand Water bearing

Brown sandy gravelly clay

102 Ft. casing in place 6/28/51.
Perforations from 92-99 ft.
Hole stopped at 104 ft.

W

25

29
35

L0

65
6y
Th

87
92
95

102
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LOG OF WELL
100 EAST

Black adobe
Gray clay

Small gravel and Sand

Gray clay
Yellow Clay

Fine gravel and sand, water bearing

Blue clay

Brown sandy clay
Blue clay

Sandy blue clay

Brown gravelly clay
Pea gravel and sand
Brown sandy clay with streaks of gravel

Perforations 9,+101 feet
End of hole and casing 102 feet

177
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41

46
7
9

70

75

93

[e]}
103
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LOG Or WELL
NEW 13 BAST

DIESCRIPTION REMARKS

Gray Clay

Brown Sand & Gravel

Brown Gravelly Clay

Blue Gravelly Clay

Brown Gravelly Clay
Blue Gravelly Clay

Gray Sondy Gravelly Clay
Brown Gfavelly,Clay
Gray Gravelly Clay

Fine Pea 1 )
ea Grave Perforations 94 to 102!

Brown Gravelly Clay

34

a

62

68

92

97
ol

10G OF VELL
NEW 50 EAST

DESCRIPTION

Gray Clay

Coarse Gravel

Brown Gravelly Clay

Compacted Gravel

Gray Blue Gravelly Clay

Brown Sandy Clay

Blue Gray Gravelly Clay

Pea Gravel
Brown Clay
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REMARKS

Ferforations 89 to 97!



130

42

9
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LOG OF WELL 10-NORTH

DESCRIFTION

Black adobe
Sandy yellow clay

Pea gravel and sand

Sandy yellow clay

Pea gravel and sand

Blue clay

Pea gravel and sand

Blue clay

Pea gravel and sand
Sandy blue clay
Pea gravel and sand
Brown sandy clay

REMARKS

Water bearing

Water bearing

Water bearing
Water bearing

102 ft. casing in place 7/30/51.
Perforations from 91-98 ft.

Hole stopped at 102 ft.

w ?

i3

W
'

&

7§
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LOG OF WELL 25-NORTH

DESCRIPTION REMARKS

Black adobe

Sandy yellow clay

Sandy-gravelly yellow clay

Gravel and sand w/small am't clay Water bearing

Blue clay

Gravelly blue-gray clay

Sandy-gravelly silty blue clay Water bearing

Gravelly sandy blue clay

Pea gravel and sand

Yellow sandy clay

105 ft. of casing in place 7/13/5l.
Perforations from 94-101 ft.
Hole stopped at 105 ft.
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bl

[

Ay Y

§

65

9z

6
Y

o3
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LOG OF WELL S50-NORTH

DESCRIPTION

Black aaobe
Sandy yellow clay

Gravel and sand

. Soft sandy yellow clay

Gravel and sand
Sandy-gravelly yellow clay
Sticky blue clay

Sticky blue-green clay

Soft blue-green clay
Pea gravel and sand

Sandy-gravelly blue clay

Pea gravel and sand

Brown sandy clay .

REMARKS

Water bearing

Water bearing

103 ft. casing in place 8/1/51.
Perforations from 92-99 ft.

Hole stopped at 103 ft.

2

83—y’

923

96
7

2103

us
Iz
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LOG OF WELL 100-NORTH -

DESCRIPTION

Black adobe

Gray clay

Gravel and sand w/small am't clay
Gravelly sandy brown clay

Sandy gravelly blue clay

Sandy brown clay

Sticky blue—green clay

Saridy gravelly blue clay

Sandy blue clay

Sandy gravel
Blue sticky clay

Brown sandy clay
Sandy~-sharp gravelly brown clay

pBI

183

REMARKS

Water bearing

water at 57 ft.

Less then 6" of
gravel and sand

103 ft. casing in place 6/26/51.
Bottom of casing at 102 ft.
Perforations from 92-99 ft.
Hole stopped at 116 ft.
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37

72

82

97

9

104

107)

1
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LOG OF WELI, 10-WEST

DESCRIPTION REMARKS

Black adobe

Sandy~-gravelly yellow clay

Pea gravel and sand Water bearing

Sandy blue clay

Gravelly soft brown clay

Sandy blue clay

S5mall sand and gravel Water bearing
Gravelly-sandy brown clay

Brown sandy gravel

Sticky brown clay

105 ft,. casing in place 7/10/51.
Perforations from 95-102 ft.
Hole stopped at 109 ft.

10
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10G OF WELL 25-WEST

DESCRIPTION REMARKS

~~ Black adobe

Gravelly gray clay
Gravelly yellow clay

Sandy silty yellow clay
Sand and gravel Water bearing

Sandy yellow clay

Gravelly-sandy yellow clay

Sand w/small gravel and small Water bearing
am't of clay

Sticky blue clay

Sandy blue clay
Sticky blue clay

Soft sandy blue clay

Gravelly-sandy blue clay

Pea gravel and sand Water bearing
Sandy brown clay

105 ft. of casing in place 7/5/51
Perforationa from 94-101 ft.
Hole stopped at 105 ft.
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20

42

0
2.
94

I

105
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10G OF WELL 50-WEST
DESCRIPTION HEMARKS

Black adobe : |

Brown gravelly clay

Gravel and sand Water bearing

Brown sandy clay Water bearing at 30-40 ft.

Sandy blue clay

Soft sandy blue clay

Streaks of sand and gravel and
sandy blue clay

Sandy blue~green clay

Sandy blus clay
Pea gravel and sand . Water bearing

Brown sandy clay

102 ft. of casing. 7/2/51
Perforations from 91-98 ft. !
Hole stopped at 105 ft.

45

68

78

9l

98
101
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10G OF WELL
NEW 13 WEST
DESCRIPTION BEMARKS
Grey Clay

Brown Sandy Clay

Brown Gravelly Clay

Blue Gravelly Clay

Brown Gravelly Clay

Sticky Blue Cley

Pesa Gravel & Sand

Brown Gravelly Clay

Perforations 91 to 99!
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oH
o

79

98
100

104
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LOG OF WELL

IEW 50 WEST

DESCRIPTION

Gray Clay
Brown Sandy Clay

REMARKS

Coarse Gravel with Clay Stresks

Brown Clay
Gravel Streak

Brown Gravelly Clay
Brown Clayey Gravel

Pea Gravel with Clay Streaks
Blue Gravelly Clay

Gray Sandy Gravelly Clay

Blue Sandy Gravelly Clay

Cemented Gravel

Sandy Blue Clay

Perforations 9% to 103*

) s pn

T~ 1/4" to 1/2n
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. LOG OF WELL 10-SOUTH

DESCRIPTION

Black adobe

Gravelly yellow clay

/4" to 3/4m gravel
Gravelly-sandy yellow clay

Gravelly gray clay
Sandy brownish yellow clay

REMARKS

Water bearing

1/L" to 1% gravel with small am't sand

39

&0

4 — Fine sand with small amount gravel
50|

-] T Gray sandy gravelly clay

78

"o

/0;
e

Blue-gray clay w/small am'ts
medium gravel

Blue clay w/brown streaks w/small
am't sand

Gray sand w/small gravel

Blue clay

gravel w/small am't sand

Water bearing

Blue clay w/small am't small gravel

Pea gravel and sand

Gravelly sandy brown clay
Pea gravel

Length of casing 105 rt.
Perforations from 95 to 10
Hole stopped at 110 rt.

6/22/51
2 ft.
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-

21

56

96
100

105
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LOG OF WELL 25-S0UTH

DESCRIPTION
Black adobe

Sandy yellow clay

Sand and gravel w/small
am't clay

Sandy yellow clay

Sandy blue clay

Sticky blue clay

Soft blue clay

Sticky blue clay

—— Soft and sandy blue clay
™ Pea gravel and sand

Sandy gravelly brown clay

Blue clay

Pea gravel and sand
Brown sandy-gravelly clay

REMARKS

Water bearing

Water bearing

105 ft. of casing in place 7/26/51.
Perforations from 9,4~101 ft.

Hole stopped at 105 ft.

i

63
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LOG OF WELL 50-SOUTH
DESCRIPTION REMARKS

Black adobe
Yellow sandy c¢lay

Gravel and sand

Soft sandy yellow clay

Sandy blue clay

Sticky blue clay

Soft sandy blue clay

Soft grayish brown sandy clay

Gravel and sand
Sandy brown clay

105 ft. casing in place 8/2/51.
Perforations from 94-101 ft,
Hole stopped at 105 ft. '
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~3

7

23

b1 ]

8

”

95
7

100

106
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LOG OF WELL 100-30UTH

DESCRIPTION REMARKS

Black Adobe
Sandy-gravelly yellow clay

3/8-1/2" gravel with small amount Water bearing
clay
Yellow sandy clay

Yellow clay

Blue clay
Blue cley with small amount
small gravel

Sandy blue clay with small gravel

Brown sandy clay

Blue clay with small gravel

Blue—green clay with large amount Water bearing
1/5,n=1/2" gravel

Blue—green clay with small amount
1/8" gravel

Cemented gravel

Brown sandy clay

Sandy—-gravelly brown clay

Sticky-gravelly brown clay

Water bearing

Tot.al of 110 ft. casing in place
6/20/51. Perforations from 100 to
107 ft. Hole stopped at 116 ft.

20

32

38

62

70

90

94
95

1ot
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10G OF WELL
NEW 100 SOUTH

DESCRIPTION REMARKS
Grey Clay
Loose Coarse Gravel

Brown Sandy Gravelly Clay

Pea QGravel

Blue Gravelly Clay

Brown Clay

Blue Gravelly Clay

Brovn Sandy Clay
Loose Gravel

Brown Sandy Gravell
Coarse Grazel elly Clay

Gray Gravelly Clay

Perforations 92 to 99¢
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1LOG OF WELL 225-S0UTH 10G OF WELL 500-SOUTH
DESCRIPTION DESCRIPTION
- 3' ™ Dark brown adobe clay
Dark brown sdobe 8 Gravelly clay
8 Coarse gravel

Coarse gravel 11

1k
Yellow brown sandy gravelly

Gravelly clay clay grading to sandy clsay
25 27

Gravel, water bearing 29 Gravel, water bearing
30 33 Bticky brown gravelly clay

Brown sendy clay Coarse gravel and sand, water bearing
k% Gravel, vater bearing ho

Blue clay Blue clay streaked with fine gravelly clay
60

Light brown clay 65
70 Gray gravelly clay

Blue clay
T 75

Gravelly blue clay
Bl Sticky blue clay with streeks of sandy gravel
86 Gray gravelly clay '

Blue gravelly clay

9h

2 Cemented gravel water bearing Gravel and sand with cemented streaks of pea gravel

Brown clayey s
100 Cemented gravel water bearing 102

104 Brown clay
Perforations, 92-99 feet ‘ Perforations 96-103 feet

End of hole apd casing, 100 feet End of casing 104 feet
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1LOG OF WELL 22g;SOUTHEAST

DESCRIPTION

Dark brown adobe

Coarse gravel

Gravelly clay

Gravel, water bearing

60

T0

Brown sandy clay

Gravel, water bearing

Blue clay

Light brown clay

Th

Blue clay

Gravelly blue clay

Clayey pea gravel and sand

Brown sand with streaks of coarse cemented gravel

Perforations, 92-99 feet
Hole and casing stopped, 100 fwel

APPENDIX II
TIME-CONCENTRATION CURVES FOR FLUORESCEIN
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November 23, 2002

Mr. Rod Warren

University of California at Berkeley
Office of Radiation Safety

2799 Addison Hall (University Hall)
Berkeley, CA 94720-1154

Reference:  Water Samples- URS
Project: RFS-Well Field — Tritium
Eberline Services W.0. No, R210063-8000

Dear Mr. Warren:

Attached is a data report for two water samples received at Eberline Services on
October 15, 2002. The samples were analyzed for tritium. No holding times were
exceeded. No problems were noted during sample receipt. No problems were
encountered during the course of the analyses. All client sample results were below the
sample specific minimum detectable activity (MDA) for tritium. The data results were
reported by facsimite on November 14, 2002.

Please do not hesitate to call if you have any questions.

Sincerely,

Nlepra Mpriporno
. us Py .

Meiissa C. Mannion
Program Manager

Viivie g

Enclosures:  Data Regpori
Chair of Cusiody
Sample Login Verification
Sarmple Receipf Checkiist

Analylical Sarvices

2030 Wright Avenne

P.0. Bex 4040

Richmond, Galifornia 959904-6040
(510) 235-26323 Fax {510) 235-0439
Toll Free (200} B41-5487
www.aberlineservices.com
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November 7, 2002

Mr. Rod Warren

University of Caiifornia at Berkeiey
Office of Radiation Safety

2198 Addison Hati (University Hain
Berkeley, CA 94720-1154

Reference:  Soit Samples- URS
Project: RFS-Well Field — Cesium-137
Eberiine Services W.0. No, R210062-8499

Dear Mr. Warrern:

Aftached is a data report for seventeen soil samples received at Eberline Services on
Octover 15, 2002. The sampies were analyzed for Cesiurm-137 by gamma
spectroscopy. No hoiding times were exceeded. No problems were noted during
sampie receipt. No probiems were encountered during the course of the analyses. The
data resuits were reported by facsimile on November 6, 2002.

Please do not hesitate to call if you have any questions.

Sincerely,

plizen PP 777
Meiissa C. Mannion
Program Manager

MCM

Enclosures:  Data Report
Chain of Custody
Sample Login Venfication
Sampie Receipt Checidist

Analytical Servicss

2030 Wright Avenue

PO. Box 4048

Richmgnd, Caliternla 94504-0840
(318) 235-2633 Fax (510} 235-0£38
Tolt Free {§00) §41-5487
www.ederiinesesvices com
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06/23/2005 16:06 FAX 510 643 7595

EH & 5

EBERLINE SERVICES

wlulo

ANALYTICAL SERVICES GROUP

Richmord, CA Laboratory

SAMPLE RECEIPT CHECKLIST

Customer Sample
Ne. com

SAMPLE RECEIPT OV YR A
Client: (OR.C - Date/Time received 7¢ ‘Ll ;_,-: // G e l
Lol No.
Container LD, Mo, — Reguasted TAY {Days] B0 Regegived Yes{ ] Noi ] !
INSPECTION )
1. Custody sesalz on shipping sontainer intast? Yea{ 1 Nol ] NiA L )q
2, Custody sesl8 on shipping conteinsr dated & signsed? Yes [ ] Noi{ ] N/A By )
3. Cust:ody seals on sample containers intact? Yes{ 1 Nol ] NELA {;:}
é. Custodyseais on sampis containers deted & sigrned? Yes[ | Nol 1 N/A [ 3
5. Packing material is: Wet [ ] Dry [ <]
8. Nurnber of samples in Shéppiﬁg conta.;ﬁer: {9
7. Number of containers per sample; ! {Cr see CoC )
8. Paperwark agrees with samples? Yee [¥'] N{\; U
9. Samples have: Tape [ 1 Hazard labels{ ] Radiabsls [ ] Apprapriate sample labels [/‘.c]
10, Samples ara: In good condition};-&] Leaking I 1 Broker Container[ ] Missing [ ]
l 1 Describs any anomaties.
13 Was P.M. notified of any anomalies? Yes{ 1 Nol[ 1 Date
12

Customsr Sample
Ne.

fon Chamber Ser. No.

Alpha meter Ser. No.

Survey Meter Sar. No.

Ca{Ibram’on date

Calibration date

Celibration data

Form SCP-01.2, 05-03-Q2 .

“8Q years or qualfty nuciesr services”
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April 2005 Sampling Event



Curtis & Tompkins, Ltd., Analytical Laboratories, Since 1878
2323 Fifth Street, Berkeley, CA 94710, Phone (510) 486-C900

Date: 18-APR-05
Lab Job Number: 178826
Project ID: 2005-21
Location: Richmond Field Station

This data package has been reviewed for technical correctness
and completeness. Releage of this data has been authorized

by the TLaboratory Manager or the Manager's designee, as verified
by the following signatures. The results contained in this
report meet all requirements of NELAC and pertain only to those
samples which were submitted for analysis.

This package may be reproduced only in its entirety.

NELAP # 01107CA page 1 of 2\



c Curtis & Tompkins. Lid. .

CASE NARRATIVE

Laboratory number: 178826

Client: Stellar Environmental Solutions
Project: 2005-21

Location: Richmond Field Station

Reguest Date: 04/11/05

Samples Received: 04/11/05

This hardcopy data package contains sample and QC results for three water
samples, requested for the above referenced project on 04/11/05. The samples
were received cold and intact.

Volatile Organics by GC/MS {(EPA 8260B):
No analytical problems were encountered.

PCBs (WPA 8082):
No analytical problems were encountered.

Metalg (EPA 6010B and EPA 747031) :
No analytical problems were encountered.

Page 1 of 1
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c Curtis & Tornpkins, Lid.

Lab #:

178826 Location: Richmond Field Station

Client: Stellar Environmental Solutions Prep: EPA 5030B

Project#: 2005-21 Analysis: EPA B260B

Field ID: 225 SOUTHWEST Batch#: 101173

Lab ID: 178826-001 Sampled: 04/11/05

Matrix: Water Received: 04/11/05

Units: ug/L Analyzed: 04/14/05

Diln Fac: 1.000

Freon 12

Chloromethane

Vinyl Chloride
Bromomethane
Chlocroethane
Trichlorofluoromethane
Frecn 113
1,1-Dichloroethene
Methylene Chloride
trans-1,2-Dichloroethene
1,1-Dichloroethane
cig-1,2-Dichloroethene
Chloroform
1,1,1-Trichloroethane
Carbon Tetrachloride
1,2-Dichioroethane
Trichloroethene
1,2-Dichloropropane
Bromodichloromethane
¢ls-1,3-Dichloropropene
trans-1, 3-Dichloropropene
1,1,2-Trichloroethane
Tetrachloroethene
Dibromochloromaethane
Chlorobenzene

Bromoform
1,1,2,2-Tetrachlorcethane
1,3-Dichlorcobhenzene
1,4-Dichlorobenzene
1,2-Dichlorchenzene

EPPEEEEEEEEEE85888555955888868868)

HHREFODDSDOODOOODODOOoOOOOOOQOQOO0OOOOOoOHEHRRPORR

nmvnooounm oo

.

.

oo oMUV ;UG WLy, L ey |,

1,2—Dichloroetﬂane—d4
Toluene-dsg
Bromefluorobenzene

114 80-122
100 80-120
101 80-124

ND= Not Detected
RL= Reporting Limit
Page 1 of 1



Curtis & Tompking, Lid.

C

Lakb #:
Client:
Project#:

178826

2005-21

Stellar Environmental Solutions

Location:
Prep:
Analysis:

Richmond Field Statlon
EPA S5030B
EPA 8260B

Field ID:
Lab ID:
Matrix:
Units:
Diln Fac:

Water
ug/L
1.000

NEW 50 WEST
178826-002

Batchif:
Sampled:

Received:

Analyzed:

101173

04/11/05
04/11/05
04/14/05

Freon 12

Chloromethane

Vinyl Chloride
Bromomethane
Chloroethane
Trichlorcfluoromethane
Freon 113
1,1-Dichloroethene
Methylene Chloride
trans-1,2-Dichlorcethene
1,1-Dichlorcethane
cis-1,2-Dichloroethene
Chlorcform
1,1,1-Trichloroethane
Carbon Tetrachloride
1,2-Dichloroethane
Trichloroethene

1, 2-Dichloropropane
Bromodichloromethane
cis-1,3-Dichloropropene
trane-1,3-Dichloropropenea
1,1,2-Trichloroethane
Tetrachloroethene
Dibromochloromethane
Chlorcbenzene

Bromoform
1,i,2,2-Tetrachloroethane
1, 3-Dichlorobenzene
1,4-Dichlorcbhenzene
1,2-Dichlorcbenzene

EEEBEEEEEEE388839586988888¢E8¢838

HERPOCOOODO0OO0OCOOOCO0OOOOOO0QOORREHROHEDER

mnoooun OO

cooc uyuiuwwummynuWm

1,2-Dichlioroethane-d4
Toluene-ds
Bromoflucrobenzene

116
100
101

80-122
80-120
80-124

ND= Not Detected
RL= Reporting Limit
Page 1 of 1



Curtis & Tompkins, Lid.

C

Richmond Field étatlon

Lab #: 178826 Location:

Client: Stellar Environmental Solutions Prep: EPA 5030B
Projectf#: 2005-21 Analysis: EPA 8260B
Field ID: 50 EAST Batch#: 161173
Lab ID: 178826-003 Sampled: 04/11/05
Matrix: Water Received: 04a/11/05
Units: ug/L Analyzed: 04/14/05
Diln Fac: 1.000

Frecn 12

Chloromethane

Vinyl Chloride
Bromomethane
Chlorcethane
Trichloroflucromethane
Freon 113
1,1-Dichloroethene
Methyvlene Chloride
trans-1,2-Dichloroethene
1,1-Dichloroethane
cig-1,2-Dichloroethens
Chloroform
1,1,1-Trichloroethane
Carbon Tetrachloride
1,2-Dichloroethane
Trichloroethene
1,2-Dichloropropane
Bromodichloromethane
cis-1,3-Dichloropropene
trans-1,3-Dichloropropene
1,1,2-Trichloroethane
Tetrachloroethene
Dibromochloromethane
Chlorobenzene

Bromoform
1,1,2,2-Tetrachloroethane
1,3-Dichlorobenzene
1,4-Dichlorobenzene
1,2-Dichlorcbenzene

5888888888888 88888888858888¢88883%8

RREFRFRFROIOCOCOCOODOoOOCOODOOC OO OoOoDOCORREORER

+

numo oo ;oo

i

cc o UV Emy|mE@a ;o oin

1,2—Dichloroeth§neud4
Toluene-ds
Bromof luorobenzene

117
104
103

80-122
80-1290
80-124

ND= Not Detected
RL= Repcrting Limit
Page 1 of 1




Batch QC Report

c Curtis & Tornpkins, Lid.

Lab #: 178825 Location: Richmond Field Station
Client: Stellar Environmental Scolutions Prep: EPA 5030B

Projecti: 2005-21 Analysis: EPA B260B

Type: BLANK Diln Fac: 1.000

Lab ID: QC290480 Batch#: 101173

Matrix: Water Analyzed: 04a/14/05

Units: ug/L

Freon 12

Chioromethane

Vinyl Chloride
Bromomethane
Chloroethane
Trichlorofluocromethane
Freon 1313
1,1-Dichloroethene
Methylene Chloride
trans-1,2-Dichloroethene
1,i-Dichloroethane
cis-1,2-Dichloroethene
Chloroform
1,1,1-Trichloroethane
Carbon Tetrachloride
1,2-Dichlorocethane
Trichloroethene
1,2-Dichloropropane
Bromodichloromethane
cis-1,3-Dichloropropene
trans-1,3-Dichloropropene
1,1,2-Trichlorcethane
Tetrachloroethene
Dibromochloromethane
Chlorcobenzene

Bromoform
1,1,2,2-Tetrachlorcethane
1, 3-Dichlorcbenzene
1,4-Dichlorcbhenzene
1,2-Dichlorobenzene

5888585688686 8E08E888888588838886838

2

<

COHRKRREORR

HKHMHFOOCOCOOODOOOOOCOCOoOOOoOOo o
ococowmuUumuuUuuuLUu LGB ol oo, ego,,;

U Ut o o ol oo

1,2—D1chloroetﬁéne—d4
Toluene-ds
Bromofluorobenzene

108
103
104

80-122
80-120
80-124

ND= Not Detected
RL= Reporting Limit
Page 1 of 1




c Curtis & Tompkins, Lid.

Batch QC Report

Lab #: 178826 Location: Richmond Field Sitation
Client: Stellar Environmental Solutions Prep: EPA 5030B

Projecti#: 2005-21 Analysis: EPA B8260B

Matrix: Water Batch#: 101173

Units: ug/L Analvzed: 04/14/05

Diln Fac: 1.0C0
Type: BS Lab ID: QC290478

1,1-Dichloroethens 25.00 23.33 93 59-172
Trichloroethene 25.00 24.30 97 62-137
Chlorobenzene 25.00 22.98 92 60-133

1,2-Dichloroethane-d4 107 80-122

Toluene-ds 99 80-120

Bromofluorobenzene 96 80-124
Type: BSD Lab ID: QC290479

1,1-Dichloroethene © 25.00 21.42 86 59-172 9 22

Trichloroethene 25.00 23.54 26 62-137 1 24
Chlorobenzene 25.00 23.06 22 60-1323 O 21

1,2-Dichlorocethane-d4 105 80-122
Toluene-ds 98 80-120
Bromoflucrchenzene o4 80-124

RPD= Relative Percent Difference
Page 1 of 1 6.0



c Curtis & Tormpkins, Lid.

Lab #: 178826 ocation: Richmond Field Station
Client: Stellar Environmental Solutions Prep: EPA 3520C

Project#: 2005-21 Analysisg: EPA 8082

Matrix: Water Sampled: 04/11/05

Units: ug/L Received: 04/11/05

Diln Fac: 1.000 Prepared: 04/11/05

Batch#: 101063

Field ID: 225 SOUTHWEST Analyzed: 04/14/05
Type: SAMPLE Cleanup Method: EPA 3665A
Lab ID: 178826-001

Aroclor-101e ND 0.48
Aroclor-1221 ND 0.96
Aroclor-1232 ND 0.48
Aroclor-1242 ND 0.48
Aroclor-1248 ND 0.48
Aroclor-1254 NI 0.48
Aroclor-12690 ND 0.48

TCMX 96 52-124

Decachlorobiphenyl 95 18-12¢

Field ID: NEW 50 WEST Analyzed: 04/14/05
Type: SAMPLE Cleanup Method: EPA 3665GA
Lab ID: 178826-002

Aroclor-1C1l6 ND 0.47
Aroclor-1221 ND 0.94
Aroclor-1232 ND 0.47
Arocloxr-1242 ND 0.47
Aroclor-1248 ND 0.47
Aroclor-1254 ND Q.47
Aroclor-126Q ND .47

TCMX 92 52-124
Decachlorobiphenyl 90 18-120

ND= Not Detected
RL= Reporting Limit
Page 1 cof 2 16.0



c Curtis & Tompkins, Ltd.

Lab # 178826 Location: Richmond Field Station
Client: Stellar Environmental Solutions Prep: EPA 3520C

Projectit: 2005-21 Analysis: EPA 8082

Matrix: Water Sampled: 04/11/05

Units: ug/L Received: 04/11/05

Diln Fac: 1.000 Prepared: 04/11/05

Batch#: 101063
Field ID: 50 EAST Analyzed: 04/14/05
Type: SAMPLE Cleanup Method: EPA 3665A
Lab ID: 178826-003

Aroclor 6 ND 0.47
Aroclor-1221 ND 0.54
Aroclor-1232 ND 0.47
Aroclor-1242 ND 0.47
Aroclor-1248 ND 0.47
Aroclor-1254 ND 0.47
Aroclor-1260 ND 0.47

TCMX 90 52-124

Decachlorobiphenyl 75 i8-120

Type: BLANK Analyzed: 04/12/05
Lab ID: QC290037 Cleanmup Method: EPA 3665A

Aroclor-1016 ND 0.50
Aroclor-1221 ND 1.0

Aroclor-1232 ND 0.50
Aroclor-1242 ND 0.50
Aroclor-1248 ND 0.50
Aroclor-1254 ND 0.50
Aroclor-1260 ND 0.50

TCMX 83 52-124
Decachlorobiphenyl 117 18-120

ND= Ncot Detected
RL= Reporting Limit
Page 2 of 2 16.0



c Curtis & Tompkins, Lid.

Batch QC Report

Lab #: 178826 Location: Richmond Field Station
Client: Stellar Environmental Solutions Prep: EPA 3520C

Project#: 2005-21 Analysis: EPA 8082

Type: LCs Diln Fac: 1.000

Lab ID: QC250038 Batchi: 102063

Matrix: Water Prepared: 04/11/05

Units: ug/L Analyzed: 04/12/05

Cleanup Method: EPA 366524

Aroclor-1242 5.000 4.928 g9 67-148

TCMX 22 52-124
Decachlorobiphenyl 109 18-120

Page 1 of 1 17.0



Batch QC Report

Curtis & Tompkins, Lid. .

C

Lab #: 178826 Location Richmond Field Station
Client: Stellar Environmental Solutions Prep: EPA 3520C

Project#: 2005-21 Analvysis: EPA 8082

Field ID: LZLZLLLL2ZZ Batchit: 101063

MSS Lab ID: 178712-002 Sampled: 04/04/05

Matrix: Water Received: 04/05/05

Units: ug/L Prepared: 04/11/05

Diln Fac: 1.000 Analyzed: 04/14/05
Type: MS Cleanup Method: EPA 3665A

Lab ID: QC2S0039

Aroclor-1242 <0.3349 4.762

5.123 108 46-170

TCMX 88

52-124
Decachlorobiphenyl a3 18-120
Type: MSD Cleanup Method: EPA 3665A
Lab ID: QC230040

Aroclor-1242 4.762

4,748

100 46-170 8 35

52-124
18-120

TCMX 75
Decachlorobiphenyl 68

BRPD= Relative Percent Difference
Page 1 of 1

18.0



‘ Curtis & Tompkins, Lid. .

Lab #: 178826 Project#:

Client: Stellar Environmental Solutions Location: Richmond Field Station
Field ID: 225 SOUTHWEST Diln Fac: 1.000

Lab ID: 178826-001 Sampled: 04/11/05

Matrix: Water Receilved: 04/11/05

Units: ug/L

Antimony ND €0 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Arsenic ND 5.0 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Beryllium ND 2.0 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Cadmium ND 5.0 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Chromium ND 10 101050 04/12/05 04/12/05 EPA 30104 EPA 6010B
Copper 870 10 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Lead ND 3.0 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Mercury ND 0.20 101140 04/13/05 04/13/05 METHOD EPA 7470A
Nickel ND 20 101050 04/12/05 04/12/05 EPA 3010A& EPA 6010B
Selenium ND 5.0 10165¢ 04/12/05 04/12/05 EPA 3010A EPA 6010B
Silver ND 5.0 10109C 04/12/05 04/12/05 EPA 3010A EPA 6010B
Thallium ND 5.0 101090 04/12/05 04/12/05 EPA 3010A EPA 60108
Zinc 150 20 101090 04/12/05 04/12/05 EPA 3010A EDA 60103

ND= Not Detected
RL= Reporting Limit
Page 1 of 1 7.0



Curtis & Tompkins, Ltd.

C

Lab #: 178826 Project#: 2005-21

Client: Stellar Environmental Solutions Location: Richmond Field Station
Field ID: NEW 50 WEST Diln Fac: 1.000

Lab ID: 178826-002 Sampled: 04/11/05

Matrix: Water Received: 04/11/05

Units: ug/ L

Antimony ND 50 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Arsenic ND 5.0 101090 04/12/05 04/12/05 EPA 30104 EPA 6010B
Beryllium ND 2.0 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Cadmium ND 5.0 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Chromium ND 10 1012090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Copper ND 10 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Lead ND 3.0 101090 ¢4/12/05 04/12/05 EPA 3010A EPA 6010B
Mercury ND 0.20 101140 04/13/05 04/13/05 METHOD EPA 7470A
Nickel ND 20 1010%0 04/12/05 04/12/05 EPA 3010A EDA 6010B
Selenium ND 5.0 101050 04/12/05 04/12/05 EPA 3010A EPA 6010B
Silver ND 5.0 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Thallium ND 5.9 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Zinc ND 20 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B

ND= Not Detected
RL= Reporting Limit
Page 1 of 1 8.0



c Curtis & Tompkins, Lid. .

Lab #: 178826 Projectit: 2005-21

Client: Stellar Envircnmental Sclutions Location: Richmond Field Station
Field ID: 50 EAST Diln Fac: 1.000

Lab ID: 178826-003 Sampled: 04/11/05

Matrix: Water Received: 04/11/05

Units: ug/L

Antimony ND 60 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Arsenic ND 5.9 101090 ©04/12/05 04/12/05 EPA 3010A EPA 6010B
Beryllium ND 2.0 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Cadmium ND 5.0 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Chromium ND 10 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Copper ND 10 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Lead ND 3.0 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Mercury ND 0.20 101140 04/13/05 04/13/05 METHCD EPA 7470A
Nickel ND 20 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Selenium ND 5.0 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Silver ND 5.0 101080 04/12/05 04/12/05 EPA 3010A EPA 6010B
Thallium ND 5.0 101090 04/12/05 04/12/05 EPA 3010A EPA 6010B
Zinc 24 20 101050 04/12/05 04/12/05 EPA 3010A EPA 6010B

ND= Not Detected
RL= Reporting Limit
Page 1 cf 1 9.0



c Curtis & Tompkins, Ltd.

Batch QC Report

Lab #: 178826 Location: Richmond Field Station
Client: Steilar Environmental Solutions Prep: EPA 3010A

Project#: 2005-21 Analysis: EPA 6010B

Type: BLANK Diln Fac: 1.9000

Lab ID: ©C290130 Batchi#: 101090

Matrix: Water Prepared: 04/12/05

Units: ug/L Analyzed: 04/12/05

Antimony ND &0
Arsenic ND 5.0
Beryllium ND 2.0
Cadmium ND 5.0
Chromium ND 10
Copper ND 10
Lead ND 3.0
Nickel ND 20
Selenium ND 5.0
Silver ND 5.0
Thallium ND 5.0
Zing ND 20

ND= Noct Detected
RL= Reporting Limit
Page 1 of 1 10.0



‘ Curtis & Tompkins. Ltd.

Batch QC Report

Lab # 178826 Location: Richmond Field Station
Client: Stellar Environmental Solutions Prep: METHCD

Projectf#: 2005-21 Analysis: EPA 74704

Analyte: Mercury Diln Fac: 1.000

Type: BLANK Batch#: 101140

Lab ID: QC290350 Prepared: 04/13/0%

Matrix: Water Analyzed: 04/13/05

Units: ug/L

ND= Not Detected
RL= Reporting Limit
Page 1 of 1 11.0



Batch QC Report

‘ Curtis & Tompkins, Lid.

Lab #: Location: Richmond Field Station
Client: Stellar Environmental Solutions Prep: EPA 30104

Project#: 2005-21 Analvsis: EPA 6010B

Matrix: Water Batch#: 101090

Units: ug/L Prepared: 04/12/05

Diln Fac: 1.000 Analyzed: 04/12/05
Type: BS Lab ID: QC290131

Antimony 500.0 530.0 106 78-120
Arsenic 100.0 108.9 108 74-132
Beryllium 50.00 54.31 169 80-120
Cadmium 50.00 54.91 110 80-120
Chromium 200.0 205.2 103 80-120
Copper 250.0 254.6 102 80-120
Lead 100.0C 101.3 101 66-138
Nickel 500.0 523.2 1.05 80-120
Selenium 100.G 104.5 104 58-142
Silver 50.00 52.27 105 80-120
Thallium 10C.90 108.0 108 57-144
Zinc 500.¢C 53g8.2 108 80-12¢C
Type: BSD Lab ID: QCz290132

Antimony 500.0 511.7 1oz 78-120 4 20
Arsenic 100.0 102.2 10z 74-132 6 22
Berylliium 50.00 52.37 105 80-120 4 20
Cadmium 50.00 52.64 105 80-120 4 20
Chromium 200.¢0 1%8.4 99 80-120 3 20
Copper 250.0 246.0 28 80-120 3 26
Lead 10C.0 98.28 o8 66-138 3 25
Nickel 500.0C 504.2 101 80-120 4 20
Selenium 1C0.9 102.1 102 58-142 2 31
Silver 50.00 50.56 101 80-120 3 20
Thallium 100.0 103.1 103 57-144 5 30
zZinc 500.0 5le.4 103 80-120 4 20

RPD= Relative Percent Difference
Page 1 of 1
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Batch QC Report

C

Curtis & Tompkins, Ltd.

Lab #: 826 Location: Richmond Field Station
Client: Stellar Environmental Solutions Prep: EPA 301CA

Project#: 2005-21 Analysis: EPA 6010B

Field ID: VNN Batchi#: 101050

MSS Lab ID: 178830-001 Sampled: 04/11/05

Matrix: Water Received: 04/11/05

Units: ug/L Prepared: 04/12/05

Diln Fac: 1.00C Analyzed: 04/12/05
Type: MS Lab ID: 00220133

Antimony <2.041 500.0 525.6 105

Argenic 1.362 100.0 106.2 105

Beryllium <0.04843 50.00 54 .24 108 80-120
Cadmium <0.1222 50.0C0 54,32 109 76-123
Chromium <1.771 200.0 207.0 104 79-120
Copper 2.134 250.0 2556.0 102 80-120C
Lead «1.3132 100.0 101.2 10L 495-155
Nickel <1.305 500.0 521.5 104 74-120
Selenium <3.292 100.0 103.0 103 44-156
Silver <0.5124 50.00 52.45 105 72-124
Thallium <3.2820 100.90 106.4 106 34-158
Zingc 2.523 500.0 540.7 108 79-123
Type: MSD Lab ID: QCz90134

Antimony 500.0 528.6 106 68-127 1 20
Arsenic 100.0 106.1 105 63-151 O 35
Beryllium 50.00 53.70 107 8G-120 1 20
Cadmium 50.00 54 .22 108 76-123 0 20
Chromium 2060.0 205.0 102 79-120 1 20
Copper 250.0 253.2 100 g0-120 1 20
Lead 100.0 101.0 101 49-155 0 34
Nickel 50G.0 518.0 104 74-120 1 29
Selenium 100.0 107.2 107 44-1%6 4 42
Siilver 50.00 52.04 104 72-124 1 20
Thallium 100.0 107.8 108 34-158 1 47
Zinc 500.0 532.4 106 79-123 2 20
RPD= Relative Percent Difference

Page 1 of 1 ' 13.0



c Curtis & Tompkins, Lid. .

Batch QC Report

Lab # 178826 Location: Richmond Field Station
Client: Stellar Environmental Solutions Prep: METHOD

Project#: 2005-21 Analysis: EPA 7470A

Analyte: Meroury Batchit: 101140

Field ID. LZZZZZELZZ Sampled: ca/07/05

MSS Lab ID: 178783-001 Received: 04/08/05

Matrix: TCLP Leachate Prepared: 04/13/05

Units: ug/ L Analyzed: 04/13/05

Diln Fac: 1.000

MS QC290348 <0.3878 25.00 28.25 113 80-120
MSD QC290349 25.00 27.20 109 80-120 4 20

RPD= Relative Percent Difference
Page 1 of 1 14.0



Batch QC Report

c Curtis & Tompkins, Lid.

Richmond Field'Station

Lab # 178826 Location:

Client: Stellar Environmental Solutions Prep: METHOD
Project#: 2005-21 Analysis: EPA 7470A
Analyte: Mercury Batchi: 101140
Matrix: Water Prepared: 04,/13/05
Units: ug/L Analyzed: 04/13/05
Diln Fac: 1.000

ES QCz290351 5.000
BSD QCZ5035z2 5.000

5.440
4.870

108 80-120
o7 80-120 11 20

RPD= Relative Percent Difference
Page 1 of 1
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SERVICES

May 17, 2005

Mr. Bruce Rucker

Stellar Environmental Solutions
2198 Sixth Street, #201
Berkeley, CA 94710

Reference: Richmond Field Station, 2005-21
Eberline Services Report R504066-8411

Dear Mr. Rucker:

Enclosed are results for the three water samples received at Eberline Services on

April 11, 2005. The requested analyses were gross beta (EPA900.0), tritium (H-3,
EPA906.0), and gamma emitting radionuclides (EPA901.1). The batch QC LCS, and
Blank results for the analysis were within the limits defined in the Eberline Services
Quality Control Procedures Manual. The parenthetical G after a nuclide indicates that the
result was obtained by gamma spectroscopy; a “U” in the results column indicates that
the nuclide was not detected greater than the indicated minimum detectable activity
(MDA). No problems were encountered during the analysis.

Please call me if you have any questions concerning this report.
Regards,
s Ml

Melissa Mannion
Senior Program Manager

MCM/njv

Enclosure: Report/CoC

Analytical Services

2030 Wright Avenue

P.O. Box 4040

Richmend, California 94804-0040
(510) 235-2633 Fax (510) 235-0438
Toll Free (800) 841-5487
www.eberlineservices.com



Eberline Services

ANALYSIS RESULTS

SDG 8411
Work Order R504066-01

Received Date 04/11/05

Client STELLAR ENV

Contract

Matrix WATER

Client Lab

Sample ID Sample ID Collected Analyzed Nuclide Results + 20 Units MDA

225 SOUTHEAST 8411-001 04/11/05 04/23/05 Gross Beta 1.40 + 1.1 pCi/L 1.85
05/03/05 K40 (@) u pCi/L 154
05/03/05 Co58 (G) u pCi/L 15.2
05/03/05 Fe59 (G) U pCi/L 37.7
05/03/05 Co60 {G) U pCi/L 13.8
05/03/05 Zné5 (G) U pCi/L 27.6
05/03/05 Snll3 (G) U pCi/L 13.8
05/03/05 Sbl2s (G) U pCi/L 30.8
05/03/05 Bal33 (G) U pCi/L 13.0
05/03/05 Csl134 (G) U pCi/L 13.0
05/03/05 Cs137 (G) U pCi/L 12.6
05/03/05 Eui52 (G) U pCi/L 33.8
05/03/05 Eul54 (G) U pCi/L 37.8
05/03/05 Eulss (G) U pCi/L 31.2
05/03/05 Ra226 (G) u pCi/L 23.6
05/03/05 Th228 (G) U pCi/L 15.9
05/03/05 Th232 (G) U pCi/L 47.2
05/03/05 U235 (G) U pCi/L 45.3
05/03/05 U238 (G) U pCi/L 1400
05/03/05 Am241 (G) U pCi/L 41.9
05/03/05 Tritium 28.7 + 98 pCi/L 164

NEW 50 WEST 8411-002 04/11/05 04/23/05 Gross Beta 0.791 + 1.4 pCi/L 2.35

Certified by /g:ﬁézzzb*fﬂfv”“

Report Date 05116&
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Eberline Services

ANALYSIS RESULTS

SDG 8411

Work Order R504066-01

Received Date 04/11/05

Client STELLAR ENV

Contract

Matrix WATER

Client

Sample ID

50 EAST

Lab
Sample ID

Collected Analyzed

8411-003

05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05
05/03/05

04/11/05 04/23/05

Nuclide Results + 20 Units MDA

K40 (@) U pCi/L 214

Co58 (@) U pCi/L 12.0
Fe59 (G) U pCi/L 25.5
Co60  (G) U pCi/L 11.6
Znés  (G) U pCi/L 18.8
Sn1l3 (G) U pCi/L 13.4
sb125 (G) U pCi/L 25.1
Bal33 (G) 9) pCi/L 10.8
Csl34 (G) U pCi/L 11.7
Cs137 (G) U pCi/L 11.1
Eul52 (G) U pCi/L 26.5
Eul54 (G) U pCi/L 33.2
Eul55 (G) U pCi/L 31.3
Ra226 (G) U pCi/L 20.4
Th228 (@) U pCi/L 14.9
Th232 (G) U pCi/L 47.3
U235 (G) U pCi/L 46.8
U238  (G) U pCi/L 1350
Am241 (G) U pCi/L 75.0
Tritium 94.8 + 100 pCi/L 169

Gross Beta 0.749 + 1.2 pCi/L 2.03

/“/:7 )
Certified by i}ﬁjiiLoﬂwﬂk

oy
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Report Date 05116962
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Eberline Services

ANALYSIS RESULTS

SDG 8411

Work Order R504066-01

Received Date 04/11/05

Client STELLAR ENV

Contract

Matrix WATER

Client
Sample ID

Lab
Sample ID Collected Analyzed Nuclide Results + 20 Units
05/04/05 K40 (G) ) pCi/L
05/04/05 Co58 (G) U pCi/L
05/04/05 Fe59 (G) U pCi/L
05/04/05 Co60 (G) U pCi/L
05/04/05 Zné65 (G) U pCi/L
05/04/05 Snl1l3 (G) U pCi/L
05/04/05 Sbl25 (G) U pCi/L
05/04/05 Bal33 (G) U pCi/L
05/04/05 Csl134 (G) U pCi/L
05/04/05 (Cs137 (G) U pCi/L
05/04/05 Eul52 (G) U pCi/L
05/04/05 Eul54 (G) U pCi/L
05/04/05 Eul55 (G) U pCi/L
05/04/05 Ra226 (G) U pCi/L
05/04/05 Th228 (G) U pCi/L
05/04/05 Th232 (G) U pCi/L
05/04/05 U235 (G) U pCi/L
05/04/05 U238 (G) U pCi/L
05/04/05 Am241 (G) U pCi/L
05/03/05 Tritium 75.2 + 100 pCi/L

133
15.
32.
15.
31.
16.
31.
13.
17.
13.
36.
38.
34.
23.
16.
52.

[« 2 T o T Ve B Ve B e e e AU ¥ N VB Ve S 6 £ I )

50.
1600
46.5
167

Report Date 05/16405
Page 3
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Eberline Services

QC RESULTS

SDG 8411 Client STELLAR ENV
Work Order R504066-01 Contract
Received Date 04/11/05 Matrix WATER
Lab
Sample ID Nuclide Results Units Amount Added MDA Evaluation
LCs
8411-004 Gross Beta 12.8 + 0.81 pCi/Smpl 12.1 0.561 106% recovery
Co60 (G) 282 + 16 pCi/Smpl 258 6.96 109% recovery
Csl37 (G) 291 + 14 pCi/Smpl 266 9.36 109% recovery
Tritium 260 + 17 pCi/Smpl 257 17.3 101% recovery
BLANK
8411-005 Gross Beta -0.024 + 0.30 pCi/Smpl NA 0.546 <MDA
K40 (@) U pCi/Smpl NA 65.0 <MDA
Co58  (G) U pCi/Smpl NA 5.69 <MDA
Fe59 (G) v) pCi/Smpl NA 12.2 <MDA
Co60 (G) U pCi/smpl NA 6.87 <MDA
7Zn6s  (G) U pCi/Smpl NA 12.8 <MDA
Snll3 (G) §) pCi/Smpl NA 5.86 <MDA
Sb1l25 (G) U pCi/Smpl NA 13.2 <MDA
Bal33 (G) U pCi/Smpl NA 5.82 <MDA
Csl34 (G) U pCi/Smpl NA 8.30 <MDA
Csl37 (G) U pCi/Smpl NA 6.24 <MDA
Eul52 (@) U pCi/Smpl NA 14.3 <MDA
Eul54 (G) U pCi/Smpl NA 19.8 <MDA
Euls5 (G) U pCi/Smpl NA 10.2 <MDA
Ra226 (G) U pCi/Smpl NA 11.3 <MDA
Th228 (@) U pCi/Smpl NA 7.14 <MDA
Th232 (G) U pCi/Smpl NA 24.8 <MDA
U235  (G) U pCi/Smpl NA 18.2 <MDA
U238 (@) U pCi/Smpl NA 773 <MDA
Am241 (G) 9) pCi/Smpl NA 6.57 <MDA
Tritium ~3.62 + 9.6 pCi/Smpl NA 16.4 <MDA

Certified by

7

{
Report Date 05/16
Page 4
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@3 RiCHMOND, CA LABORATORY
@ EBERLINE

SAMPLE RECEIPT CHECKLIST

T Jaw - BAU "
Client: A C C?(? : /ﬂ/h g {/7 &’7“7 glty BE f,tgg,g—y State C*ﬁ’—’
Date/Time received 1’2///03’ /345 coC No. _R00S /2/
7‘((()15/ De &y very
Container 1.D. No. £0¢0.S Requested TAT (Days) S74/ ) P.O.Received Yes[] No[]
INSPECTION
1. Custody seals on shipping container intact? Yes[ 1] No[ ] NAI[“]
2. Custody seals on shipping container dated & signed? Yes[ | No[ 1 NAT[A
3. Custody seals on sample containers intact? Yes|[ ] No[ ] NA[A
4. Custody seals on sample containers dated & signed? Yes[ ] No[ ] NAT_]
5. Packing material is: Wet [ ] Dry[ 1]
6. Number of samples in shipping container: 3 Sample Matrix WATER.
7. Number of containers per sample: _ 5 (Or see CoC )
8. Samples are in correct container Yes[/] No[ ]
9. Paperwork agrees with samples? Yes [ 1] No [ 1
10. Samples have: Tape[ ] Hazardlabels[ ] Radlabels] ] Appropriate sample labels [ ]
11. Samples are: in good conditign [\j/]) oLﬁe}kmg[ ] Broken Container [ ] Missing [ ]
12. Samples are: Preserved [ v] Not preserved [ ]pH L Ppreservative "“//\/0:2
13. Describe any anomalies:
14. Was P.M. notified of any anomalies? Yes| ] No[ ] Date
15. Inspected by Al Date: DL/////C’S Time: 13945
Customer Customer Sample
Sample No. cpm mR/hr Wipe No. cpm mR/hr wipe

lon Chamber Ser. No. Calibration date

Alpha Meter Ser. No. Calibration date

Beta/Gamma Meter Ser. No. Calibration date

Form SCP-01.2, 01-23-04

"over 55 years of quality nuclear services"




ATTACHMENT C

DTSC Comments on the
SES July 2005 Draft Well Closure Specification
and SES Responses to Comments



September 29, 2005
DTSC Comments Letter












SES Comment Response



RESPONSE TO DTSC LETTER OF 9/29/05
FOR UC RICHMOND FIELD STATION WELL CLOSURES

Comment 1. Page 11 — “Original Recharge Well”

Response: DTSC wants a down-hole video in this well to confirm the nature of the
blockage, if it cannot be removed. SES will complete the down-hole video if the
blockage persists after further probing.

Comment 2. Page 14, Table 2 — Revise thallium MCL from 20 to 2 mg/L.
Response: Correction made.

Comment 3. Table 3 - Include a footnote explaining the MDA for gamma-emitting
radionuclides.

Response: See response [footnote] in revised specs.

Comment 4. Page 15 — Include a map showing location of 15 near-surface soil samples.

Response: Attachment B contains the map showing the sampling locations.

Comment 5. “Proposed Well Destruction Methods”
5a — Grout screened interval first, let it set, then grout remainder.
Response: Specification revised to include procedure.
5b — DTSC requested perforating in the “thick clay layers” vs. “total depth perforating.

Response: Specification revised to include perforation as described in the two
distinct stratigraphic zones above the screen intervals where clays dominate.

5¢ — DTSC wants higher density of perforating in the “two depths matching the thick clay
intervals identified in the boring logs.” It wants “at least” two 5-foot rips with three cuts
per foot, at 120-degree spacing.

Response: This will be done as described (see response to 5b).



RESPONSE TO DTSC LETTER OF 9/29/05 - continued

Comment 6. Final Recharge Well, first bullet — Explain why this well has no annular space.

Response: The text has been changed.

Comment 7. Provide full copy of the report.

Response: The full report is included in Attachment A.





