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ABSTRACT

Produced water is the largest volume waste associated with oil and gas
production and requires reliable means of disposal or treatment. In October,
1990, the State of Wyoming, Marathon Oil Company and the Colorado School
of Mines entered into a cooperative venture to assess the potential of
constructed surface flow and wetland systems for the treatment of produced
water for surface discharge.

Marathon’s Pitchfork Field, located near Cody, Wyoming, was selected
as the site for a pilot treatment system. This field discharges about 10,000 to
18,000 barrels of produced water per day. The TDS of this discharge ranges
from 2340 - 2580 mg/l and is comprised of mostly bicarbonate, calcium,
magnesium, chloride, sodium and sulfate. The effluent is toxic and tests yield
an LC 50 for Ceriodaphnia of 53.59% and an LC 50 for Fathead Minnow of
61.56%. Sulfide concentration ranges from 16.8 - 48 mg/l. Radium 226 ranges
from 19.7 - 42.2 pCi/l. Total phenolics range from 130 - 150 ug/I.

Four 5000 sqft surface flow cells and one 33,000 sqgft wetland were
constructed for the pilot system in May, 1991. The system utilizes a
combination of mechanical, chemical and biological processes for treatment.
The treatment mechanisms include: air stripping; precipitation of carbonates
and radium; ion exchange; and microbial degradation and oxidation.

Field measurements and constituent analysis were performed on the
inflow and outflow 6f each cell to assess treatment performance. The sampling
occurred from-July 1991 through January 1992 at flows of 1000, 2000, 3000
and 4000 BPD. Thirteen sets of data were produced.
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The data indicate that the system generally improves water quality,
though the results are variable. Bicarbonate was removed by an average 6%,
radium by an average 21%, sulfide by an average 39%, BTEX by an average
82% and total phenolics by an average 31%.

Many variables affect the system performance. Water temperature, pH
and wind and solar intensity were identified as influencing performance. Other
performance variables are believed to exist, but were not identified.

Design criteria were developed from the study data for the design of
future systems. The design method determines the treatment cell size required
for a desired constituent concentration reduction, given a constituent mass
loading and flow rate.

Constructed surface flow and wetland systems provide an inexpensive
means of produced water treatment using available technology and materials.
They have been shown in this study to remove constituents of concern from
produced water. The ultimate feasibility of these systems hinges on a better
understanding of system performance variables and safety issues regarding
the accumulation and release of removed constituents.
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Chapter 1
INTRODUCTION

1.1 Purpose and Obijectives

This thesis is the result of research on an experimental system designed
to treat oilfield produced water. The research is a joint effort between the
Colorado School of Mines, Marathon Qil Company, the U. S. Environmental
Protection Agency, the Wyoming Department of Environmental Quality, and the
Wyoming Game and Fish Department. It is believed that produced water can be
modified in a cost-effective, engineered treatment system such that it meets all
permit standards and can be safely released into the environment.

Many benefits may be realized if such a system is successful. Qil and gas
producers may gain more flexibility in the handling and disposal of this production
waste. As well, treatment systems of this type may provide a more affordable
means of produced water disposal than those currently employed. In arid
regions, federal, state and local governments may benefit from a clean source of
water for wildlife habitat. Residents in the proximity of oil and gas production
facilities may be able to use this source of water for livestock watering or
irrigation.

The treatment system studied in this thesis is located at a Marathon QOil
Company facility in northwest Wyoming. Marathon is subject to a National
Pollutant Discharge Elimination System (NPDES) permit for the surface discharge
of produced water generated at this facility. The deadline for discharge permit
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compliance is July 1, 1992. The discharge presently exceeds the permit
limitations for radium 226 and toxicity. Given this deadline, the primary goal of
this study is to assess the feasibility of immediate application of these treatment
systems.

N To achieve this goal in the time available, a broad-based approaCh was
used to study the system. All major constituents typical to produced water were
monitored under a wide range of flow rate and ambient conditions. Within this
broad-based study, there were several specific objectives.

They include:

-assess the integrity of the treatment system and components

-assess the removal of typical produced water constituents

-identify treatment system performance influences and trends

-develop design criteria for future surface flow and wetland based
produced water treatment systems

-address feasibility of surface flow and wetland treatment systems

1.2 Scope and Characteristics of Produced Water

The United States oil and gas industry is a multi-billion dollar industry
producing some 8 million barrels of crude oil and 44 billion standard cubic feet
of natural gas per day from nearly 800,000 wells at over 70,000 sites (Perry and
Gigliello, 1989). However 2 to 99% of all the fiuids produced from oil and gas
wells are formation water. This formation water, referred to here as "produced
water", is also known as connate, brine or saltwater. Nearly 21 billion barrels of
produced water are pumped to the surface each year, representing the largest



T-4212 3

volume of waste associated with oil and gas production (Perry and Gigliello,
1989).

Produced water is believed to originate as sea water present at the time of
sediment deposition in the petroleum bearing formation. Due to physical and
chemical reactions before, during and after sediment consolidation, the chemical
characteristics of this water are modified (Van Sickel, 1989). Produced water
typically contains varying concentrations of organic hydrocarbons, salts, heavy
metals and radioactivity. Due to the presence of these constituents, produced
water is generally considered toxic.

Hydrocarbons are typically present as oil and grease, benzene, toluene,
ethylbenzene, xylenes and polycyclic aromatic. hydrocarbons. lons generally
present in significant quantities include: sodium, potassium, calcium, magnesium,
silicon, chloride, barium, strontium, bicarbonate, sulfate and sulfide. Metals that
occur in produced water vary widely between regions but may inélude some of
the following: iron, zinc, molybdenum, manganese, and arsenic. Radioactivity is
present as radium 224, 226 and 228. Radium 224 decays relatively quickly.
Because Ra 226 and Ra 228 exhibit similar chemical behaviors, Ra 226 is typically
used for radium activity measurements (Subramonian, et al, 1990).

Concentrations of these constituents varies widely between regions or even
from well to well in a given field. Water quality ranges from potable to over 20%
total contaminants. Table 1 gives several examples of constituent concentration

in produced water.



T-4212

Table 1 - Examples of various produced water constituent concentrations

Location: Alberta/Saskatchewan, Canada

TDS 12,000 - 64,000 (mg/l)
Conductivity 16,000 - 74,000 (mg/)
Sodium 3,500 - 20,000 (mg/)
Chloride 5,900 - 38,000 (mg/)
Oil and Grease 10-310 (mg/)

Source: Kok, et al, 1989

Location: Offshore Louisianna

TDS 152,660-212,100 (mg/l)
Sodium 52,248 - 76,300 (mg/)
Calcium 3,840-3,850 (mgMl)
Chloride 130,000 - 94,000 (mg/)
Bicarbonate 87-204 (mg/)
Oil and Grease 27-574 (mg/)

Source: Chen, et al, 1991

Location: State of Wyoming
Radium 226 0-2,152 (pCifl)

Source: Wagner, 1990

Location: Southeast Lousianna

Radium 226 355-567 (pCif)

Barium 1,521 -4,644 (ppb)

96hr Acute Toxicity LC50 2.6-5.8 % effluent (mysid)

96hr Acute Toxicity LC50 7.2-33.8 % effluent (sheepshead minnow)
Ocean Salinity 35,000 (ppm)

Source: St. Pe, 1990

Location: various, including Texas, Oklahoma, Louisianna

TDS 46,661 - 158,670 (mgfl)
Sodium and Potassium 17,258 - 46,000 (mg/l)
Calcium 881-9,226 (mgh)
Magnesium 498-1,791 (mg/l)
Barium 0-127 (mgh)
Chloride 29,573 - 101,479 (mg/))
Sulfate 0-157 (mg/)

Source: Ostroff, 1979
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1.3_Wyoming NPDES Permit Requirements

NPDES permits may be issued by U.S. Environmental Protection Agency
(EPA), or that authority may be delegated to the individual states. The State of
Wyoming has had primacy in this matter since 1974. NPDES permits are issued
by the Wyoming Department of Environmental Quality (DEQ) and are valid for a
period of 5 years (Wagner, 1990, 1991). The Wyoming produced water effluent
standards were adopted in 1978 and are shown in Table 2.

Table 2 - State of Wyoming produced water effluent standards

Parameter Standard

Chlorides 2,000 mg/l

Sulfates 3,000 mg/I

Total Dissolved Solids 5,000 mg/l

Oil and Grease 10 mg/l

pH 6.5 - 8.5 standard units

Toxic Substances None in concentrations or combinations that

are toxic to human, animal, or aquatic life

Source: Wagner, 1990

In 1987, the Wyoming DEQ determined that the toxicity standards were
generally not being achieved. Under Section 304(1) of the federal Clean Water
Act, the state is required to identify its toxic discharges and develop a strategy for
eliminating the toxicity by July, 1992 (Wagner, 1990). Wyoming addressed this
issue by categorizing the discharges and implementing a strategy to eliminate
toxicity on a prioritized basis.
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The toxic discharges are prioritized by receiving water type, identified as
Class 1, 2, 3 or 4 streams. Within the stream classification, there exists three
separate categories for implementation of the NPDES program. These categories
are identified by Wagner (1990) as:

Category 1 - Discharge flows immediately into a class 1, 2, or 3 water.
Category 2 - Discharge flows into a class 1, 2, or 3 water after
travelling significant distance in a class 4 water.
Category 3 - Discharge will not reach a class 1, 2, or 3 water
under dry weather conditions.

Discharges meeting category 1 criteria must be in full compliance of their
permit by July 1, 1992, which includes the following modifications (Wagner, 1990):

1. A requirement to conduct two species Ceriodaphnia and
fathead minnow acute toxicity tests on at least an
annual basis;

2. A requirement to eliminate toxicity by July 1, 1992; and

3. A list of three options for achieving compliance, including:
a. Treatment to remove acute toxicity;
b. Elimination of the discharge; or
c. Passing the two species chronic toxicity tests by utilizing
the dilution factor in the receiving stream.

The State will initiate action on category 2 discharges after July 1992 and
presently has no intent of addressing category 3 discharges.

The standards for radium are also classified by stream type. Discharges
into Class 1 and 2 waters are limited to a maximum concentration of Ra 226 plus
Ra 228 of 5 pCi/l, and discharges into Class 3 and 4 waters are limited to 60 pCi/l.
Enforcement of this standard will begin in 1992. It will be implemented such that
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20% of the discharges will be permitted each year for the next 5 years (Wagner,
1991). '

In some cases, radium permit standards allow for dilution by the receiving
water. The allowable radium standard may be increased proportionally with the
degree of effluent dilution. In this study, the dilution ratio is 38% effluent to 62%
receiving water, resulting in an allowable radium discharge of 13.2 pCi/l.
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1.4 Produced Water Disposal Alternatives

Many produced water treatment and disposal alternatives are available,
though only a few are widely used due to their cost and feasibility. Current
disposal methods include: deep well injection for secondary recovery of
petroleum; injection into Class 2 disposal wells, evaporation in lined ponds and
mechanical evaporators; and surface discharge.

Deep well injection for secondary recovery is an attractive disposal
technique, since the produced water is usually injected into the formation zone
where it originated, and the costs associated with disposal can be offset by an
increase in petroleum production. The problems associated with this method
include: water-to-oil production ratios will increase over the life of the field,
requiring more water disposal with less cost offsetting by oil production; due to
formation characteristics, the formation may not be able to accept all of the water
produced; some pretreatment is required before injection; and a surplus of water
may result when injection wells are shut-in for service.

Deep well disposal facilities generally consist of a transportation system,
collection center, pretreatment facility, injection facility and injecfion well. They are
widely used since they offer a relatively low cost alternative and are presently
perceived as a permanent solution. However, in many cases a suitable facility or
injection zone is not available, adding significant transportation costs to the
disposal. Also, formations vary in their ability to receive injection water.
Cavernous limestones may be capable of injection rates of several thousand
gallons per minute with minimal injection pressure, while dense sandstones may
require 2000 psi to inject 100 GPM (Ostroff, 1979).

Though on the lower end of the cost spectrum, injection wells are not
inexpensive. New facility installation costs range from $1 - $3 million, and
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conversion of production wells runs from $200,000 to $300,000 (Pietri, 1992).
Operating costs can range from as little as $0.04 per barrel for on-site disposal
(Brus, 1992) to $1.50 to $2.50 per barrel if the water is hauled and disposed of
at another facility (Crist, 1990).

Evaporation ponds and mechanical evaporators each have their own
inherent feasibility problems. Both concentrate the waste and leave a residual
slurry or solid requiring disposal. Evaporation ponds are considered an eyesore
by the public and can require huge tracts of relatively flat land for their installation.
Mechanical evaporators can be prohibitively expensive when large volumes of
water are produced. As well, significant operating costs can result from providing
the energy required for evaporation and physical handling of solid wastes.

Surface discharge generally requires pretreatment and permitting.
Permitting standards have been and will continue to be increasingly stringent, and
thus require effective pretreatment methods. Many accepted treatment options
are prohibitively expensive and explain the widespread use of injection facilities.
Permitting requirements are discussed in section 1.3. Pretreatment options are
discussed below.

There are many treatment options available. Each employs a chemical or
mechanical means (or some combination) of separating solids from the produced
water, and thus results in some form of residual waste requiring disposal.
Treatment alternatives include: membrane separation (reverse osmosis, cross flow
ultrafiltration/microfiltration); ion exchange resins; freeze desalination;
electrodialysis and multistage flash distillation. Each of these methods requires
some form of pretreatment. Pretreatment requirements may include: oil
separation; induced gas flotation; air stripping; pH adjustment; filtration; softening;
and microbial control.
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The addition of these pretreatment processes can significantly add to the
cost and complexity of a treatment system and may contribute to variability in
treatment results. Kok, et al, (1989), performed a technical and economical
comparison of various treatment technologies. They identified evaporation,
membrane processes and freeze desalination as the most attractive for removing
TDS from produced water. Vapor compression evaporation was selected as the
most competitive alternative. Cost estimates for this type of system treating 3800
m°/day, with 15,000-64,500 mg/l TDS were $8.9 million for the initial capital costs
and $1.2 to $1.9 million annual operating costs. Simmons (1991) identified the
costs associated with reverse osmosis as $0.40 to $2.00 per barrel depending on
the volume of water to treat, contaminant loading, location and amortization period
of capital expenditures.

Constructed wetlands have been shown to improve water quality and are
gaining popularity as a potential treatment alternative for acid nﬁine drainage,
municipal wastes, urban runoff and other point and nonpoint source water
pollution. They yield positive results when applied to waters contaminated with
metals, organic compounds, mineral forming ions, suspended solids and acidity.
Wetland systems utilize a dynamic combination of physical, chemical and
biological processes. These processes support treatment mechanisms such as
precipitation and sorption of metals and minerals, microbial degradation of
organic compounds, filtering and settling of suspended sediments and buffering
of acidity. Wetland systems are inexpensive to construct and operate, and thus
are an attractive treatment option. However, their treatment processes are not
fully understood and performance optimization criteria are not well defined.

The surface flow/wetland treatment system studied here employs many of
the same chemical, physical and biological processes used in other technologies,
namely: air stripping, precipitation, ion exchange, biological uptake and biological
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degradation. It also treats produced water by removing and concentrating
undesirable solids, thus it will require final disposal of accumulated solids and
closure of the site. It differs from other alternatives by being relatively inexpensive

and passive, requiring no energy inputs and little or no maintenance.
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Chapter 2
TREATMENT MECHANISMS

2.1 Preliminary Study

To identify treatment mechanisms required for the system design,
researchers from the Colorado School of Mines performed a preliminary study of
naturally occurring surface flow/wetland conditions to isolate the components
necessary for a successful system (Cohen, 1990 and Emerick, 1990). Prior to the
beginning of the study, water analysis had been performed on the produced
water discharges at Marathon’s Half Moon and Pitchfork fields located near Cody,
Wyoming. The Half Moon discharge flows through a series of surface flow and
wetland reaches, while the Pitchfork discharge flows through a narrow channel.
Results of the water analysis indicated greater improvement in the character of the
Half Moon effluent than that of Pitchfork. For this reason, these two fields were
selected for a preliminary study to identify natural treatment mechanisms and
establish design criteria for the treatment system.

At Half Moon, produced water flows from a skimming pond and travels
down a natural wash for approximately 100 yards. A travertine-like crust forms
a system of natural terraces on the soil and rocks. The flow is turbulent as it
passes over these cascades. The flow is approximately 10 feet wide, and the
depth ranges from 6-12 inches in pools and 1 inch over cascades. A substantial
but discontinuous slime of blue-green cyanobacteria grows throughout the
system. The flow proceeds into a small pond having various wetland vegetation,
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including cattails, rushes and sedges around the perimeter. The effluent exits the
pond and flows in a less channelized fashion for another 250 yards and enters a
second wetlands pond. Samples were collected at three points along the wash
to assess the treatment capabilities of this reach.

At Pitchfork, the discharge flows in a narrow, channelized fashion for
approximately 300 yards to the end of the lease property. The channel is
approximately 24 inches wide and 6 inches deep for most of the reach. The flow
is turbulent with some blue-green cyanobacteria lining the channel. Except for
two travertine cascades less than 10 feet in length, this discharge lacks the
dynamic features of the Half-Moon discharge. To compare the treatment
capabilities of both reaches, the Pitchfork discharge was also sampled at three
points over the length of the reach. The results of these analyses are given in
Tables 3A and 3B.

Examination of the data revealed that the combination surface
flow/wetlands system at Half Moon was more effective at improving the general
character of the effluent than the Pitchfork channel.

At Half Moon, conductance dropped 40% from 5,000 to 3000 umhos/cm.
Calcium concentration dropped over 45% from 541 to 289 mg/l. The reduction
of these two constituents is believed to be the result of calcium carbonate
precipitation. Radium 226 decreased from 21.1 to 8.9 pCi/l. The hypothesized
removal mechanism is coprecipitation with calcium as scale. Sulfide decreased
from 20 mg/l to below detection limits. The oxidation of sulfide appears to
correspond to an increase in sulfate from 1060 to 1100 mg/l.

The Pitchfork site reduced sulfide from 28.7 to 8.4 mg/l, but had a lesser
affect on conductance, ion concentrations or radium 226 concentrations.

In general, the Half Moon site demonstrated greater improvements in water
quality than Pitchfork, supporting the use of surface flow, cascade and
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Table 3A - Preliminary study results: Half Moon and Pitchfork discharges

Field Measurements

Conductance
(umho / cm)
Half Moon Pltchfork

Half Moon  Pitchfork

Temperature (deg C)

Half Moon  Pitchfork

Eh (mV)

Half Moon  Pitchfork

Discharge 5000 3700
Midstream 3500 3800
Downstream 3000 3600
Analytical Data (mg/)

TDS

Half Moon Pitchfork

74 8.0
8.3 78
78 78
Carbonate

Half Moon  Pltchfork

48 31

34 31

30 31
Bicarbonate

Half Moon Pltchfork

-140 -160

80 80

180 250
Sulfide

Half Moon  Pitchfork

pH

Half Moon Pitchfork

Discharge 3210 2680
Midstream 2710 2620
Downstream 2550 2840
lon Chromatography (mg/l)
Flouride

Half Moon  Pitchfork

<1 70
<1 81
<1 98
Chioride

Haif Moon  Pitchfork

1580 1040
881 838
871 740
Phosphate

Half Moon  Pitchfork

Discharge 4.88 403

Midstream 3.89 4.95

Downstream 3.48 4.61
Bromide

Half Moon  Pitchfork

142 208

141 213

142 214
Nitrate

Half Moon Pitchfork

0.31 0.23
<0.02 0.05
<0.02 <0.02

Sulfate

Haif Moon  Pitchfork

Discharge 0.44 8517
Midstream 0.47 498
Downstream 0.47 4.09

Radiometric Analysis (pCifl), Detection Limit = 0.2, reading +/- 1.2 pCi/l

Ra 226 - Total

Half Moon Pitchfork

0.08 0.03
0.14 <0.01
0.18 0.22

Ra 226 - Dissolved

Half Moon  Pitchfork

Discharge 211 328
Midstream 252 28.2
Downstream 8.9 206

N/A = data not avallable

185 208.1
N/A 284
- %) 254

1060 843
1100 830
1100 281

20.0 287
26 128
<0.0t 8.4

7.50 8.12
7.24 7.09
7.860 7.83

14
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Table 3B - Preliminary study results: Half Moon and Pitchfork discharges

Cation Concentration - Total Solids (mg/l)
Sodium Magnesium

Half Moon  Pitchfork Half Moon  Pitchfork

Calclum

Half Moon  Pitchfork

Strontium

Half Moon Pitchfork

Sllicon

Haif Moon  Pitchfork

Discharge 200 380 131 104

Midstream 209 374 132 104

Downstream . 27 378 134 105
Potassium Boron

Half Moon  Pitchfork Half Moon  Pitchfork

545 316

387 2n

285 274
Lithium

Half Moon  Pitchfork

73 8.1

84 54

59 5.4
Barium

Half Moon  Pitchfork

5.1 48

57 46

8.4 a7
Iron

Half Moon  Pitchfork

Discharge 50 89 1.4 1.4
Midstream 57 67 1.6 1.3
Downstream 82 68 17 1.3

Cadmium - less than 0.01 mg/, all locations

Selenium - less than 0.13 mg/l, all locations

Copper, Zinc, Chromium - less than 0.02 mg/l, all locations
Aluminum - less than 0.1 mg/l, all locations

Cation Concentration - Dissolved Solids (mg/l)
Sodium Magnesium

Half Moon  Pitchfork Half Moon  Piltchfork

0.68 143

0.72 1.44

0.73 1.45
Calcium

Half Moon  Pitchfork

0.044 0.045
0.026 0.038
0.021 0.038

Strontium

Half Moon  Pitchfork

<0.020 0.028
0.024 0.043
0.048 0.052

Silicon

Half Moon  Pitchfork

Discharge 208 375 133 103

Midstream 218 373 133 104

Downstream 26 381 132 105
Potassium Boron

Half Moon Pitchfork Half Moon  Pitchfork

541 324

380 -1e4

289 274
Lithium

Half Moon Pitchfork

82 8.1

6.9 57

6.1 5.7
Barium

Half Moon  Pitchfork

84 54

8.8 5.4

8.4 5.5
Iron

Half Moon Pitchfork

Discharge 56 82 17 1.4
Midstream 59 ” 1.7 14
Downstream 64 73 1.7 1.5

Cadmium - less than 0.01 mg/,, all locations

Selenium - less than 0.13 mg/l, all locations

Copper, Zinc, Chromium - less than 0.02 mg/l, all locations
Aluminum - less than 0.1 mgi, all locations

0.72 1.48
0.72 148
0.74 1.47

0.047 0.052
0.028 0.045
0.021 0.043

<0.02 <0.02
<0.02 <0.02
0.024 0.024

15
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wetland elements in a passive treatment system. The surface flow and cascade
elements, and the turbulent flow that results, are believed to aid in stripping
hydrogen sulfide, volatile hydrocarbons and carbon dioxide. Reducing sulfides
and volatile hydrocarbons should improve the toxicity of the effluent, though no
toxicity testing was performed during the preliminary study. The reduction in
carbon dioxide partial pressure in the effluent enhances the precipitation of
carbonates and coprecipitation of radium. The wetland elements are believed to

support ion exchange and biodegradation of persistent hydrocarbons.

2.2 Air Stripping and Volatilization

Air stripping is well established as a means of adding gases such as
oxygen to water or removing various constituents from water such as volatile
organic compounds (VOCs), hydrogen sulfide and other dissolved gases. The
mass transfer rate of a compound between water and air depends upon the
relative volatility of the compound, the temperature, its concentration at the air-
water interface and the rate at which new air-water surfaces are formed.
Dissolved salts in the water affect the solubility of some gases and will reduce the
dissolved gas concentrations.

Henry’s law defines the relative volatility of various substances. It states
that the partial pressure of a constituent in solution is proportional to the
concentration of the constituent in air (Corbitt, 1989). Henry’s constant
determines the saturation concentration of a compound in a liquid at a given

temperature.
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Henry’s law is given by:

where:

P, = the partial pressure of constituent a in air
H, = Henry’s constant for constituent a, (atm)
X, = the solution concentration of contaminant a

Thus, the larger the Henry’s constant, the more readily a constituent may
be air stripped. When many constituents are present in a wastewater, each
having a different Henry’s constant, air strippers are typically designed to remove
the most persistent constituent. Values for Henry’s constants may be obtained
from handbooks‘ or determined experimentally. Table 4 gives the Henry’s
constant for some of the constituents of concern in this study.

Table 4 - Henry’s Constant for Selected Compounds

Constituent Henry’s Constant @ 20°C, atm
oxygen 43 X 10
carbon dioxide 1.51 X 10°
hydrogen sulfide 5.15 X 10°
benzene 24 X10°

Source: Corbitt, 1989
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Henry’s constants are highly temperature depe‘ndant. For example, the
Henry’s constant for most VOCs increases about threefold for every 10°C
temperature rise (Corbitt, 1988). This temperature relationship is given by:

log,H=(-H/RT) + K
where:
H = the Henry’s constant
H° = the change in enthalpy due to dissolution of constituent a in
water, kcal/kmol
R = the universal gas constant, 1.987 kcal/kmol-°K
T = absolute temperature, °K
K = a constant

Values of H° and K for selected constituents are given in Table 5.

Table 5 - Temperature Dependance of Henry’s Constant

Compound H°, kcal/kmol K

oxygen 1.45 X 10° 7.11
carbon dioxide 2,07 X 10° 6.73
hydrogen sulfide 20 X 10° 5.84
benzene 3.68 X 10° 8.68

Source: Corbitt, 1989
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Higher temperatures increase the volatility of constituents and decrease
their saturation concentrations. Thus, volatile materials are more readily stripped
in warm water than in cold. Similarly, the removal of some materials is pH
dependant. Low pH can aid in the removal of hydrogen sulfide, carbon dioxide
and ammonia.

The two-film theory describes the mass transfer across the air-water
contact area. It states that mass transfer occurs between a thin film at the liquid-
gas interface, and that the bulk of the gas and liquid are not directly involved
(Heilshorn, 1991). Since mass transfer occurs at the air-water interface, it is
desirable to facilitate as much interfacial area as possible. Ostroff, (1979) explains
how a water surface film acts as a barrier to mass transfer. It is believed that oils,
soaps, detergents, organic acids and some organisms enhance this barrier.
Conversely, increased temperatures and agitation are believed to reduce the
resistance of this film.

At a given temperature and pressure, Haney (1954), defines the rate
equation for gas released from water as:

log,, [(S - C) / (S - C)] = -K(AV)t

where:

S = saturation concentration of the gas in water, (ppm)
C. = the concentration at time t, (ppm)

C, = the initial gas concentration att = 0, (ppm)

A = the area of gas-water interface. (cm?)

V = the volume of water, (ml)

K = a constant

This relationship describes a gas in a supersaturated state. As the gas is
released, the concentration approaches the saturation concentration, S. The rate
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of release decreases logarithmically as the saturation concentration is
approached. Also, at a given temperature and pressure, increasing the area of
the gas-water interface allows a proportional decrease in the treatment time.

Air stripping hydrogen sulfide depends largely on the characteristics of the
water and the amount of carbon dioxide present. Hydrogen sulfide is roughly
three times more soluble in water than carbon dioxide. Thus, carbon dioxide will
be released before hydrogen sulfide during aeration. This can lead to an increase
in pH in waters having significant source of alkalinity, such as bicarbonate, and
no source of mineral acidity. At pH 5.0, the sulfide present is 98.0% hydrogen
sulfide gas and is readily stripped. At pH 8.0, the sulfide present is only 6.0%
hydrogen sulfide gas. In this case the sulfide ion persists and is not effectively
stripped (Ostroff, 1979). When the sulfide ion persists, some of it may oxidized
to elemental sulfur. This is illustrated by the equation:

HS +120,->H0+S

When carbon dioxide is present in concentrations greater than 5 ppm, it
may be reduced by air stripping. As discussed above, stripping carbon dioxide
may lead to an increase in pH. If the bicarbonate concentration is greater than
200 ppm, some calcium carbonate precipitates (Ostroff, 1979).

2.3 Carbonate Precipitation

Calcium carbonate precipitation can provide a desirable means to remove
calcium and bicarbonate ions from produced water. Additionally, radium
concentrations may be reduced via coprecipitation with calcium. Under
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conditions of supersaturation, these ions will precipitate to form a scale. Calcium
carbonate generally forms large crystals, but in the presence of impurities, the
crystals are finely divided and appear uniform (Ostroff, 1979).

Carbon dioxide, and its function in carbonate equilibrium, plays a key role
in calcium carbonate precipitation. All natural water systems have some dissolved
carbon dioxide, and in the case of produced water, the carbon dioxide is primarily
derived from the decay of organic material. Carbonic acid forms when dissolved
carbon dioxide reacts with water. The carbonic acid undergoes further
dissociation to form bicarbonate and carbonate ions. These reversible reactions
are given by:

CO, + H,0 <--> H,CO,
H.CO, <---> H* + HCO,
HCO, <--> H* + CO,?

Since the second equilibrium constant for the dissociation of carbonic acid
is much smaller than the first, the ionized hydrogen from the first reaction would
combine with the free carbonate ion in the water. For this reason, it is believed
that dissolved calcium carbonate exists only as calcium and bicarbonate ions
(Ostroff, 1979). This assumption is applied in the following reversible equation

describing the precipitation of calcium carbonate.
Ca(HCQ,), <---> H,0 + CO, + CaCO,

This relationship illustrates the role of carbon dioxide in the solubility of
calcium carbonate. At equilibrium, a decrease in carbon dioxide will yield an
increase in calcium carbonate precipitate. As determined by Miller (1952), at
24°C, caicium carbonate solubility tripled from roughly 1 g/l to 3 g/l when the
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partial pressure of carbon dioxide was increased from 1 atmosphere to 50
atmospheres.

The solubility of various substances dissolved in water is dependant on
temperature, pressure, pH, redox potential, the relative concentrations of other
constituents and the characteristics of the substance itself. Though all of these
factors influence the solubility of calcium carbonate, temperature, due to its effect
on the other variables, has the greatest influence on precipitation (Cowan, 1976).

According to Cowan and Weintritt (1976), the formation of mineral scales

depends upon:

(the) degree of supersaturation of the water, rate of temperature
change, degree of agitation of the mineralized water during the
formation of crystals, size and number of seed crystals used
(organic and inorganic), presence of impurities, changes in pH of
the solution, and changes in pressure.

Supersaturated solutions contain higher constituent concentrations than at
equilibrium. Supersaturation must exist for scale precipitation to occur. As well,
the rate of scale deposition corresponds to the degree of supersaturation.
Temperature, pH, pressure, flow rates and seed material are all controlling factors
of supersaturation.

Calcium carbonate has an inverse solubility. That is, it is less soluble at
high temperatures than it is at low temperatures. The amount of scale produced
therefore increases with an increase in temperature. This is evident as calcium
carbonate often creates scale problems in heat exchangers and boilers.

Turbulence and agitation tend to precipitate scale more readily than still
conditions. Agitation also tends to produce larger crystals. This is demonstrated
as scale is more likely to occur in valves and ells, than in straight reaches of pipe.
Hostomsky and Jones (1990) attribute this phenomena to the increased frequency
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of ionic particle collisions. They have observed both increased crystal growth
rates and increased rates of crystal nucleation to result from increased agitation.

The formation of seed crystals, or nucleation, is essential to development
of scale. When nucleation occurs, individual molecules agglomerate and orient
themselves into a crystal lattice (Cowan, 1976). Nuclei under a certain minimum
size may be redissolved. Those that persist become stable and promote further
agglomeration. Hostomsky and Jones (1990) found the agglomeration of
previously formed crystals, rather than the growth of new crystals, to be the
primary mechanism for increasing particle size.

Salts and other impurities in solution increase the solubility of calcium
carbonate. Xyla, et al (1991) found the presence of metal ions or other foreign
substances to reduce the rate of precipitation. They attribute this result to the
blocking of active crystal growth sites by foreign anionic and cationic substances.

pH is a measure of the free hydrogen ions in solution and thus describes
the state of carbonate equilibrium and relative fraction of dissolved carbon
dioxide. Lower pH indicates relatively higher concentrations of carbon dioxide in
solution. This acidity tends to keep scale forming solids in solution. Increasing
pH tends to precipitate these solids.

Produced water may originate in subsurface formations having pressures
as high as 20,000 psi (Cowan, 1976). .Under these conditions, extremely high
concentrations of dissolved carbon dioxide may exist. As this water is brought
to the surface, this gas is liberated. As discussed previously, this reduction in
carbon dioxide leads to the precipitation of calcium carbonate scale.

Though the above factors regulate precipitation, they do not describe
whether or not the precipitate will adhere to something and form a scale. At high
levels of supersaturation, and to some degree at higher temperatures, calcium
carbonate may form as a nonadherent particle. Little is known about the cause
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of precipitation adherence. Cowan (1976) reports that greater wetting of surfaces
increases adhesion, though after scale is established, this has less of an influence.
Also noted, was a tendency for scale to adhere better at gas-liquid-solid
interfaces, such as tank walls, and on corroded surfaces.

Barium sulfate, calcium carbonate and calcium sulfate are typical
constituents of produced water. Yet, at 25°C, in distilled water, they each have
distinctly different solubilities of 0.0023 g/l, 0.053 g/l and 2.08 g/l reépectively.
Oxygen, carbon dioxide and hydrogen sulfide are highly reactive in water and can
contribute to the formation of solids when equilibrium conditions are altered.

Saturation indexes have been developed to predict whether a given water
will precipitate or dissolve calcium carbonate scale. Most saturation indexes are
not suited for the high salt concentrations of produced water. Stiff and Davis
(Ostroff, 1979) developed a relationship commonly used in the oilfield, termed the
stability index. The Stiff and Davis stability.index is given by: |

Sl = pH - K- pCa - pAlk
where:

S| = the stability index

pH = pH of the water, standard units

K = an empirical constant to compensate for various ionic strengths
and temperatures

pCa = the negative logarithm of the calcium ion concentration in
moles per liter

pAlk = is the negative logarithm of the total alkalinity, titrated to the
methyl orange end point, expressed in terms of titratable
equivalents per liter
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A positive stability index indicates that scale will be precipitated and a
negative index indicates that scale will be dissolved. This prediction is not always
correct, but some inaccuracies are believed to be due to faulty Water analyses.
The index should not be used to determine the volume of scale that results.

For more on the stability index, see Ostroff, 1979.

2.4 Biological Mechanisms

Bacteria are found nearly everywhere on earth and thus are usually present
in produced water. Many forms of organic and inorganic materials are present
in produced water and the environments it contacts. These materials provide
nutrients and energy for the bacteria and promote their growth. Ostroff (1979)
notes that bacteria flourish best under the foliowing conditions: pH from 5 to 9;
temperature from 0 to 180 °F; and brine concentrations under 100,000 ppm. He
groups bacteria present in produced water into three classifications: obligate
aerobes, that grow only in the presence of molecular oxygen; obligate anaerobes,
that grow in the absence of oxygen; and facultative anaerobes, that grow with or

without oxygen.

Caswell, (1992) has identified some of the bacteria present in this treatment
system and the treatment mechanisms they provide. These mechanisms include
microbial degradation of hydrocarbons and microbial oxidation of sulfur. In his
study, he attributes microbial degradation to an average reduction in total
phenolics of 85 ppb across the treatment system. He has theorized that up to
70% of the sulfur removed from the system is due to microbial oxidation of sulfur
to sulfate. For more on the identification of these bacteria and the treatment
mechanisms they provide, see the work of Caswell, 1992.
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Chapter 3
TREATMENT SYSTEM DESIGN

3.1 Background and Layout

Marathon’s Pitchfork Field was selected as the location for the treatment
facility. The Pitchfork Field is located in the Bighorn Basin near Meeteetse,
Wyoming and covers roughly 800 acres. The land is leased from the of Bureau
of Land Management and private parties. The well field consists of 58 producing
wells and 31 injection wells yielding approximately 5500 barrels of oil and 110,000
barrels of water per day. The bulk of the produced water at this field is used for
secondary recovery. A surplus of 10,000 to 18,000 barrels of water per day is
surface discharged. The effluent travels down two miles of dry wash until its
confluence with Rawhide Creek, a Class 2 stream. Rawhide Creek flows for
approximately ten miles before discharging into the Greybull River.

The treatment system is built on ten acres of lease property near the field
tank battery; A portion of the surface discharge is used for evaluation of the
system. The remaining portion of the effluent is diverted around the treatment
system. Both effluents come together near the lease property boundary and
proceed down the wash.

The water analysis results from the preliminary study supported an
engineered surface flow/wetlands system design. A two stage system was
designed utilizing a surface flow component and a wetland component. The
surface flow component is designed to provide aeration and gas stripping under
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turbulent flow conditions. These mechanisms will strip hydrogen sulfide and
promote the oxidation of sulfide to sulfate. In the presence of nucleation sites,
these mechanisms will also encourage the precipitation of carbonates and
coprecipitation of radium. The wetland stage is designed to provide an
environment for microbial degradation of hydrocarbons, and may support ion
exchange with sediments and ion uptake by aquatic vegetation.

There was, and continues to be, debate over the order in which these
components should be placed in the system. Wetlands often utilize subsurface
flow and can be primarily anaerobic. As such, if placed downstream of the
surface flow stage, the wetland could reduce sulfate to sulfide, potentially
increasing the toxicity of the effluent. Also, carbonates and radium may be
remobilized. Conversely, if the wetland were placed above the surface flow stage,
it would receive untreated water. It was believed that the toxicity of the effluent
at this point might be detrimental to microorganisms and aquatic vegetation. For
this reason, the wetland stage was constructed downstream of the surface flow
stage. The system was positioned on the site such that a second surface flow
stage could be constructed below the wetland if treatment results warrant it. The

overall system layout is shown in Figure 1.

3.2 Skimming Ponds

The produced water and crude oil are separated using APl separators and
heater treaters at the tank battery. The produced water then flows though a
series of three constructed ponds designed to allow remaining oil to float to the
surface and be skimmed off. Water for the treatment system is drawn off of the



28

T-4212

INoAe} waysAs jjetanQ - | ainbi4

S343V $'0T = AJIA TWI3AO

\|n AMVONNOE 38V

T NV UIA

STI30 AU 3dviuns

SNVL JALIMNTOA y

ONOd ONIHWDIS

s3gnl
NOHJIS

A [ — .mzzxo SSYAAE ONVILIA

e
ﬁhﬂﬂ/\\ / \\L

“ONNVHD SSVdAE WILSAS II/




T-4212 29

third skimming pond through a siphon tube. The siphon tube allows water to be
drawn from the pond without the encroachment of floating oil. The siphon
consists of 8" PVC pipe assembled in a tee and rotated such that arms of the tee
are vertical. The lower arm of the tee extends two feet below the water surface
to reduce the chance of oil being drawn in from the surface. The upper arm of
the siphdn extends above the pond retaining wall to prevent any oil contamination
in the event of the pond overflowing. The siphon is situated below the elevation
of two existing bypass siphons to ensure primary draw for the treatment system.
The bypass siphons discharge excess effluent not entering the treatment system
into a bypass channel routed around the system.

3.3 The Surface Flow Stage

To assess the treatment efficiency of various surface contours, four different
surface flow cells were constructed. These are shown in Figure 2. Each cell is
50 feet wide and 100 feet long. The upper two cells are constructed on a 3%
grade. One of the cells is planar through its entire length and the other has three
constructed terraces to enhance aeration. The terraces are each 12 inches high
and are spaced at 25 foot intervals down the length of the cell. The terrace
construction detail is .shown in Figure 3.

Each of the upper cells is lined with 20 mil chlorinated polyethylene,
covered by a 12 ounce geotextile and topped with 1 and 2 inch angular gravel.
The gra\)el depth is typically 1 to 3 inches, but is much more in some cases. In
particular, the planar cell has gravel depths in excess of 6 inches in some places
due to ruts caused by the loader used to distribute the gravel.
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The lower two cells are directly below the upper cells and receive the
effluent exiting the upper cells. When constituent removal occurs in the upper two
cells, the lower cells receive water with lower constituent concentrations than the
upper cells. These differences in constituent loading to the upper and lower celis
should be considered when examining the treatment results.

The lower cells consist of compacted native soil and are not lined. One of
the lower cells is constructed on a 3% grade and the other on a 2% grade. A
more extreme difference in grades between these two cells was originally planned,
but was not possible due to site topography and budget constraints.

The effluent leaving the upper cells is evenly distributed over the width of
the lower cells through an intermediate channel. The effluent is collected in this
channel and spills over weir strips fastened to the channel. The height of the weir
strips is adjustable to compensate for settling of the channel. The effluent exiting
the lower cells is received by discharge channels located at the bottom of each
cell. Both the intermediate and discharge channels are fitted with drains to
measure the flow leaving each of the four cells. These drains are routed to the
volumetric tank for measurement. Figure 4 shows the construction detail of these
channels.

The perimeter of the surface flow stage is surrounded with berms to
contain the treatment water within the cells. The berms are constructed of native
soil and are 8 to 12 inches high. The lined cells have lined berms. The liner and
geotextile are keyed into the top berms to prevent downslope movement.

The different cell designs were constructed as such to compare the relative
treatment value associated with terraces, a lined gravel surface, a soil surface and

increased retention time.
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3.4 The Distribution System

The distribution system controls the flow entering the surface flow cells.
The effluent flows from the skimming pond siphon 175 feet to the head of the
surface flow stage in 8" PVC pipe. There, it enters a tee where it is divided into
two legs and reduced down to 4" PVC that feeds the system. Each 4" leg leads
into a control manifold. Each manifold consists of a gate valve for flow control,
a system shut-off valve and a bypass shut-off valve.

In bypass mode, the effluent is diverted through a 6" PVC drain to the
volumetric flow measurement tank. The flow measurement tank is installed to
assess treatment efficiency under various flow rates and would not necessarily be
a part of an operational system. In operational mode, the effluent enters the
surface flow system. Water is distributed evenly across the width of each cell
using 6" PVC gated irrigation pipe with 20" gate spacing. The irrigation pipe rests
on 4 X 4 timbers to assist in aeration as the water exits the pipe. The distribution

system detail is shown in Figure 5.

3.5 The Connecting Channel

" A constructed channel carries the combined effluent from the surface flow
stage to the wetland. The channel is 20 inches wide, 185 feet long and runs on
approximately 5% grade. It is lined with 6 inch river rock and 1 and 2 inch gravel.
Water depth ranges from 1 to 12 inches as the flow cascades over the rocks.
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The channel empties into a small sedimentation pond where the flow
velocity slows. The pond is approximately 18 feet long, 10 feet wide and 2 feet
deep. The pond was constructed to retain nonadherent scale particles and
eroded sediments from the compacted soil cells. After 8 months of operation the
pond was full of sediment and was dredged out.

The volumetric flow measurement tank is located at the head of the
channel. The tank has a 300 gallon capacity and is made of PVC. The tank was
calibrated in the field to 10 gallon increments to measure flow rates. Before
performing a flow measurement, the representative flow is run through the tank
for 15 minutes to allow equilibration of the flow lines. Flow measurements are
performed by plugging the tank drain and recording the time it takes to fill the
tank with 100 gallons of water.

The connecting channel is detailed in Figure 6.

3.6 _The Wetland Stage

The wetland stage covers roughly three quarters of an acre. It is flat and
was brought to grade with roughly 50% cut and 50% fill of material. Its shape is
largely due to site topography. Treatment water is contained in the wetland with
compacted berms on the fill portions and with cut slopes elsewhere. Three
interior berms force the water to flow in a sinuous pattern. This increases the
retention time of flow through the wetland. All berms and fill materials consist of

native soil. Figure 7 shows the wetland layout.
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After the wetland was excavated to its present shape, organic material was
incorporated into the soil to aid in the establishment of aquatic vegetation.
Roughly 190 cubic yards of cow manure and 90 bales of straw were spread over
the wetland surface. This material was then ripped into the soil to a depth of 12
inches using a bulldozer.

Wetlands vegetation was transported from Marathon’s Oregon Basin Field
and transplanted into the wetland. Approximately 30 cubic yards of plugs
consisting of rushes, sedges and cattails were used for transplanting. The
wetland was immediately flooded to help the plants get established. It should be
noted that this initial flood water was untreated and flowed through the wetland
for four weeks. Contrary to concerns over the toxicity of this water, it seemed to
have little or no effect on the plants during this early stage of development. After
the first four weeks, the surface flow cells were operational and the wetland
received the effluent from these cells. Significant plant growth was observed in
the wetland after two weeks, increasing to approximately 80% coverage after
eleven weeks.

When examining the results data, the reader should keep in mind that the
wetland receives the combined flow from both sides of the surface flow stage.
When a flow is reported as 1000 BPD in the data tables, the wetland flow is twice
that, or 2000 BPD.

3.7_The Wetland Inlet and Outlet

A distribution box is used to regulate and measure the flow entering the
wetland. A plastic V-notch weir measures the flow rate into the wetland and an
adjustable spillway allows flow to be bypassed around the wetland. The box is
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constructed from wolmanized lumber and is lined with 20 mil chlorinated
polyethylene. The distribution box construction detail is shown in Figure 8.

An outlet dam is used to measure the flow rate exiting the wetland and
regulate its depth. The dam is constructed from wolmanized lumber, lined with
20 mil chlorinated polyethylene and incorporated into the wetland perimeter berm.
An adjuétable plastic V-notch weir is mounted to the dam. Adjusting the weir
height regulates the wetland depth while providing relatively precise flow rate
measurements. Figure 9 shows the outiet dam construction detail.

Additional fabrication drawings for various minor components such as weir

strips and weir plates are given in Appendix A as Figures A1 - A6.
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Chapter 4
SAMPLING AND ANALYSIS

4.1 _Sampling Objectives

Both field measurements and laboratory analysis were performed on the
effluent to assess the efficiency of the treatment system. The field measurements
and constituent analyses selected were based on a need to identify the character
of the water in the system, define potential treatment indicators and assess the
removal of typical produced water constituents. Constituent concentrations were
tracked through the system to identify successful system components and ideal
flow rates. Field measurements corresponding to these constituent
concentrations are used to identify trends in performance and ideal treatment
conditions. = When components are successful at reducing constituent
concentrations, the data are used to develop relationships for future system

design criteria.

4.2 Sample Locations

To assess the performance of each component in the treatment system,
samples were collected at eight different locations. The locations were selected
to provide a measure of the effluent character into and out of each component in

the system. These locations are shown in Figure 10.
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Legend for Sample Locations, Figure 10

-Sample location (1) is the untreated effluent flowing out of the skimming
pond.

-The symbol conventions (T) and (P) are used to identify flows through the
terraced cell side and the planar cell side of the surface flow cells.

-Locations (1T) and (1P) represent the effluent entering the two lined, gravel
surfaced cells.

-Locations (2T) and (2P) represent the effluent after 100 feet of surface flow
over the lined, gravel surfaced cells.

-Locations (3T) and (3P) represent the effluent after another 100 feet of
surface flow over the unlined soil cells.

-Location (4) represents the effluent entering the wetland.

-Location (5) is located 60 feet below the outlet of the wetland and
represents the final degree of effluent improvement.

-Location (6) represents the natural improvement to the bypass channel as
it travels approximately 900 feet.



45

T-4212

suoieso ejdwes - 01 8inbiy

11

dl

12

EE N

d4

d€




T-4212

4.3 Field Measurements and Constituent Analysis

Thirteen sets of samples were collected from July 25, 1991 through January
23, 1992. Both field measurements and laboratory constituent analysis were
performed at each of the sampling dates. Flows tested during this period
included: 1000, 2000, 3000, and 4000 BPD into each side of the surface flow cells
which yielded combined flows of 2000, 4000, 6000 and 8000 BPD into the
wetland. Each flow rate is converted to gallons per minute and cubic feet per
second in Table 6. The sampling schedule was designed to assess the treatment
capacity of the system at a variety of flows under different seasonal conditions.
Two sets of night samples, taken at approximately 1:00 am, were also performed
to compare the diurnal performance of the system. One set of samples was
taken at dusk, approximately 5:00 pm. Other typical daytime sampling occurred
at approximately 1:00 pm.

Typical field measurements include: ambient air temperature, water
temperature, pH, redox (Eh), conductivity and dissolved oxygen (DO).

Both water and air temperature measurements were performed with a
mercury thermometer measuring degrees Celsius.

pH measurements were performed using an Orion 81-02 probe and model!
401 meter. A one point buffer (pH 7) calibration was used. pH measurements
were repeated on each sample until the same pH reading was observed twice.

Redox measurements were performed using an Orion 96-78 platinum
electrode and model 401 meter. Light’s solution was used for calibration. The
digital redox meter was allowed to fully stabilize before recording the reading.
| Conductivity measurements were performed using a YSI model 33 SCT
meter and field probe. A standard KCI solution was used for calibration. The
meter was allowed to stabilize for approximately 10 seconds.
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Table 6 - Flow Rate Conversions

1 oilfield barrel = 42 gallons
1 gallon = 0.13368 cubic feet

barre|s per day
1000

2000
3000
4000
6000
8000

gallons per minute

47

cubic feet per second

29.17
58.33
87.50
116.67
175.00
233.33

0.065
0.130
0.195
0.260
0.390
0.520
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Dissolved oxygen was measured with a YSI 5739 self-stirring probe and a
model 51B meter. Dissolved oxygen samples were placed in glass BOD bottles
for measurement. The recommended water in air calibration was performed prior
to each set of measurements. The DO meter was allowed to stabilize and the
reading was not recorded until the meter maintained a steady reading for at least
one minute.

These field measurements were taken to describe the condition of the
water and the tendency for various chemical and biological reactions to occur in
the treatment components. The reactions referred to here are described in
Chapter 2.

In staying consistent with a broad based approach to this study, many
constituents typical to produced water were analyzed. Laboratory analysis was
performed for: potassium, sodium, chloride, calcium, magnesium, carbonate,
bicarbonate, radium 226, sulfide, sulfate, BTEX components (benzene, toluene,
ethylbenzene and xylenes), total phenolics, total dissolved solids and occasionally
toxicity and alkalinity. These analyses were performed to compare the character
of this effluent to other produced waters and assess the treatment effectiveness
of the system components. The field measurements may allow approximate
calculation of constituent removal, however, the analytical data will be used as a
more accurate measure of the system'’s performance.

Energy Laboratories of Bilings, Montana performed the constituent
analysis. They are certified under the Safe Drinking Water Act by the EPA, region
8 and the States of Montana, Wyoming, North Dakota and South Dakota. Their
analytical methods conform to guidelines set forth by the U. S. EPA, the American
Society for Testing and Materials (ASTM), the Association of Official Analytical
Chemists (AOAC) and the American Public Health Association (APHA). As
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provided in their sales literature, Table 7 identifies the analytical methods and
detection limits used by Energy Laboratories.

Field measurements were performed by the author and analytical samples
were taken by CSM researcher, Peter Caswell. This division of responsibility
continued for the duration of the study to maintain consistency in sample location
and methodology. Except for DO measurements, the first nine sets of field
measurements were performed in the treatment cells. The last four field
measurements sets, taken in November and January, were performed in a shed.
One liter samples were taken from each sample location and field measurements
were performed immediately. Analytical sampling methods were consistent for the
entire study. Samples were collected in plastic bottles, labelled and appropriate
preservatives were added. The samples were then placed in plastic coolers and
packed in ice. The coolers were shipped within 24 hours via overnight delivery
to Energy Laboratories.

A quality assurance and quality control scheme was designed for this study
by CSM researcher Peter Caswell. It covers areas such as QA/QC objectives,
sample handling and storage techniques, sample preservatives, sample
identification and chain of custddy. For more on the QA/QC used in this study,
see the work of Caswell, (1992).
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Table 7 - Analytical Methods and Detection Limits Used by Energy Laboratories

Constituent
potassium
sodium
chloride
calcium
magnesium
carb/bicarbonate
radium 226
sulfide

sulfate

BTEX

total phenolics
TDS

Method

EPA 258.1/200.7
EPA 200.7

EPA 325.3

EPA 215.1/200.7
EPA 242.1/200.7
EPA 130.2

EPA 903.1

EPA 376.2

EPA 375.3

EPA 602/8020
EPA 420.2

EPA 160.1

Detection Limit

1.0 mg/l
1.0 mg/l
1.0 mg/l
1.0 mg/l
1.0 mg/l
1.0 mg/l
0.2 pCifl
0.04 mg/l
1.0 mg/l
0.5 ug/l
0.01 mg/l
1.0 mg/l
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Chapter 5
RESULTS AND DISCUSSION

5.1 System Integrity

The overall system performance has been good for the first eight months
of operation. No major modifications or repairs have been required. It has
sustained a variety of weather conditions and combined flows up to 12,000 BPD.
Some berm reconstruction was required on one surface flow cell and the wetland
initially, but the berm has not breached or leaked significantly since the repairs.

The surface flow distribution system provides good flow rate control and
distributes the water evenly over the width of the cells. The irrigation pipe in the
distribution system requires monthly clean out due to an accumulation of bacteria
and scale in the gates. The plastic irrigation gates eventually break after some
time during clean out and adjustment and must be replaced. Metal gates would
help this problem. The inlet pipes below the gate valves have developed
approximately 3/8" of scale on the pipe walls after eight months. This has
reduced the maximum flow capacity of the system to 12,000 BPD. They will
require periodic clean out or replacement.

The lined gravel cells created desired effects of turbulence and aeration.
Water depths in the cells ranged from 1/2 to 1 inch. The gravel tends to hold a
lot of live and decaying bacteria. Much of the live bacteria is beneficial and
converts sulfur to sulfate and degrades hydrocarbons. The decaying material
promotes reducing conditions in some areas. Large mats of bacteria cover much
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of the cell surface, forcing some of the water to flow underneath the mats. This
reduces turbulence and aeration of the water.

The terraces distribute the water evenly over the width the cell. There has
been no noticeable setting of the terraces or deterioration of the wooden
structures. Aeration appears to be enhanced by the terraces and above average
scale growth is evident directly below them.

The intermediate channels do an acceptable job of redistributing the water
over the" soil cells. Both channels have experienced some settling (1" - 2") out of
the range of height adjustment on the weir strips. This reduces the capacity of
the channels and limits flow measurements using the channel drains to 3000 BPD.
A concrete footer under the channel or more adjustment in the weir strips would
improve the present design.

The soil cells have provided some treatment benefits, but are unacceptable
as designed. The flow is unobstructed and is well exposed to thé atmosphere
supporting a large gas/liquid interface. However, channelization and erosion are
severe, reducing the contact area over time. Freezing ambient temperatures
cause the saturated soil to heave upon freezing. This frost heaving creates large
islands covering over 60 percent of the cell. A lined cell without the gravel would
provide similar benefits and protect against erosion and heaving.

The discharge channels work well under operational conditions and during
flow measurements. During operation scale can develop around the mouth of the
channel drain. There is a great deal of turbulence and aeration at the drain and
periodic removal of the scale is required.

The flow measurement tank and drain system were adequate for setting
and measuring all of the flow rates in the study. The flow rates measured have
an estimated precision of no better than +/- 5%. Splashing in the tank and
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irregular flow in the drain pipe contribute to flow reading error. Extending the tank
inlet pipe to near the bottom of the tank would reduce the splashing.

The connecting channel and sediment pond both worked well and often
improved the water quality over the reach. The sediment pond was full after
approximately six months and was cleaned out with a backhoe. The material was
very reducing and consisted of eroded soil cell and connecting channel sediment,
scale and living and decaying bacteria.

The wetland distribution box allows good flow rate control and
measurement. The weir plate and bypass gate combination allow independent
control of the wetland. The box has filled with 12 to 18 inches of sediment, but
this does not effect performance.

The wetland outlet dam provides fine adjustment of the wetland depth and
discharge flow rate. It has performed well for a wooden structure and has not
leaked.

The wetland has established itself quickly with little assistance since start
up. Wetland vegetation grew to approximately 80 percent coverage over the
growing season. Interior berms routed the water in desired pattern and increased
wetland residence time. The amount organic material integrated into the wetland
soil appears to be excessive. This high loading of organics resulted in decay and
reducing conditions. There appears to be sufficient nutrients in the water to
support aquatic plants without the additional organic amendments. A significant
volunteer wetlands developed in the untreated bypass channel over the season
with no soil amendments. To improve clayey soil conditions and encourage rapid
plant development, straw mulch and manure amendments could be added. The
amount used should be less than half the quantity used in this study.

During a strong, windy storm, a thick mat of oil accumulated near the
mouths of the siphon tubes in the skimming pond. It reached a thickness of over
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one inch, began to sink and was drawn into the siphon tubes. The next day the
entire system was covered with a film of oil and numerous accumulations of thick
crude oil were scattered throughout the system. The bacterial mats were gone.
This may have been due to the storm or the oil. The system recovered quickly
as the oil was washed away or degraded microbially. To prevent reoccurrence,
a floating boom was installed around the siphon tubes. This, in combination with

frequent pond skimming, has eliminated the problem.

5.2 General Character of the Pitchfork Effluent

Table 8 identifies the character of the untreated effluent over the course of
the study. Included are the mean, high, low, range and standard deviation values
for the thirteen sample dates.

The data indicate significant variability in the character of the water entering
the treatment system. This is not surprising, considering the origin of the water
and fluctuations in well field production. All of the constituents listed are typical
to produced water, and are thus important to the assessment of system
performance. Of primary concern to this particular site are radium 226 and

toxicity.



T-4212

Table 8 - General Character of the Untreated Pitchfork Effluent

55

Analytical Data

Constituent Mean Concentration High Value Low Value Range Standard Deviation
potassium 131.8 (mg/) 170 (mg/) 112 (mgM) 58 (mg/M) 132 (mgh)
sodium 307.8 (mgh) 339 (mg/l) 208 (mg/) 4 (mg) 10.42 (mgN)
chlorides 2095 (mg/) 221 (mg/l) 1968 (mg/l) 25 (mg/) 7.012 (mgN)
calcium 330.8 (mgN) 380 (mgh) 285 (mg/) 85 (mgh) 251 (mgh)
magnesium 110.7 (mg/) 113 (mgh) 108 (mg/l) 5 (mgh) 1.488 (mg/l)
carbonate o (mg/) 0 (mg/) 0 (mgh 0 (mg/Mm 0 (mgh
bicarbonate 1094  (mg/) 1240 (mg/) 029 (mg/) 311 (mgh) 83.84 (mgh)
radium 226 30.81 (pCIN) 422 (pCin) 19.7 (pCiN) 25 (pCin 8.112 (pCin)
sulfide 3225 (mg/l) 48 (mgh) 16.8 (mg/M 31.2 (mgN) 8.858 (mg/l)
suifate 8025 (mgf) 058 (mg/) 823 (mg/) 135 (mgN) 41.84 (mg/l)
benzene 28.48 (ugM) 59 (ug/h 17 (ugh) 42 (ugh 12.18 (ugN)
toluene 4823 (ugh) 102 (ug/h 27 (ug) 75 (ugh) 21.85 (ugh
ethylbenzene 17.45 (ug/) 40 (ugh) 8.9 (ug/) 30.1 (ug) 8.388 (ugh)
xylenes 38.08 (ug/) 74 (ugh 21 (ug/N) 53 (ugM) 15.45 (ug/l)
total phenolics 0.131 (mg/) 0.15 (mg/) 0.13 (mgn 0.02 (mgf) 0.007 (mg/l)
DS 2481 (mgN) 2580 (mg/l) 2340 (mg/) 240 (mgh) 61.33 (mg/M
toxicity

Ceriodaphnia 53.58 LC50 ' notknown not known not known not known
Fathead Minnow 61.56 LC50 not known not known not known not known
Field Measurements

Measurement Mean Concentration High Value .Low Value Range Standard Deviation
temperature 30.54 degC 35 degC 225 degC 125 degC 3.739 degC
pH 7.2 75 87 0.8 0.238
dissolved oxygen 0.569 (mg/) 1.4 (mgN) 0.1 (mgM) 1.3 (mgh) 0.541 (mgh)
redox 12 mv 79 mV -182 mv 103 mV 3338 mv
conductivity 2697 umho/cm 3380 umho/cm 1450 umho/cm 1840 umho/cm 754 umho/cm
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5.3 Field Measurements and Analytical Results

Field measurements and analytical results for the study are given in
Appendix B, Tables B1 - B8. The data are organized by measurement or
constituent. Within this arrangement, each data table is sorted by sample date
and includes the flow rate in BPD, the duration at that flow in hours or days and
ambient temperature. When appropriate the abbreviations "eve" and "dusk" are
used to identify sample times of 1:00 am and 5:00 pm, respectively. Each table
is segregated into columns identified by their sample location, so the data may
be tracked through the system. The units of measure used for each table are
indicated at the top of the table.

Carbonate concentration was measured at each location on each sample
date. All values were below detection limits and are not recorded in the tables.
Though toxicity is important to the study from both a permit and assessment
standpoint, it is not examined in detail for reasons that follow.

Few toxicity data were gathered during the study. Five sets of data exist
with only three locations measured each time. On September 18, the effluent of
the system failed acute toxicity tests on locations 1,5 and 6 for both Ceriodaphnia
and Pimephales promelas. Location 4 passed on the Ceriodaphnia. On
November 2, the effluent passed acute toxicity tests for both species at locations
2T, 4, and 5. However, the planar side of the system was shut down at this time,

and no samples were performed on the untreated effluent as a control. Similarly,
three subsequent tests performed with the full system operational lacked complete
data for analysis. These samples taken on January 13, 17 and 23 also passed
acute toxicity tests for both species at three locations. During one test, the
untreated effluent also passed. During the other two tests no baseline
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measurement for location 1 was established. The intermittent and incomplete
nature of these data minimize their usefulness for system analysis.

Treatment efficiency for toxicity reduction is an elusive parameter to
measure as a constituent. Treatment systems are not designed to treat toxicity,
rather they are designed to treat the toxic components of the effluent (ie. there are
no “toxiéity filters"). Constituents believed to contribute to the toxicity of the
Pitchfork effluent such as sulfide, BTEX components and total phenolics will be
studied. The design criteria established will also focus on these constituents.
For more on toxicity reduction see Caswell (1992).

Flow rates into and out of each cell were measured, but this data set is

incomplete. Flow rate measurement of all the sample locations is a time
éonsuming procedure and was omitted on most of the sampling dates.
The data suggest that evaporation or seepage occurred across the treatment
cells. However, no measurements were performed to assess evaporation or
seepage directly. Flow rate increases of as much as 15 gallons per minute were
observed. These increases are likely the result of measurement error.

5.4 Percent Change in Water Quality After Flow Through System Components

The change in field measurements and constituent concentrations through
each system component was examined to assess the performance of each
component. The percent change in reading or constituent concentration was
calculated and tébulated for each reach between sample locations. This is not a
useful approach for dissolved oxygen and redox, so net absolute change was

calculated.
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These data were then plotted on bar graphs to visually identify the most
effective system components. A separate plot for each flow rate is provided for
assessment of the ideal component/flow rate combination. These graphs are
organized by field measurement or constituent, and include plots for 1000, 2000,
3000 and 4000 BPD on each page. System components are identified as "Reach
Between Sample Locations" on the X-axis and "% Change" is on the Y-axis. The
durations at each flow rate are identified with different fill patterns.

These graphs are given in Appendix B, Figures B1 - B21. The data tables
for the graphs are Iocated in Appendix B, Tables B9 - B17.

A summary of results for each graph follows. Elements examined in the
summary include: the range of percent change; ranking the component
performance; ranking the flow rates for best performance of components;
identifying the influences of operating during the day or night; and an overall
assessment of each constituent. When any of these elements is not addressed
in a summary, it indicates that no trend is apparent.

Water temperature decreases ranged from 3 to 83 percent, with the largest
occurring in the fall and winter. The greatest change occurred from 1T - 2T and
2P - 3P. The largest and most consistent changes occurred at 2000 BPD, with
good results at 1000 BPD. The two largest temperature reductions occurred
through the wetland.

pH increases ranged from 1 to 6 percent. The bypass channel and
connecting channels both experienced substantial increases. The greatest
change through the system occurred consistently from 1T - 2T. Slightly better
than average pH increases occurred at 4000 BPD.

Conductivity was reduced by as much as 21 percent in some cases, but
also increased occasionally by as much as 12 percent. The greatest decreases
occurred from 1T - 2T and 1P - 2P. All parts of the system reduced conductivity
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appreciably at 2000 BPD. The two gravel cells also performed well at 1000 BPD.

Dissolved oxygen increased from 4.2 to 9.7 mg/l across the entire system.
It decreased through the connecting channel and wetland many times. The
greatest increases occurred from 2P - 3P, with good results from 1T - 2T also.
The rate of increase in dissolved oxygen decreased slightly with increased flow
rates.

Redox increased from 117 to 305 mV across the entire system. Redox
decreased across the wetland several times. The largest increases occurred from
2P - 3P and 1T - 2T and in the bypass channel. The net increase in redox
decreased with increasing flow rate. The greatest increases occurred at 1000 and
2000 BPD.

The percent change in potassium concentrations ranged from a 23 percent
decrease from 2P - 3P to an increase of 39 percent through the wetland. The
greatest changes occurred at flows of 2000 and 4000 BPD and the smallest
changes occurred at 3000 BPD. Every component is shown to increase or
decrease the concentration at various times. Concentration decreases are most
frequently observed at 2000 BPD.

The percent change in sodium concentrations ranged from a 15 percent
decrease through the bypass channel to a 16 percent increase through the
wetland. This graph follows the same trends as potassium.

Chloride concentrations increased 11 percent from 2P - 3P and decreased
over 5 percent from 2P - 3P, in the connecting channel and across the wetland.
The greatest reductions occurred from 2P - 3P and through the connecting
channel. The greatest component increase also occurred from 2P - 3P however.
The wetland reduced chloride over 5% at both 3000 BPD flows running for 30 and
56 day durations.
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Calcium concentration decreased consistently through the system with a
maximum reduction of 15 percent. The largest concentration reductions occurred
from 1T - 2T, with good results also between 1P - 2P and 2P - 3P. The best
results coincide with the 1000 BPD flow and the percent removal decreased as
flow rate increased. The wetland performed best at night.

Bicarbonate follows nearly the same trends as calcium, with maximum
bicarbonate reductions of 15 percent. The reach 1T - 2T had roughly twice the
removal of the other surface flow cells at flows of 3000 and 4000 BPD. The
wetland had the highest reductions during the night.

Radium 226 is removed less consistently than calcium or bicarbonate but
is reduced many times by over 40 percent. The highest removals occurred at
4000 BPD in the evening during a severe storm. The wetland had consistently
good removal at all flows. There was good perform_anée from 1T - 2T at flows of
1000 and 2000 BPD. The most consistent removal by all components occurred
at 1000 BPD,

Sulfide concentrations increased by as much as 100 percent through the
wetland cell and decreased by as much as 75 percent from 1T - 2T. Removals
of over 50 percent occurred consistently from 1T - 2T at all flows. Reaches 1P -
2P and 2P - 3P also performed well but at lower flows. The wetland consistently
increased the sulfide concentration.

Sulfate concentrations increased consistently through all of the system
components. Sulfate increases were on the order of 12 percent with a maximum
increase of 22 percent. The lined gravel cells had the highest increases at 1000
BPD and the wetland had the highest increase at 4000 BPD.

All BTEX components behave very similarly. 100 percent removal is
consistently achieved from 1T - 2T at 1000 BPD with roughly 90 percent removal
at all other flows. Over 70 percent removal was achieved from 1P - 2P at 1000
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and 2000 BPD flows. The only data available for the wetland showed 100 percent
removal at 3000 BPD.

The total phenolics data are sparse, but shows fairly consistent removal by
all components. The wetland achieved 100 percent removal at 1000 BPD. The
removal of phenolics through the surface flow cells was inconsistent.

In general TDS concentration changed less than 2 percent. The wetland
generally increased TDS. The largest increase was 15 percent and occurred
through the wetland at a flow of 1000 BPD.

The magnesium concentration generally increased through all system
components. The maximum increase was 13 percent. The largest increases
occurred through the wetland at flows of 1000 and 4000 BPD.

The alkalinity data set is relatively small. However, the concentration is.
consistently reduced. The wetland had the greatest reduction at 4000 BPD. The
surface flow cells performed well at all flows.

5.5 Performance Trends and Influences

Calcium, bicarbonate, radium, sulfide and hydrocarbon are constituents of
primary concern in this study. The data analysis showed consistent reduction of
these constituents in the treatment system. These constituents will be the focus
of the remainder of this chapter. Though important constituents of produced
water, potassium, sodium and chloride concentrations were not appreciably
reduced.

The terraced, lined, gravel cell (1T - 2T); the planar, lined, gravel cell (1P -

2P); the planar, three percent grade soil cell (2P - 3P); and the wetland (4 - 5)
showed the most consistent and/or most extreme removal of most constituents.
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These components will be used for further evaluation of system performance and
design criteria.

A series of graphical relationships was developed to examine potential
influences on system performance. The variables selected for the assessment
include: ambient air temperature, water temperature, pH, overall system maturity
and wind and solar intensity. These variables were recorded for each sample set
and can thus be compared to changes in constituent removal over the course of
the study.

The examined variables are represented on the X-axis and percent change
in the constituent or field measurement is represented on the Y-axis. Each
variable is graphically represented for the three surface flow cells and wetland cell
referred to above. The graphs are examined for increasing or decreasing trends
in constituent data relative to the independent variable.

Ambient Temperature

Ambient temperature was plotted against water temperature, pH, redox,
chlorides calcium and bicarbonate removal. These relationships are shown in
Appendix B, Figure B22 - B28. The water temperature graph appeared to be the
only plot affected by ambient temperature. The greatest decrease in water
temperature occurred through the lined cells at an ambient temperature of 5
degrees Celsius. The temperature decrease is reduced as ambient temperature
is increased. The soil cell and the wetland showed less of an effect.
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Water Temperature

Water temperature was plotted against the change in pH and dissolved
oxygen readings, and against the change in bicarbonate, radium and sulfide
concentrations. These graphs are shown in Appendix B, Figures B29 - B33. The
net change in dissolved oxygen increased through the soil cell as water
temperature increased. It decreased through the wetland as water temperature
increased. There is a slight trend toward increased radium removal with
increased water temperature. This is most consistent through the planar lined cell
and most extreme in the wetland. Sulfide removal generally increased through the
soil cell with an increase in water temperature. Reliable trends could not be
established for the rest of the data. However, the greatest removals for all

constituents usually occurred at higher water temperatures.

pH Reading

The pH was plotted against the change in bicarbonate, radium 226 and
sulfide concentrations. These graphs are shown in Appendix B, Figures B34 -
B36. The soil cell indicated increased bicarbonate and sulfide removal with
increased pH. Radium removals increased for all of the cells at increased ph, with
the most consistent trend in the soil cell. The rest of the data are too scattered
to identify any trends.

System Maturity

The system maturity, in consecutive days of operation, was plotted against
the percent change in bicarbonate, radium 226 and sulfide concentrations. These
graphs are shown in Appendix B, Figures B37 - B39. Each figure examines the
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maturity on a scale from 0 to 200 days. No trends were identified by these plots.
Interestingly however, the three surface flow cells all plotted similarly for each

constituent.

Wind and Solar Intensity

A relative scale for wind and solar intensity was developed from field notes
of the weather conditions on each sampling date. The scale is intended to show
relative differences from date to date in the wind and solar conditions. The
intensity data are not intended to represent actual measurements. Both wind and
solar intensity is plotted for each cell type. Wind or solar intensity is represented
on the X-axis and % change on the Y-axis. The estimations used for relative
intensity data are defined in Appendix B, Table B18.

Intensity was plotted against the percent change in bicarbonate, radium
226 and sulfide concentrations. These graphs are shown in Appendix B, Figures
B40 - B45. In general, the surface flow cells exhibited trends toward increasing
bicarbonate and radium removal with increasing wind intensity. The wetland
showed no removal trends for these constituents. The surface flow cells also
exhibited trends toward increasing bicarbonate removal with increasing solar
intensity. No trends were indicated for radium or sulfide. The most consistent
trends are for increased removal of bicarbonate through the terraced cell with
increased wind and solar intensities. No trends were identified for sulfide removal

when compared to wind or solar intensity.
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5.6 Daily Mass Removal of Constituents

The mass removal rates of constituents in the various system components
were calculated. These data are presented in Appendix B, Tables B19 - B24.
These tables were developed to consider the long term feasibility of similar
treatment systems.

The data illustrates the potential need for periodic system maintenance and
hazardous material safeguarding due to significant accumulation of removed
constituents. The calcium data indicated maximum removals over 10 kg/day. The
bicarbonate data indicate a range of removal from 3.2 to 162.8 kg/day. The
radium data indicate removal rates frequently over 5 million pCi/day, with a
maximum value of 23.7 million pCi/day.

The data also illustrate the need to consider the potentially significant
releases of constituents into the atmosphere. The sulfide data indicate peak
removal rates over 10 kg/day. A significant portion of the sulfide removal is
believed to result from bacterial conversion to sulfate. Caswell (1992) discusses
the sulfur cycle in detail. BTEX component data indicate peak removal rates from
8 to 30 g/day. Though the removal rates for these volatile compounds is often
large, no data are available to determine the portion of removal attributed to

microbial degradation.

5.7 Quality of Data

All the data to this point in the study have been treated as unique points,
each the result of a variety of controlling variables and external influences. For
this reason, the bulk of the data have not been statistically evaluated or averaged.
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In the case of the sample location (1), the data were examined statistically to
establish the variability of the effluent to be treated. Regression analysis and
curve fitting will be used in the design criteria under defined assumptions.

Caswell (1992) performed an extensive QA/QC analysis to determine the
validity of the data gathered in the study. In his analysis, he examined the spike
and duplicate data provided by Energy Laboratories. He found the data to be
within U. S. EPA standards for both accuracy and precision.

It is the opinion of the author that some measurement error may have
resulted from disturbing bacteria and sediments while collecting samples. The
bacterial mats are very fragile and sediments and scale particles are often loosely
settled. These materials are easily disturbed and can become suspended in the
effluent. Disturbance of these materials could not be easily avoided during
sampling and occurred frequently. Mixing and suspension of these materials
usually occurred to some degree. It is believed that inclusion of these suspended
materials in samples may have lead to false concentration increases and variability
in the data. If this proved to be true, it may explain some of the data that indicate
a reintroduction of constituents and performance variability. This type of
measurement error might be reduced by siphoning water samples from the cells.
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Chapter 6
TREATMENT SYSTEM DESIGN CRITERIA

6.1 Assumptions and Concepts

Bicarbonate, radium 226, sulfide and total phenolics are the constituents
considered in the design criteria. These constituents exhibited the best potential
for removal and are all common to most produced water. BTEX components
were removed successfully and are also common to produced water, but the
higher volatility of these constituents makes them less persistent. It is believed
that in most cases the BTEX components would be adequately removed prior to
achieving removal levels required of the four constituents considered. For this
reason design criteria for BTEX will not be addressed.

Design criteria are presented for a terraced, lined, gravel cell; planar, lined,
gravel cell; 3 percent grade soil cell; and a wetland cell. These treatment cell
types showed the most consistent constituent removal. The soil cell performed
well, but is not a feasible design due to erosion and frost heaving. It is studied
with the intent of modeliing a more stable lined cell with no gravel layer. As such,
the data should be used with caution as potential ion exchange with soil particies
was not measured. If ion exchange occurred, the lined cell would not receive the

benefit of this treatment mechanism.



T-4212 68

A basic assumption fundamental to the analysis .is that the treatment cells
will provide a constant rate of constituent removal with performance variables held
constant.

Performance variables include the elements examined in this study such
as pH, temperature, flow rate and climate, as well as, others not yet identified.
Performénce variables are not well defined and require further study. The design
criteria are intended to facilitate future study and implementation of these systems.

The design criteria are based on two assumptions: 1) future systems will
operate as the system under study and will reduce constituents when
performance variables are ideal; 2) increases in constituent concentrations in the
data studied are a result of sampling error or non-ideal performance variables.
| With these assumptions established, a fundamental relationship is
supported by the data: the concentration of a particular constituent entering a
treatment cell is proportional to the concentration of that constituent leaving the

cell. This relationship is given in equation (1) as:

C, = KO *,th (1)

where: C, = The constituent concentration entering a cell,(mass/volume)
C.. = the constituent concentration leaving a cell, (mass/volume)
K, = a dimensionless constant representing constant
performance variables
K, < 1 for constituent removal
K, = f(pH, temperature, wind, solar, etc. and
flow rate/treatment surface area)
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The net effect of performance variables (pH, temperature, etc.) will be
considered constant and within a range facilitating constituent removal. Flow rate
and treatment area will be considered variables. This assumption yields:

K - f FLOW RATE J .z
° " "\ TREATMENT CELL AREA] = “°

where: Z, represents the combined net effect of the performance
variables

Subtracting C,, from both sides of equation (1) yields an expression
defining C,,,, the concentration reduction across a treatment cell.

C
c,,d=c,-CM=K.,0,,.,,-CM=CM(K0-1)=(7’)*(KO-1)

(]
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where: Ces = C, - C.
K, = f(treatment area/flow rate) * Z,
(dimensionless)

K, represents the concentration reduction across a cell divided by the
concentration entering the cell, and is termed the reduction factor.

Multiplying flow rate by the concentration entering a cell yields the
constituent mass loading into the cell. Equation (3) defines the relationship
between C,,, the concentration reduction across a cell and ML, the constituent

mass loading into the cell.

FLOW RATE\ K, )
_ K x C = C, + FLOW RAT
rod (FLOWRATE) PR (FLOWRATE * (G E)

Crog = I + ML )

where: ML = the constituent mass loading into a cell

(mass/unit time)

_ K (4)
K = [FLOW RATE]



T-4212 71

Equation (4) is used to determine treatment cell sizing at a given flow rate.
K, represents the concentration reduction across a cell divided by the
corresponding constituent mass loading, and is termed the removal factor.

By previous definition:

K, = f(TREATMENTAREA) +Z, = f(RN) * 2,

FLOW RATE

where R1 is termed the treatment ratio, and is defined as:

A1 - (TREATMENT AREA ( sqft ))

FLOW RATE ( BPD)

The removal factor, K, is then the link between constituent removal at a
given mass loading rate, and required treatment area at a given flow rate. This
is illustrated below.

Cod| g (8 ) . . gy (TREATMENT AREA ( sqft)
(ML) Kz-(FLOWRATE) K m-( FLOW RATE ( BPD) )
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6.2 Design Criteria

To present the data in form useful for design, the study data were
manipulated and tabulated to yield concentration reductions and constituent mass
loading into each cell. These data are organized by constituent, and given in
Appendix C, Tables C1 and C2.

The tabulated data were then plotted to show the relationship defined in
equation (3). The concentration reduction is plotted against the constituent mass
loading for bicarbonate, radium 226, sulfide and total phenolics. When plotted,
the data for each graph sorted into clusters grouped by treatment ratio, R1. The
slope of this data, K,, the removal factor, was determined by linear regression of
the data. Once the slope was determined, lines were constructed through the
data, and represent the treatment ratios used in the study. These graphical
relationships are given in Appendix C, Figures C1 - C10. Each figure includes
graphs of the constant treatment ratios used in the study.

The treatment ratio, R1, is equal to the treatment area, in square feet,
divided by the flow rate in barrels per day. Treatment ratios used in the study are
defined below.

The surface flow cells cover 5000 square feet and yield:

R1 Flow Rate (BPD)
5 1000
25 2000
1.67 3000

1.25 4000
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The wetland cell is approximately 33,000 square feet and yields:

R1 Flow Rate (BPD)
16.5 2000
8.25 4000
55 6000
413 8000

The treatment ratio plots provide the user with a quick reference of the
range of treatment ratio required for various constituent concentration reductions
at constituent mass loading rates.

The regression analysis used to fit these lines and determine K, the
removal factor, are given in Appendix C, Tables C3 - C6. The regression data are
organized by constituent and sorted by cell type and flow rate. K, is given as "x
coefficient" and the error in K, is given as "std err of coef." In most cases, the
error is reasonable. In some cases, it is greater than 50 percent. The error in K,
may be used by the designer to add a safety factor to K,. Safety factors will not
be included in the design methodology. Data based on K, error greater than 50
percent was selectively omitted from the design criteria.

The removal factor data derived from the regressions were multiplied by
their respective flow rates to yield reduction factors, K,. The corresponding
treatment ratios, R1, were also calculated and tabulated. These data are given
in Appendix C, Tables C7 - C10. The tables are organized by constituent and
sorted by treatment cell type.

Treatment cell sizing criteria was developed by plotting the reduction factor,
K,, against the corresponding treatment ratio, R1, data. These relationships are
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given in Appendix C, Figures C11 - C20. The figures are organized by constituent
and treatment cell type. Each curve defines the proportional relationship between
reduction factor and treatment ratio. For the case of sulfide treatment using lined
gravel cells, the reduction factor is inversely proportional to the treatment ratio.
This indicates that the gravel creates more turbulence and provides better sulfide
stripping when flows are relatively high and treatment areas are relatively small.

The treatment area required for a given reduction factor is determined by
multiplying the treatment ratio by the flow rate to be treated.

Required Treatment Area ( sqft ) = R1 = Flow Rate ( BPD )

This design procedure defines the cell area required to treat a given flow
rate and mass loading for a desired concentration reduction. It does not define
the width and length of the cell. Under theoretically ideal conditions, it would
make no difference if a 2000 sqft cell was 20 feet wide and 100 feet long, or 100
feet wide and 20 feet long. The cell retention time and contact area would be the

same based on the proportional relationship:
Flow Rate = Velocity « Cross-sectional Area
However, in practice, frictional effects will have a significant influence on fiow

velocity and subsequent cross-sectional area. A reasonable approach for
determining the width and length of a treatment cell is described and included in
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the design procedure in section 6.3. It is based on the results determined in this
study. Criteria for this approach include:

- the present surface flow cell length to width ratio is 2:1

- the present wetland cell length to width ratio is 19:1

- good constituent removal generally occurred at a flow rate of 2000 BPD
in the surface flow cells and 4000 BPD in the wetland

6.3 Design Procedure

The design procedure is outlined in sequential order. The method is based
on the assumptions, concepts and criteria of sections 6.1 and 6.2. The procedure
is applicable to:

bicarbonate removal using a terraced, lined, 3 percent grade, gravel cell
a planar, lined, 3 percent grade, gravel cell
a planar, 3 percent grade, soil cell

radium 226 removal using a terraced, lined, 3 percent grade, gravel cell
a planar, lined, 3 percent grade, gravel cell
a constructed wetland cell

sulfide removal using a terraced, lined, 3 percent grade, gravel cell
a planar, lined, 3 percent grade, gravel cell
a planar, 3 percent grade, soil cell
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total phenolics removal using a constructed wetland cell

The designer should first determine the type of cell to be used. The
decision should be based on accommodating site topography and minimizing
construction costs by implementing the smallest, most efficient design. Terraced
cells require the most slope. Planar cells require less slope and wetland cells
require no slope. A lined wetland cell or terraced cell would be the most costly
to construct. Planar celis would be slightly less and unlined wetland cells would
be the least costly. The most efficient design can only be determined by working
through the design method for each cell type and determining the area required
for each. The design procedure addresses only one cell type at a time.

1. Determine the constituent or combination of constituents to be removed.

2. Determine the daily flow rate in barrels per day (BPD).

3. Determine the required concentration reduction for the first constituent in (mg/l)
or (pCifl).

4. Calculate the daily mass loading of the first constituent in the units appropriate
for Figures C1 - C10. (kg/day, uCi/day or g/day)

5. Calculate the removal factor, K, from:
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6. Calculate the reduction factor, K, from:

K, = K, + FLOW RATE ( BPD)

7. Select the appropriate graph from Figures C11 - C20 for the constituent and
cell type.

8. Record the treatment ratio, R1 that corresponds to the calculated reduction
factor, K,.

9. Multiply R1 by the flow rate in BPD to determine the treatment area required.

10. Repeat steps 3 - 9 for each constituent.

11. Compare the required treatment area data. The constituent that is the most
difficult to remove will have the largest area. Select this area for the system
size. However, sulfide treatment design using lined gravel cells requires
smaller treatment cell areas for better stripping. If sulfide is treated along
with other constituents, using lined gravel cells, it is recommended that a
separate sulfide stripping cell be constructed upstream of the other

treatment cell.

Determination of the length to width ratio.

12. Divide the flow rate by 2000 BPD for surface flow cells and by 4000 for
wetland cells.

13. Multiply this number by 50 feet for surface flow cells and by 35 feet for
wetland cells. The result is the cell width.
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14. Divide the cell width into the required treatment area to determine the cell
length.

15. Verify at least a 2:1 length to width ratio for surface flow cells and a 19:1
length to width ratio for wetland cells. If the recommended length to width
ratios are not achieved, reduce the width until the ratio is satisfied.

This procedure yields a reasonable estimate of treatment system area, cell
length and cell width for a desired constituent concentration reduction at a given
constituent mass loading and flow rate.

A design example is given in Appendix C, Figure C21. The example
considers radium 226 removal from a hypothetical produced water using a 3%
grade, terraced, lined gravel cell. The untreated effluent radium concentration is
10 pCi/l. The allowable discharge concentration is 5 pCi/l. The flow rate is 5,000
BPD. The resulting mass loading rate is 7.9 uCi/day radium. The results of the
example call for a 50,000 sgft treatment area, 125 feet wide and 400 feet long.
16 one foot terraces and a seven percent site grade are required.
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Chapter 7
CONCLUSIONS

7.1_System Integrity

The concepts governing the overall physical design of the system and
components were sound. The system supported an environment for constituent
removal, while performing under a variety of flow rates and ambient conditions.
It provided adequate versatility for flow distribution and regulation. The system
operated for eight months during the study without any component failures.

improved performance and durability of nearly all the components could
be achieved with some minor modifications in design or materials. These
modifications are addressed by component in Section 5.1. Lining cells to prevent
erosion, frost heaving and potential seepage is the most important recommended
modification to future systems.

For long term operational systems, components should be constructed
from more durable materials. Wooden structures should be replaced with steel
and concrete structures. For temporary research facilities, the treated lumber
design is adequate.
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7.2 Produced Water Constituent Removal

The treatment system was successful at reducing bicarbonate, radium 226,
sulfide and hydrocarbon concentrations. Little success was realized with
potassium, sodium, chloride and magnesium. The following summarizes the

removal percentages:

Constituent Maximum Removal: “Average Removal:
bicarbonate 15 % 6 %

radium 226 64 % 21 %

sulfide 77 % 39 %

BTEX 100 % 82 %

total phenolics 100 % 31 %

** average removal percent based on removal data only

The system components, ranked by best overall performance to worst
overall performance, are: (1) terraced, lined, gravel cell; (2) planar, lined, gravel
cell; (3) planar, 3 percent grade, soil cell; (4) planar, 2 percent grade, soil cell.
The wetland performance is highly constituent specific. It provided good
treatment of hydrocarbons and radium 226.

In general, treatment efficiency decreased as flow rate increased. The best
constituent removal usually occurred at flows of 1000 and 2000 BPD over the
5000 square foot surface flow cells, and 2000 and 4000 BPD over the 33,000
square foot wetland cell. The decrease in constituent removal efficiency, with flow

rate increase, tends to be constituent specific.
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7.3 Performance Influences and Trends

The study results indicate that many performance influences and variables
are present. These influences can greatly affect system performance and at
times, actually increase constituent concentrations across the system. Water
temperature, pH and wind and solar intensity were identified in this study as
influencing system performance. Many performance variables were not studied
or are not well defined. Those affecting biological processes are likely the most
significant.

Future systems and studies should be designed to better isolate and
quantify performance influences and variables. It is suggested that external
variables such as weather conditions and solar intensity be accurately monitored.
As positive influences are identified, it may be useful to consider a batch treatment

process under ideal conditions.

7.4 Design Criteria

The design method presented here provides a reasonable approach to the
design of future systems. Design criteria is included for bicarbonate, radium 226,
sulfide and total phenolics removal. The method determines the required system
size based on desired constituent concentration reductions at given flow rates
and mass loading rates. They do not define well the most efficient length to width
ratio of a treatment cell, though guidelines are included in the design method.

The design method should be used with some caution and allowances for
performance variability should be made. The design criteria are based on several
assumptions and conditions that may lead to error. These include: the criteria



T-4212 82

were developed solely from the data showing constituent removal; it is assumed
that concentration increases are the result of sampling error; future systems are
assumed to perform as well as this system; often only a few data points were
available to develop design graphs; it is assumed that the system is fully mature,
though this cannot be assessed after operating only eight months under many
different flow rates. It is likely that the wetland in particular is still in its early

stages of development.

7.5 Feasibility of Treatment Method

Constructed surface flow and wetland systems provide a reasonable
means of produced water treatment using available technology and materials.
These systems are relatively inexpensive to build and operate and require little
maintenance and supervision. They have been shown in this study to remove
constituents of concern from produced water. Larger and more efficient systems
of this type would likely improve water quality to the extent necessary for
permitted surface discharge of the effluent.

Periodic removal of accumulated material and final site closure will be
required of these systems. The mass removal data discussed in Section 5.6,
indicate that a successful system may accumulate significant quantities of waste
material in the treatment cells. Treatment cells will require periodic removal and
disposal of this material during operation and before closure. Final closure will
include the removal of system components and reclamation of the site. Costs of
these operating and closure activities should be estimated and considered during

the planning process.
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Health and safety considerations for operating personnel and wildlife, as
well as, air quality issues must be considered before implementing these systems.
The mass removal data indicate substantial accumulations of radium in the
treatment cells and substantial releases of sulfide and BTEX components into the
atmosphere. It may be prohibitively expensive to safely handle and dispose of
waste materials. The risks associated with exposure to these materials has not
been studied here. Until these matters of waste disposal and risk have been
addressed, these systems should not be deemed acceptable.

Wildlife protection should also be considered and included in the design
of these systems. Surface flow cells provide no habitat and should be fenced and
possibly netted. Wetlands provide excellent habitat, but as a treatment facility,
raise the question: "Should wildlife be permitted in an environment that
concentrates radium and degrades hydrocarbons?" Wildlife officials and experts
should be consulted over these issues before developing these systems.
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Table B1 - Field Measurements: Flow Rate, Water Temperature and pH

Measurement: Flow Rate (GPM) Sample Location

Date FlowBPD Duraton  AmbT (C) 1 6 17 o1 ar ® 2p ap 4 5
07/30/81 1000 N/A 260 3041 3041 203 245 240 318 2868 260 478 435
08/02/91 2000 N/A 175 2410 2410 600 520 500 640 630 570 1120 1050
09/08/91 2000 N/A 140 2470 2470 550 630 630 830 630 550 1280 1200
07/25/01 3000 N/A 183 1948 1948 839 789 916 863 H1.6 870 1830 1830
08/05/91 4000 N/A 230 1270 1270 1130 1080 1130 1250 1250 1280  *= i
*** Wetland Shut-in

Measurement: Water Temperature (deg C) Sample Location

Date FlowBPD Duration  Amb T {C) 1 6 1T ar T P 2P P 4 5
07/25/81 3000 30 day 183 320 280 320 273 265 320 280 270 265 180
07/26/81 4000 24 hr 160 310 230 315 200 280 315 285 280 230 160
07/30/81 1000 48 hr 260 320 300 310 240 245 320 265 260 240 180
07/31/91 1000 72hr 285 330 310 330 275 285 270 275 270 255 200
08/02/01 2000 48hr 175 330 305 325 225 225 325 280 25 225 180
08/02/91 2000 60 hreve 140 350 300 350 200 180 350 250 190 160 180
08/03/01 2000 72hr 160 340 320 340 280 270 340 280 270 270 170
08/05/91 4000 48 hr 230 340 300 340 280 275 340 315 275 175 200
08/05/91 4000 60 hreve 160 335 280 335 185 180 335 250 180 180 155
09/08/91 2000 30 day 140 280 250 280 180 175 280 220 180 165 140
11/02/81 3000 56 day 100 280 225 280 165 150 280 230 160 150 6.5
01/13/82 4000  71ddusk 40 270 200 270 210 150 270 210 160 150 8.0
o1/17/02 2000 72hr 50 245 200 240 105 70 260 150 0.0 8.0 1.5
01/23/92 1000 120 hr 50 225 180 225 8.0 60 225 110 70 8.0 1.0
Measurement: pH Sample Location

Date FlowBPD Durstion  AmbT (C) 1 e 17 ar ar P 2P P 4 5
07/25/81 3000 30 day 183 7.1 7.8 7.4 78 78 74 77 7.8 8.0 8.1
07/26/81 4000 24hr 18.0 72 7.4 7.3 75 78 7.3 5 7.8 75 75
07/30/81 1000 48 hr 260 7.3 78 78 78 78 7.7 7.8 7.9 7.9 8.1
07/31/91 1000 72hr 285 71 7.7 7.3 78 7.7 7.5 78 77 7.9 7.8
08/02/81 2000 48 hr 175 74 78 72 78 78 73 7.5 78 7.7 7.7
08/02/91 2000 60 hreve 140 7.7 7.8 77 78 70 7.7 78 7.8 8.0 78
08/03/91 2000 72hr 16.0 7.4 78 7.3 73 74 74 7.4 74 77 77
08/05/91 4000 48 hr 230 7.1 7.8 7.4 78 7.7 7.4 7.8 7.7 78 79
08/05/91 4000 60 hreve 18.0 7.5 7.8 75 77 79 7.5 78 78 7.8 7.9
09/08/81 2000 30 day 14.0 69 73 89 7. 72 70 7.1 7.2 7.3 7.3
11/02/01 3000 56 day 100 87 7.1 87 68 - 70 67 XY 7.0 7.1 7.4
01/13/92 4000  71ddusk 4.0 7.2 78 72 7.3 75 7.3 7.4 7.5 75 7.8
01/17/82 2000 72hr 5.0 7.2 7.4 7.2 7.3 7.4 7.2 7.3 7.4 7.4 75
01/23/92 1000 120 hr 50 73 74 7.2 73 7.4 7.2 7.3 7.4 7.4 7.4
01/17/82 2000 T72hr 5.0 72 74 72 73 7.4 7.2 7.3 7.4 7.4 7.5

01/23/82 1000 120 hr 5.0 73 7.4 72 73 74 7.2 73 7.4 7.4 7.4
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Table B2 - Field Measurements: Conductivity, Dissolved Oxygen and Redox

Measurement: Conductivity (micro-mhos) Sample Location

Date FlowBPD ODuraton  AmbT (C) 1 8 T ar ar 1P 2P 3P 4 5
07/25/81 3000 30 day 183 3390 3250 3200 3200 3200 3200 3260 3175 3150 2775
07/26/91 4000 24 hr 1860 3150 2895 3150 3150 3200 3150 3200 3200 2990 2560
07/30/91 1000 48hr 260 3125 3225 3275 3000 3000 2675 3025 2880 2025 2750
07/31/91 1000 72hr 285 3325 3250 3175 2075 2075 3325 3025 2050 2000 2700
08/02/91 2000 48 hr 175 3350 3175 3150 2850 2050 3325 3025 2950 2825 2350
08/02/81 2000 60 hreve 140 3400 3100 3275 2600 2400 3350 2800 2450 2425 2450
08/03/91 2000 72hr 160 3025 3225 2975 2075 2050 3375 3025 2025 2000 2525
08/05/91 4000 48 hr 230 3300 3175 2700 3025 3000 3300 3150 3000 2525 2800
08/05/91 4000 60 hreve 16.0 NO DATA DUE TO HAIL STORM

09/08/81 2000 30day 140 2525 2325 2525 2575 2200 2525 2350 2175 2125 1825
11/02/91 3000 56day 4100 1450 1600 1600 1600 1600 1550 1700 1600 1575 1350
01/13/02 4000  7tddusk 40 1800 1725 1875 1825 1725 1825 1850 1700 1675 1550
01/17/02 2000 72hr 50 1800 1700 1825 1800 1475 1875 1625 1475 1425 1325
o1/23/02 1000 120 hr 50 1825 1725 1675 1575 1500 1850 1600 1500 1475 1425
Measurement: Dissolved Oxygen (mg/l) Sample Location

Date FlowBPD Dureton  AmbT (C) 1 (] 17 r ar 1P 2P apP 4 )
07/25/81 3000 30 day 183 0.1 8.2 03 58 82 0.2 34 6.0 55 6.0
07/26/91 4000 24 hr 18.0 0.1 48 0.2 52 5.2 0.2 38 5.3 43 a4
07/30/91 1000 48 hr 26.0 01 38 0.1 43 8.2 0.1 02 8.2 83 a9
07/31/91 1000 72hr 265 0.2 38 0.1 44 8.2 0.1 0.1 0.4 87 52
08/02/81 2000 48 hr 17.5 02 45 0.5 5.4 72 o5 25 8.4 82 50
08/02/91 2000 60 hreve 14.0 0.2 32 02 31 5.2 0.2 0s 38 6.2 58
08/03/91 2000 T2hr 16.0 02 33 02 48 87 0.2 0.2 7.8 59 5.9
08/05/81 4000 48 hr 230 0.1 a8 0.1 5.4 7.0 0.1 (Y] 7.4 67 85
08/05/91 4000 60 hreve 18.0 NODATADUE TOHALSTORM

09/08/01 2000 30 day 140 13 3t o8 28 41 0.7 os 29 4.1 5.1
11/02/01 3000 58day -10.0 1.1 24 13 38 5.8 1.3 13 47 5.3 79
01/13/82 4000  71ddusk 40 14 43 12 22 38 12 1.2 30 48 83
01/17/02 2000 72hr 5.0 1.0 54 0.8 88 8.7 1.0 a4 7.8 86 108
01/23/92 1000 120 hr 50 1.4 59 13 76 85 13 7.5 8.1 89 104
Measurement: Redox (mV) Sample Location

Date FlowBPD Duration  AmbT (C) 1 6 T ar ar 1P 2p 3p 4 5
07/25/91 3000 30 day 183  -145 132 120 2 70 -120 24 32 18 a8
07/26/91 4000 24 hr 16.0 80 172 -110 22 e  -10t 30 a5 178 12
07/30/91 1000 48 hr 260 79 151 -102 ™ 172 105 92 12 174 19
07/31/81 1000 72hr 285 01 152 -104 55 172 -104 78 150 174 129
08/02/91 2000 48hr 17.5 84 135  -108 74 131 118 -48 720 147 134
08/02/81 2000 60hreve 14.0 -88 63 -129 42 8 120  -100 35 3 108
08/03/81 2000 72hr 180  -101 72 133 s 121 128 -8 74 132 105
08/05/91 4000 48 hr 230 -08 84 120 ¥] 79 134 -0 16 148 156
08/05/81 4000 60 hreve 180  -127 18 -182 o7 59 -188  -120 79 107 48
09/08/81 2000 30 day 140  -154 76  -184 10 24 -184  -180 34 6 115
11/02/91 3000 56 day -100  -183 41 -183 45 45 203 -184 10 38 108
01/13/82 4000  71d dusk 40  -182 38 -204 122 € -199  -183 -5 38 107
01/17/92 2000 72hr 50  -144 er 7 28 68 -182 -38 88 73 118
01/23/92 1000 120 hr 50 158 74 72 88 80 -184 7 100 108 127
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Table B3 - Analytical Data: Potassium, Sodium and Chiloride

Constituent: Potassium (mg/l)

Date Flow BPD Duration Amb T (C)
07/25/91 3000 30day 183
07/30/81 1000 48 hr 26.0
07/31/81 1000 72hr 26.5
08/02/91 2000 48hr 175
08/02/91 2000 80 hreve 140
08/03/91 2000 72hr 16.0
08/05/91 4000 48 hr 23.0
08/05/91 4000 60 hreve 16.0
09/08/91 2000 30 day 14.0
11/02/01 3000 56day -10.0
01/13/92 4000  71ddusk -4.0
01/17/92 2000 72hr -5.0
01/24/92 1000 120 hr 5.0
Constituent: Sodium (mg/l)

Date Flow BPD Duration Amb T (C)
07/25/01 3000 30 day 18.3
07/30/91 1000 48 hr 280
07/31/91 1000 72hr 285
08/02/91 2000 48hr 175
08/02/91 2000 60 hreve 14.0
08/03/91 2000 72hr 18.0
08/05/91 4000 48 hr 23.0
08/05/91 4000 60 hreve 18.0
08/08/91 2000 30 day 140
11/02/91 3000 56 day -10.0
01/13/92 4000  71ddusk -4.0
01/17/92 2000 72hr -5.0
01/24/92 1000 120 hr 3.0
Constituent: Chioride (mg/l)

Date Flow BPD Duration Amb T (C)
07/25/01 3000 30 day 18.3
07/30/91 1000 48 hr 28.0
07/31/81 1000 72hr 28.5
08/02/91 2000 48hr 175
08/02/91 2000 60 hreve 14.0
08/03/91 2000 72hr 16.0
08/05/91 4000 48hr 230
08/05/91 4000 60 hreve 16.0
09/08/81 2000 30 day 140
11/02/91 3000 56 day -10.0
01/13/92 4000  71ddusk 4.0
01/17/82 2000 72hr -5.0
01/24/92 1000 120 hr 5.0

112

214
214
215

212
211
219

BERREE

T

214
214
215

212
211
219

ERERE

Sample Location
ar 1P 2P
1200 120 133
130 131 135
147 135 136
138 170 133
120 132 139
126 130 120
132 132 2
128 131 114
135 120 118
108 NT NT
144 142 150
136 128 125
136 130 145

Sample Location
aT P 2P
309 300 310
322 304 312
azs a1t 313
304 338 319
ae 308 310
316 308 296
313 309 293
315 309 305
315 301 308
202 NT NT
a2 315 333
a2 209 308
a1 302 315

Sample Location
aT P 2P
215 214 212
25 214 220
218 215 225
215 221 215
208 212 215
213 21 21
28 219 218
222 208 218
21 201 201
204 NT NT
200 204 205
208 18 208
210 205 218

3P

138
126
142
123
107
148
134
133
130

150
148
122

316
315
310

327

131
120
111
120
1
183
124

125
145
148
108
110

167
153
118
112
148
116
158

L ——
*NT* = no test

100
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Table B4 - Analytical Data: Calcium, Bicarbonate and Radium 226

Constituent: Calcium (mg/l)

Date Flow BPD Duration Amb T (C)
07/25/91 3000 30day 183
07/30/91 1000 48 hr 26.0
07/31/91 1000 72hr 285
08/02/91 2000 48hr 17.5
08/02/91 2000 80 hreve 14.0
08/03/91 2000 72hr 16.0
08/05/91 4000 48 hr 23.0
08/05/91 4000 60 hreve 16.0
09/08/91 2000 30 day 14.0
11/02/91 3000 56 day -10.0
01/13/92 4000 71 ddusk 4.0
01/17/92 2000 72hr 5.0
01/24/92 1000 120 hr 5

Constituent: Bicarbonate (mg/l)

Date Flow BPD Duration Amb T (C)
07/25/81 3000 30 day 183
07/30/81 1000 48 hr 26.0
07/31/81 1000 72hr 285
08/02/91 2000 48hr 175
08/02/81 2000 60 hreve 14.0
08/03/81 2000 72hr 16.0
08/05/91 4000 48 hr 230
08/05/81 4000 60 hreve 16.0
09/08/81 2000 30 day 140
11/02/01 3000 56 day -10.0
01/13/92 4000  71ddusk -4.0
01/17/82 2000 72hr 5.0
01/24/82 1000 120 hr 5.0

Constituent: Radium 226 (pCifl)

Date Flow BPD Duration Amb T (C)
07/25/91 3000 30day 18.3
07/30/91 1000 48 hr 260
07/31/81 1000 72hr 28.5
08/02/91 2000 48 hr 175
08/02/91 2000 60 hreve 140
08/03/91 2000 72hr 16.0
08/05/91 4000 48hr 23.0
08/05/91 4000 60 hreve 16.0
09/08/91 2000 30 day 14.0
11/02/01 3000 56 day -10.0
01/13/02 4000  71ddusk 4.0
01/17/92 2000 72hr -5.0
01/24/92 1000 120 hr 5.0

1
345
333
328

285
310

1100
1050
1050

77
1030
1060
1030
1200
1240
1230
1140
1180

283
218
34.1

30.7
35.4
338
33.6
18.7
25.8
38.9
254

1070
1040
1050
1120
1150
1120
1100
1100

31.4
20.5
36.9
33.3

8.0
28.9
281
375
248

1T

1100
1050
1050

877
1030
1060
1030
1200
1240
1230
1140
1180

28.3
276
34.1
422
30.7

3.8
336
107
258
39.9
254
253

a7

1120
1120
1140
1040
1040

36.9
1985
187
25.4
234
287
31.3
120
21.9
21.8
38.0
25
270

Sample Location
aT 1P 2P
312 345 32t
275 333 209
2668 328 207
201 265 314
a2 310 315
203 328 301
301 330 318
324 328 308
320 349 344
343 NT NT
310 347 312
304 340 319
205 338 318

Sample Location

1020 1100 1060
841 1050 068
824 1050 853
820 829 1010

1050 877 1060
925 1030 985
859 1060 1010

100 1030 1010

1040 1200 1140

1070 NT NT

1080 1230 1150

1020 1140 1070
883 1180 1080

Sample Location

ar 1P 2P

253 283 285
209 276 221
20.4 34.1 24.1
253 422 26.7
238 30.7 29.2
258 354 25.1
278 338 34.0
216 336 240
218 107 25.0
278 NT NT
38.2 399 37.6
20.1 254 259
247 25.3 276

3P

307
270
257

3p
25.8
204
205
263
2.5
20.7
244
16.0
25.0

344
219

283

1100

4
20.0
154
168
206
273
218
30.9
10.4

287

30.2
36.9
242
253

5

REERBEEEILENR

1050

1000
1000

187

8.6
123
15.8
140
15.4
123
13.1
185
205
337
222

*NT" = no test
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Table B5 - Analytical Data: Sulfide and Sulfate

102

Constituent: Sulfide (mg/l)

Date Flow BPD Duration Amb T (C)
07/25/91 3000 30day 18.3
07/30/91 1000 48 hr 26.0
07/31/91 1000 72hr 285
08/02/91 2000 48hr 17.5
08/02/91 2000 60hreve 14.0
08/03/91 2000 72hr 16.0
08/05/91 4000 48 hr 23.0
08/05/91 4000 60 hreve 16.0
09/08/91 2000 30 day 14.0
11/02/91 3000 56 day -10.0
01/13/92 4000 71 d dusk 4.0
01/17/82 2000 T72hr -5.0
01/24/92 1000 120 hr 5.0
Constituent: Sulfate (mg/l)

Date Flow BPD Duration Amb T (C)
07/25/01 3000 30 day 18.3
07/30/91 1000 48hr 26.0
07/31/91 1000 72hr 28.5
08/02/81 2000 48hr 17.5
08/02/91 2000 60 hreve 14.0
08/03/81 2000 72hr 16.0
08/05/81 4000 48 hr 3.0
08/05/91 4000 60 hreve 18.0
08/08/91 2000 30 day 14.0
11/02/91 3000 56day -10.0
01/13/92 4000 71 d dusk -4.0
01/17/92 2000 T72hr 5.0
01/24/92 1000 120 hr 5.0

5288888288 -

Rgsg

815

120
18.4

7.2
208
21.8
13.8

B8E88E |0

g8 2

924

Sample Location
aT 1P 2P
72 224 104
128 248 312
104 280 144

68 206 304
180 480 248
144 208 112
104 432 192
216 338 240
152 424 248

8.4 NT NT
208 400 2684
176 328 208
112 188 120

Sample Location
ar 1P 2P
837 837 920
990 938 955
942 910 982
941 908 855
876 908 923
945 923 914
992 958 818
920 903 924
848 845 843
915 NT NT
881 851 888
902 881 894
920 823 908

915

1110
878

878

'NT® = no test
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Table B6 - Analytical Data: Benzene, Toluene and Ethylbenzene

Constituent: Benzene (ug/l)

Date FlowBPD Ouration  AmbT (C)
07/25/91 3000 30 day 18.3
07/30/01 1000 48hr 26.0
07/31/91 1000 72hr 265
08/02/91 2000 48hr 175
08/02/91 2000 60 hreve 140
08/03/91 2000 72hr 16.0
08/05/91 4000 48 hr 230
08/05/91 4000 60 hreve 180
09/08/81 2000 30 day 14.0
11/02/91 3000 56day -10.0
01/13/82 4000 71 ddusk 4.0
01/17/92 2000 72hr 5.0
o1/24/02 1000 120 hr 50
Constituent: Toluene (ug/l)

Date FiowBPD Duration  AmbT (C)
07/25/91 3000 30 day 18.3
07/30/01 1000 48 hr 280
07/31/01 1000  72hr 265
08/02/81 2000 48 hr 175
08/02/81 2000 60 hreve 14,0
08/03/81 2000 72hr 18.0
08/05/91 4000 48 hr 230
08/05/91 4000 60 hreve 180
09/08/81 2000 30day 140
11/02/01 3000 58 day -100
01/13/92 4000  71d dusk 40
01/17/92 2000 72hr 5.0
01/24/92 1000 120 hr 5.0

Constituent: Ethylbenzene (ug/l)

Date FlowBPD Duraton  AmbT (C)
07/25/81 3000 30 day 18.3
07/30/91 1000 48 hr 26.0
07/31/91 1000 72hr 265
08/02/91 2000 48hr 17.5
08/02/91 2000 E€0hreve 140
08/03/01 2000 72hr 180
08/05/91 4000 48hr 230
08/05/91 4000 60 hreve 16.0
09/08/91 2000 30 day 140
11/02/91 3000 56 day -10.0
01/13/82 4000  71d dusk 40
01/17/82 2000 72hr 5.0
01/24/82 1000 120 hr 50

21.0
270

1.17TP

37.0
27.0
27.0
440
48.0
51.0
48.0

102.0
0.0
37.0
38.0
36.0

33333335

NP e o
® O - O~

|-

33333335

-h -,
P OO
®@oo0o0

*®
-

13.0
5.2
28
24

47
<0.50
<0.50

13

3.9

3.9

1.8

3.0

48

240

85

43

21

t2.0
13.0
23.0

11.0
74
11.0

6.2
56

13.0
13.0
18.0
18.0
38.0

18.0
9.5
75

1.20
<0.50
<0.50
<0.50

1.70
<0.50
<0.50
<0.50
<0.50

8.7
38
1.5
0.9

3333333353335,

Lé ]

F33353353555¢

14.0

333353353532

L
AD2®

23
8.5
3.6

1.2

13.0

:X:]
37
42

<0.50

333333333333,

*NT* = no test
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Table B7 - Analytical Data: Xylenes and Total Phenolics

Constituent: Xylenes (ug/)

Date FlowBPD Duration  AmbT (C)
07/25/01 3000  30day 18.3
07/30/01 1000 48 hr 28,0
07/31/01 1000  72hr 265
08/02/91 2000 48 hr 175
08/02/81 2000 60hreve 14.0
08/03/01 2000 72hr 16.0
08/05/01 4000 48hr 23.0
08/05/81 4000 60 hreve 16.0
09/08/01 2000 30 day 140
11/02/91 3000 56 day -10.0
01/13/82 4000  71d dusk 4.0
01/17/92 2000 72hr 5.0
01/24/92 1000 120 hr 5.0

Constituent: Total Phenolics (mg/l)

Date Flow BFD Duration Amb T (C)
07/25/01 3000 30 day 18.3
07/30/91 - 1000 48 hr 26.0
07/31/81 1000 72hr 285
08/02/91 2000 48hr 175
08/02/81 2000 60hreve 140
08/03/91 2000 72hr 16.0
08/08/91 2000 30 day 140
11/02/91 3000 56 day -10.0
01/13/92 4000 71 d dusk 4.0
01/17/82 2000 72hr 5.0
01/24/92 1000 120 hr 5.0

25.0

1.17/P
0.13
*0.13
*0.13
*0.13
*0.13
*0.13
0.13
0.15
*0.13
0.13
0.12

3353333%

-
o N
oo

31

21.0
8.4
5.2

| o

34
>
=

3333333333

12,0
13.0
18.0
20.0
30.0

17.0
9.3
53

555555|¥

[~]

33335

0.04
0.03
0.04
0.05
0.10

0.09
0.12
0.11
0.12
0.09

A
-
o

3333333533353;

0.04
0.01
0.00
0.08
0.08
0.07
0.08
0.07
0.10
0.12
0.09

*"NT* = no test, *** denotes estimated value
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Table B8 - Analytical Data: TDS, Magnesium and Alkalinity

Constituent: Total Dissolved Solids @ 180 deg C (mg/l) Sample Location

Date FlowBPD ODuraton  Amb T (C) 1 8 17 ar ar 1P 2P aP 4 5
07/25/81 3000 30 day 183 2500 2520 2500 2500 2500 2500 2510 2480 2470 2510
07/30/01 1000 48 hr 260 2500 NT 2500 2450 2420 2500 2450 2400 2400 2540
07/31/81 1000 72hr 285 2480 NT 2490 2450 2440 2480 2450 2390 2400 2770
08/02/91 2000 48hr 175 2340 2520 2340 2440 2430 2340 2450 2670 2400 2480
08/02/91 2000 60 hreve 140 2420 2400 2420 2480 2480 2420 2460 2420 2450 2470
08/03/91 2000 72hr 1860 2480 2520 2480 2430 2440 2480 2440 2420 2410 2460
08/05/91 4000 48hr 230 2490 2510 2490 2480 2450 2480 2450 2370 2430 2600
08/05/91 4000 60 hreve 160 2450 2510 2450 2480 2500 2450 2440 2440 2440 2620
09/08/91 2000 30 day 140 2480 2510 2480 2450 2410 2480 2500 2410 2350 2220
11/02/91 3000 56day -100 2580 2600 2560 2540 2560 NT NT NT 2570 2510
01/13/92 4000  71d dusk 40 2570 2570 2570 2530 2500 2570 2540 2520 2510 2470
01/17/92 2000 72hr 50 2540 2510 2540 2480 2480 2540 2480 2500 2470 2420
01/24/82 1000 120 hr 50 2540 2560 2540 2510 2470 2540 2530 2510 2480 2480
Constituent: Magnesium (mg/l) Sample Location

Date FlowBPD Duration  AmbT (C) 1 e 1T or ar 1P 2P 3P 4 5
07/25/81 3000 30 day 183 108 112 108 1N 11 109 111 11 111 113
07/30/81 1000 48 hr 260 108 NT 108 113 112 108 110 109 110 118
o07/31/91 1000 72hr 265 111 NT 1 112 114 1M 111 112 113 118
08/02/91 2000 48hr 175 112 109 112 108 108 112 111 109 112 13
08/02/81 2000 60 hreve 140 110 109 110 110 114 110 110 112 111 114
08/03/91 2000 72hr 180 110 110 110 111 113 110 108 112 11 13
08/05/91 4000 48 hr 230 11t 13 1 12 111 Rt ] 12 12 125
08/05/91 4000 60 hreve 160 110 112 110 113 114 110 112 112 114 129
09/08/91 2000  30day 1240 109 11 108 109 111 108 11t 10 104 105
11/02/81 3000 56 day 4100 112 113 112 110 111 NT NT NT 111 110
01/13/92 4000  71ddusk 40 13 115 113 13 115 113 17 115 115 115
o117/92 2000 72hr 50 113 114 113 112 118 113 118 118 114 118
01/24/92 1000 120 hr 50 111 13 i 1186 118 111 116 118 113 17
Constituent: Total Alkalinity as CaCO3 (mgfl) Sample Location

Date FlowBPD Duraton  AmbT (C) 1 6 T ar aT 1P 2P 3P 4 5
08/05/91 4000 48hr 230 80 651 870 817 786 870 828 701 774 780
08/05/91 4000 60 hreve 160 848 860 848 860 692 846 827 849 859 755
09/08/91 2000  30day 140 885 ©21 985 919 850 €85 834 678 817 812
11/02/81 3000 56day -10.0 NT NT NT NT NT NT NT NT NT NT
01/13/82 4000  71ddusk 40 1010 914 1010 831 885 1010 945 808 802 811
01/17/82 2000 72hr 5.0 NT NT NT NT NT NT NT NT NT NT
01/24/82 1000 120 hr 50 94 905 964 849 808 984 881 834 815 623

*NT* = no test
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Figure B1 - Percent Change in Water Temperature Between Sample Locations
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Percent Change in pH Reading
Between Sample Locations (1000 BPD)
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Figure B2 - Percent Change in pH Between Sample Locations
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Percent Change in Conductivity
Between Sample Locations (1000 BPD)
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Figure B3 - Percent Change in Conductivity Between Sample Locations



Net Change in Dissolved Oxygen Reading
Between Sample Locations (1000 BPD)
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Figure B4 - Net Change in Dissolved Oxygen Between Sample Locations
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Net Change in Redox Reading
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Figure B5 - Net Change in Redox Between Sample Locations
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% Change in Initial Potassium Conc.
Between Sample Locations (1000 BPD)
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Figure B6 - Percent Change in Potassium Conc. Between Sample Locations
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% Change in Initial Sodium Conc.
Between Sample Locations (1000 BPD)
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Figure B7 - Percent Change in Sodium Conc. Between Sample Locations
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% Change in Initial Chioride Conc.
Between Sample Locations (1000 BPD)
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Figure B8 - Percent Change in Chloride Conc. Between Sample Locations
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% Change in Initial Calcium Conc.
Between Sample Locations (1000 BPD)
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Figure B9 - Percent Change in Calcium Conc. Between Sample Locations
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% Change in Initial Bicarbonate Conc.
Between Sample Locations (1000 BPD)

O

-t nd
]
I

4

/B

= m—— - m—

) 1-6 1T-2T  21-3T iP-2P  2P-3P  3T/P4 4-5
Reach Between Sample Locations

% Change
Nbhormna

% Change in Initial Bicarbonate Conc.
Between Sample Locations (2000 BPD)

16
» 12 &
g ¢ / %,
£ S
?ﬂ 4 lw % LW: m
b : — ,
. 5 s,
16 T6  T-2f 2T-a7 _iP-2F P3P  BT/P4 4.5 60 r eve
Reach Between Sample Locations
% Change in Initial Bicarbonate Conc.
Between Sample Locations (3000 BPD)
16
© 2 3';"]”
g 4 o
£
(&) 4 [ = L1 | J &=
i ——
-12
16 1-6 1T-2T 2T-3T iP.-2P  2P-3P 3T/P4 4-5
Reach Between Sample Locations
% Change in Initial Bicarbonate Conc.
Between Sample Locations (4000 BPD)
16
12
o 8
S 4
5 .f..:g TE- = < R—a—
R ~_
-12
-16

1-6 1T-2T 21-37 iP-2P  2P-3P 3T/P-4 4.5
Reach Between Sample Locations
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% Change in Initial Radium 226 Conc.
Between Sample Locations (1000 BPD)
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% Change in Initial Sulfide Conc.
Between Sample Locations (1000 BPD)
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Figure B12 - Percent Change in Sulfide Conc. Between Sample Locations
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% Change in Initial Sulfate Conc.
Between Sample Locations (1000 BPD)
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Figure B13 - Percent Change in Sulfate Conc. Between Sample Locations
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% Change in Initial Benzene Conc.
Between Sample Locations (1000 BPD)
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Figure B14 - Percent 'Change in Benzene Conc. Between Sample Locations
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% Change in Initial Toluene Conc.
Between Sample Locations (1000 BPD)
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Figure B15 - Percent'Change in Toluene Conc. Between Sample Locations
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% Change in Initial Ethylbenzene Conc.
Between Sampie Locations (1000 BPD)
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Figure B16 - Percent Change in Ethylbenzene Conc. Between Sample Locations
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% Change In Initial Xylenes Conc.
Between Sample Locations (1000 BPD)
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Figure B17 - Per_cent'Change in Xylenes Conc. Between Sample Locations
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% Change in Initial Phenolics Conc.
Between Sample Locations (1000 BPD)
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Figure B18 - Percent Change in Total Phenolics Conc. Between Sample Locations
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% Change in Initial TDS Conc.
Between Sample Locations (1000 BPD)
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% Change in Initial Magnesium Conc.
Between Sample Locations (1000 BPD)
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Figure B20 - Percent Change in Magnesium Conc. Between Sample Locations
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% Changs in Initial Tot Alk as CaCO3
Between Sample Locations (1000 BPD)
2 [
g’ E — | — | 120 hr
c £
8 -4
£ a
o 3
® 40
-1?
14 1-6 iT-21  2T-3T  1P.2P  2P-3P 3T/P-4 4-5
Reach Between Sample Locations
% Change in Initial Tot Alk as CaCO3
Between Sample Locations (2000 BPD)
o O — ay
2 2
: A
© -5
£ P ;————“
o 2
® 40
.1?
14 16 TT.2F  oT.3f P2 2P-3F  31/P4  4-5
Reach Between Sample Locations
% Change in Initial Tot Alk as CaCO3
Between Sample Locations (4000 BPD)
2 Y-
[«»] (¢, r
- |
F = - NN
o -g 80 hr eve
® 40 =1
-1 'f‘
o 1-6 iT-2T  21-3T 1P-2P 2P-3P  3T1/P4 "4-5

126

Reach Between Sample Locations

Figure B21 - Percent Change in Alkalinity Conc. Between Sample Locations
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Table B9 - Percent Change in Flow Rate, Water Temperature and pH

Measurement: Flow Rate (GPM) Sample Location

Date FlowBPD Duration AmbT(C) 1-8 1T-2T 2T-3T 1P-2P 2P-3P 3T/P4  4-5
07/30/81 1000  N/A 28,0 o -18 2 =] 9 o1 ¥
08/02/91 2000 N/A 17.5 o -13 -4 2 -10 109 ]
09/08/01 2000 N/A 14.0 o 15 o 0 -13 17 =]
07/25/91 3000 N/A 18.3 o Y] 18 [ 5 105 o
08/05/81 4000 N/A 230 (] < 4 o 2 wee b
*** Wetland Shut-in

Measurement: Water Temperature (deg C) Sample Location

Date FlowBPD Duraton AmbT(C) 1-68 1T-2T 2r-3T 1P-2P 2P-3P 3TP4  4-5
07/25/91 3000 30 day 18.3 -13 -15 3 ") 7 - 32
o7/26/01 4000 24 hr 18.0 -26 -8 3 "] 5 -18 -30
07/30/91 1000 48hr 28,0 "] 29 2 17 -2 5 21
o7/31/81 1000 72hr 285 ] 17 -4 2 -2 5 22
08/02/81 2000 48 hr 175 -8 31 o 20 -13 (] -29
08/02/91 2000 60 hreve 140 -14 -43 -10 -29 24 3 ]
08/03/91 2000 72hr 180 ] -18 ) -15 7 o a7
08/05/81 4000 48 hr 230 -12 -15 5 7 13 -38 14
08/05/81 4000 60 hreve 18.0 -18 42 -8 25 24 -14 3
09/08/91 2000 30 day 140 11 -32 ¥] 21 -18 7 -18
11/02/91 3000 56day -100 -20 41 ¥] -18 -30 3 57
01/14/92 4000  71ddusk 4.0 28 22 29 22 24 3 -40
01/18/82 2000 T72hr 5.0 -18 58 a3 a8 -40 o -81
01/24/82 1000 120 hr 5.0 -18 -84 -25 51 38 ¥} 83
Measurement: pH Sample Location

Date FlowBPD ODuraton AmbT(C) 1-8 1T-2T 2T-3T 1P-2P 2P-3P 3T/P4  4-5
o07/25/01 3000 30 day 18.3 1 5 1 4 1 2 1
07/26/91 4000 24hr 16,0 3 3 1 3 1 -1 o
07/30/91 1000 48 hr 26.0 8 3 1 1 1 [ 3
07/31/81 1000 72hr 265 8 4 1 1 1 3 -1
08/02/91 2000 48hr 17.5 7 8 ) 3 1 1 o
08/02/81 2000 60hreve 14.0 1 1 1 1 o 2 -1
08/03/91 2000 72hr 16.0 3 0 1 0 o 4 0
08/05/91 4000 48Mhr 230 10 3 1 3 1 1 1
08/05/91 4000 60 hreve 180 4 3 3 4 o 1 )
09/08/91 2000 30day 14.0 8 3 1 1 1 1 o
11/02/01 3000 58 day -10.0 8 1 3 3 1 1 °
01/14/82 4000  71d dusk 4.0 8 1 3 1 1 o 1
01/18/92 2000 72hr 5.0 3 1 1 1 1 o 1
01/24/92 1000 120 hr 50 1 1 1 1 1 o [
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Table B10 - Percent Change in Conductivity

Measurement: Conductivity (micro-mhos) Sample Location

Date FlowBPD Duration AmbT() 1-68 1T-2T 27-3T 1P-2P 2P.3P 3T/P4  4-5
07/25/81 3000 30 day 18.3 - 0 o 3 3 -1 -12
07/26/91 4000 24hr 18.0 5 [ 2 2 o 7 14
07/30/91 1000 48 hr 26.0 3 ¥} [ 2 -1 2 "]
07/31/81 1000 72hr 265 2 - o ) 2 -2 7
08/02/81 2000 48hr 175 5 - 0 9 2 -4 -17
08/02/91 2000 60 hreve 14.0 ¥] -21 ¥ -18 -13 o 1
08/03/81 2000 72hr 18.0 7 0 -1 -10 3 -1 13
08/05/81 4000 48hr 230 < 12 - 5 5 -18 1
08/05/91 4000 80 hreve 18.0 NO DATA DUE TO HAIL STORM

09/08/91 2000 30 day 140 ¥ ] 2 -15 7 7 3 "]
11/02/91 3000 56 day -10.0 10 e [ 10 ] 2 14
o1/14/82 4000  71ddusk -40 8 3 5 -4 -8 2 7
o1/18/82 2000 72hf -5.0 8 -12 8 -13 =) 3 7
01/24/92 1000 120 hr 5.0 =] 20 5 -18 ] 2 3
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Table B11 - Net Change in Redox and Dissolved Oxygen

Measurement: Redox (mV) Sample Location

Dats FlowBPD Duraion AmbT(C) 1-8 1T-2T 2T-3T 1P-2P 2P-3P 3TP4  4-5
07/25/81 3000 30day 18.3 277 142 a8 ] 152 8 81
07/26/81 4000 24tr 16.0 251 132 4 7 138 127 18
07/30/91 1000 48 hr 28,0 230 181 8 13 228 14 17
07/31/91 1000 72hr 285 243 158 118 2 254 13 45
08/02/81 2000 48hr 175 229 180 57 ] 184 a7 13
08/02/81 2000 €Ohreve 140 161 87 50 28 84 53 69
08/03/81 2000 72hr 16.0 173 169 85 & 202 3¢ 27
08/05/91 4000 48 hr 23,0 180 123 85 a4 150 100 8
08/05/91 4000 60 hreve 18,0 109 65 a8 a9 88 178 82
09/08/81 2000 30day 140 230 194 14 24 217 39 a8
11/02/81 3000 58day -10.0 152 148 80 o 213 1 70
01/14/81 4000  71d dusk 40 220 83 54 7 135 27 148
01/18/91 2000 72hr 5.0 211 205 40 154 260 5 44
01/24/91 1000 120 hr 5.0 230 258 5 261 284 13 19
Measurement: Dissolved Oxygen {mg/]) Sample Location

Date FlowBPD Duraion AmbT(C) 1-68 1T-2T 2T-3T 1P-2P 2P-3P 3T/P4  4-5
07/25/81 3000 30day 18.3 6.1 5.3 (Y] 32 58 0.6 05
07/26/81 4000 24 hr 180 a5 5.0 0.0 34 5.1 -1.0 0.1
07/30/81 1000 48 hr 26.0 as 42 a9 0.1 9.1 28 14
07/31/81 1000  72hr 265 as 43 as 0.0 8.3 -2.1 15
08/02/91 2000 48hr 175 43 49 18 20 7.8 1.8 1.2
08/02/81 2000 60 hreve 140 ao 28 21 0.4 2.4 0.8 07
08/03/81 2000 72hr 18.0 a1 48 19 00 78 1.3 0.0
08/05/01 4000 48 hr 230 37 5.0 19 0.0 7.0 03 02
08/05/91 4000 80 hreve 16.0 NO DATA DUE TO HAIL STORM

09/08/81 2000  30day 140 1.8 20 13 0.1 22 08 1.0
11/02/81 3000 56day -10.0 1.3 28 19 0.0 a4 0.0 28
01/13/82 4000 71 ddusk .0 28 1.0 18 0.0 18 14 35
01/17/92 2000 72hr -5.0 44 80 18 31 89 03 20
01/23/82 1000 120 hr 5.0 45 8.3 0.9 8.2 68 0.8 15

1T/P-5

158
117

1T/P-5

5.8
42
4.8
5.1
45
57
5.7
6.4

4.4
[-X:]
71
9.7
8.1
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Table B12 - Percent Change in Potassium, Sodium, and Chloride Concentration

Constituent: Potassium (mg/l) Sample Location

Date FlowBPD Ouration AmbT() 1-68 iT-2T 27-3T 1P-2P 2P-3P 3T/P4 4-5
07/25/91 3000 30day 18.3 7 a 4 1 2 -8 0
07/30/91 1000 48 hr 280 NT 8 x] 3 7 4 o
07/31/91 1000 T2hr 265 NT 4 4 1 4 3 8
08/02/91 2000 48hr 17.5 a7 -15 5 22 8 17 0.
08/02/91 2000 60 hreve 14.0 27 -3 1 5 23 14 -18
08/03/81 2000 T72hr 16.0 21 5 7 "] 22 < 27
08/05/91 4000 48 hr 230 -10 -11 13 25 35 -10 38
08/05/91 4000 60 hreve 16.0 o ] 4 13 17 -15 38
08/08/91 2000 30day 140 8 8 8 2 10 ") 3
11/02/81 3000 56day -10.0 - - 0 NT NT NT 1
01/13/82 4000  71ddusk 40 14 2 4 12 € 1 ]
01/17/82 2000 72hr 5.0 o 13 -8 2 18 13 ]
01/24/92 1000 120 hr 50 1 (] 3 12 -18 8 15
Constituent: Sodium (mg/) Sample Location

Date FiowBPD Duraon AmbT(C) 1-8 1T-2T 2T7-3T 1P-2P 2P-3P 3T/P4 4.5
07/25/81 3000 30 day 18.3 3 3 [ 3 o 0 0
07/30/91 1000 48 hr 26.0 NT 7 - 3 0 =) 6
07/31/91 1000 72hr 285 NT 3 2 1 4 0 3
08/02/81 2000 48hr 17.5 -15 =) 2 - - "] -1 0
08/02/01 2000 60 hreve 14.0 ] 2 a4 (] 3 2 -
08/03/81 2000 72hr 18.0 € 3 0 - 8 - 7
08/05/91 4000 48hr 230 o ) 3 5 8 3 16
08/05/01 4000 60 hreve 18.0 2 1 1 -1 3 3 18
09/08/91 2000 30day 140 2 2 3 2 1 7 0
11/02/01 3000 56 day -10.0 0 2 () NT NT NT 3
01/13/82 4000  71ddusk 40 o 0 a ] 2 0 5
o1/17/2 2000 72hr 5.0 5 8 2 3 0 3 2
01/24/82 1000 120 hr 50 1 2 1 4 3 0 5
Constituent: Chioride (mg/l) Sample Location

Date FlowBPD Duraion AmbT() 1-8 1T-2T 2T-3T 1P-2P 2P-3P 3T/P4 4.5
07/25/81 3000 30 day 18.3 2 o o -1 4 2 5
07/30/91 1000 48hr 260 NT 7 -1 3 2 2 4
07/31/91 1000 72hr 265 NT 5 3 5 1 1 ]
08/02/81 2000 48hr 175 ¥ ] -4 1 3 7 3 -1
08/02/91 2000 60 hreve 140 5 -1 2 1 2 2 7
08/03/81 2000 72hr 18.0 7 1 © 0 19 ] o
08/05/81 4000 48 hr 230 0 2 7 -1 3 < 8
08/03/91 4000 @O hreve 16.0 8 7 o s < 1 5
09/08/81 2000 30day 140 1 2 8 o 1 ] 3
11/02/91 3000 56day -10.0 0 2 2 NT NT NT =]
o1/13/02 4000  71d dusk 4.0 2 1 3 () 1 2 -1
0117/82 2000 72hr 5.0 5 4 1 s 2 () -1
01/24/92 1000 120 hr 50 2 3 -1 5 - 0 3

NT" = no test
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Table B13 - Percent Change in Calcium, Bicarbonate and Radium 226 Conc.

Constituent: Calcium (mg/l) Sample Location
Date FlowBPD Duration AmbT(C) 1-6 1T-2T 2T-3T 1P-2P 2P-3P 3T/P4  4-5
07/25/81 3000  30day 18.3 5 "] < 7 -4 1 3
07/30/91 1000 48hr 260 NT -15 3 -10 -10 B o
07/31/81 1000 72hr 2.5 NT 14 -8 -8 13 2 4
08/02/91 2000 4shr 175 2¢ 12 -2 18 -1 2 10
08/02/91 2000 60 hreve 140 6 (] 4 2 -4 0 -1
" 08/03/81 2000 72hr 16.0 2 2 2 = 7 2 10
08/05/81 4000 48hr 230 -1 7 2 -4 € 2 3
08/05/91 4000 60 hreve 180 o -4 4 € -1 -1 -10
08/08/91 2000 30 day 140 - 7 2 -1 € 2 5
11/02/81 3000 58 day -10.0 0 5 1 NT NT NT 5
0113/62 4000  71ddusk 4.0 2 5 - -10 1 -1 8
011782 2000 72hr 5.0 -4 12 2 € 3 -3 -
01/24/82 1000 120 hr 5.0 3 ") -4 -7 -4 -2 -1
Constituent: Bicarbonate (mg/l) Sample Location
Date FlowBPD Duration AmbT(C) 1-8 1T-2T 2T-3T 1P-2P 2P-3P J3T/P4  4-5
07/25/91 3000 30 day 18.3 ¥ 5 2 -4 -4 2 7
07/30/01 1000 48 hr 26.0 NT -15 Y] ¥ -13 -1 5
o07/31/01 1000 72hr 25 NT -15 7 ) -15 2 7
08/02/81 2000 48hr 17.5 12 3 < o -10 3 15
08/02/81 2000 60 hreve 140 7 8 -1 8 5 - -15
08/03/81 2000 72hr 16,0 4 -9 -1 ] -10 2 e
08/05/91 4000 48 hr 22,0 2 2 -4 5 - 2 1
08/05/91 4000 60 hreve 18.0 2 2 4 2 3 -1 12
00/08/91 2000 30 day 14.0 7 7 7 5 € 5 -1
11/02/91 3000 56 day -10.0 7 -10 - NT NY NT 3
01/13/82 4000 71 d dusk -4.0 2 7 5 7 3 o -10
01M17/82 2000 72hr 5.0 4 9 2 € 3 - 2
o01/24/82 1000 120 hr 5.0 7 -12 5 ] ] - 1
Constituent: Radium 226 (pCifl) Sample Location
Date FlowBPD Duraton AmbT() 1-6 1T-2T 2T-3T 1P-2P 2P-3P 3T/P4  4-5
07/25/91 3000 30 day 18.3 22 30 31 1 o 14 -38
07/30/91 1000 48 hr 26.0 NT -28 7 -20 -8 -25 -38
07/31/81 1000 72hr 265 NT 45 ] -28 -15 -18 27
08/02/91 2000 48hr 17.5 28 -40 ") a7 -1 -20 -23
08/02/91 2000 60 hreve 140 < 24 o 5 -20 18 -49
08/03/81 2000 72hr 18.0 4 -25 4 29 -18 7 20
08/05/81 4000 48hr 23.0 - 7 -1 1 -28 18 -0
08/05/91 4000 60 hreve 18,0 -78 84 €0 -29 33 <5 28
00/08/91 2000 30 day 140 a7 " < 27 0 10 -28
11/02/01 3000 56 day -10.0 9 -18 28 NT NT NT 2
0t/13/82 4000  71ddusk 4.0 ¥] 5 -5 € = 5 8
01/17/92 2000 72hr 5.0 3 11 20 2 -18 =] 8
o1/24/92 1000 120 hr 5.0 -1 7 ) ] 3 5 €

“NT" = no test
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Table B14 - Percent Change in Sulfide and Sulfate Conc.
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Constituent: Sulfide (mg/i) Sample Location

Date FlowBPD Duration AmbT(C) 1-8 1T-2T 2T-3T 1P-2P 2P-3P 3TP4 4-5
07/25/81 3000 30day 183 -8 -8 o -54 -48 75 -29
07/30/91 1000 48 hr 26.0 NT -19 -36 28 7 -38 25
07/31/81 1000  72hr 265 NT -89 18 -49 -568 14 8
08/02/91 2000 48hr 17.5 -48 70 ] 3 -88 25 20
08/02/91 2000 60 hreve 140 52 75 33 -48 -85 -18 2
08/03/91 2000 72hr 180 1 -85 38 82 -7 87 3
08/05/91 4000 48 hr 23,0 74 72 -13 58 25 -18 8
08/05/91 4000 60 hreve 18.0 -78 84 80 29 -33 45 8
09/08/91 2000 30day 140 -4 57 17 42 39 5 17
11/02/91 3000 56 day -10.0 -51 74 -1 NT NT NT 100
01/13/82 4000  71d dusk 4.0 -8 48 o 34 -18 o 13
01/17/82 2000 72hr 5.0 -48 34 -18 a7 -15 0 23
o1/24/82 1000 120 hr 50 -38 -19 -18 -20 27 -4 100
Constituent: Sulfate (mg/l) Sample Location

Date FlowBPD Duraion AmbT(C) 1-8 1T-2F 27-3T 1P-2P 2P-3P 3T/P4  4-5
o7/25/91 3000 30 day 183 1 0 o 2 4 2 8
07/30/91 1000 48hr 26,0 NT 5 o 2 3 2 4
o7/31/01 1000 72hr 285 NT 10 ] 8 1 2 8
08/02/81 2000 48hr 175 1 3 1 5 ¥ ] 2 3
08/02/91 2000 60 hreve 140 -1 - 2 2 -4 3 13
08/03/91 2000 72hr 18.0 7 1 2 -1 11 ¥ -3
08/05/91 4000 48 hr 230 2 - 8 -4 5 5 1
08/05/91 4000 60 hreve 18.0 7 2 A 2 2 0 22
08/08/91 2000 30 day 140 12 8 5 © 12 ] 1
11/02/91 3000 56 day -10.0 ] 7 2 NT NT NT ¥ ]
01/13/92 4000  71ddusk 4.0 8 3 2 a 1 1 1
01/17/92 2000 72hr 50 8 3 2 4 o o -1
01/24/92 1000 120 hr 50 6 12 o 10 1 0 3

“NT* = no test
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Table B15 - Percent Change in Benzene, Toluene and Ethylbenzene Conc.
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Constituent: Benzene (ug/l) Sample Location

Date FlowBPD Duraton AmbT() 1-8 1T-2T 1P-2P 2PMT4  4-5
07/25/81 3000 30 day 18.3 -83 -88 NT 35 -100
07/30/81 1000 48hr 260 NT ~100 ] -100 NT
07/31/81 1000 72hr 265 NT -100 72 -100 NT
08/02/91 2000 48hr 17.5 NT o7 -70 -100 NT
08/02/91 2000 60 hreve 140 NT 81 -70 82 NT
08/03/01 2000 T72hr 16.0 NT 84 71 -100 NT
08/05/91 4000 48 hr 230 NT -85 -56 -100 NT
08/05/91 4000 60 hreve 186.0 NT 83 -48 -100 NT
09/08/91 2000 30 day 140 -85 05 -1 -100 NT
11/02/01 3000 56 day -10.0 83 -75 NT NT NT
01/13/92 4000  71ddusk -4.0 01 - -52 -89 NT
01/17/82 2000 72hr 5.0 -88 -88 €5 -70 NT
01/24/82 1000 120 hr 5.0 -78 -01 -5 83 NT
Constituent: Toluene (ug/l) Sample Location

Date FlowBPD Duraton AmbT(C) 1-8 1T-2T 1P-2P 2PA<4  4-5
07/25/81 3000 30 day 183 -85 -87 NT 49 -100
07/30/81 1000 48 hr 280 NT -100 -7 -100 NT
07/31/81 1000 72hr 285 NT -100 79 -100 NT
08/02/91 2000 48 hr 175 NT a7 79 -100 NT
08/02/91 2000 60hreve 140 NT 02 72 80 NT
08/03/91 2000 72hr 16.0 NT 82 75 -100 NT
08/05/81 4000 48 hr 230 NT ¥ -3 -100 NT
08/05/91 4000 8Ohreve 1860 NT 83 57 -100 NT
09/08/91 2000 30day 140 87 -85 -5 -100 NT
11/02/91 3000 86 day -10.0 -83 73 NT NT NT
01/13/82 4000 71 ddusk 40 82 77 -51 B4l NT
o1/17/82 2000 72hr -5.0 -87 -89 75 -78 NT
01/24/92 1000 120 hr 5.0 83 04 79 81 NT
Constituent: Ethylbenzene (ugfl) Sample Location

Date FlowBPD Duration AmbT() 1-8 1T-2T 1P-2P 2PMT4  4-5
07/25/81 3000 30 day 18.3 83 83 NT 45 -100
07/30/01 1000 48hr 26.0 NT  -100 -85 -100 NT
07/31/81 1000  72hr 265 NT -100 70 -100 NT
08/02/81 2000 48 hr 175 NT -100 -75 -100 NT
08/02/81 2000 60 hreve 140 NT 83 ] -100 NT
08/03/81 2000 72hr 18.0 NT 04 -9 -100 NT
08/05/81 4000 48 hr 230 NT -89 -3 -100 NT
08/05/91 4000 80 hreve 18.0 NT -85 -47 -100 NT
09/08/91 2000 30day 14.0 -100 84 -8 -100 NT
11/02/91 3000 56 day -10.0 -82 -70 NT NT NT
01/13/82 4000  71d dusk 40 -81 -78 -55 -85 NT
01/117/82 2000 72hr -5.0 -84 -85 -69 75 NT
01/17/82 2000 72he 5.0 -3 81 -70 -100 NT

NT" = no test
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Table B16 - Percent Change in Xylenes and Total Phenolics Conc.
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Constituent: Xylenes (ug/l) Sample Location

Date FlowBPD Duraton AmbT() 1-8 1T-2T 1P-2P 2PfT4  4-8
07/25/81 3000 30 day 183 88 3 NT 53 -100
07/30/91 1000 48hr 26.0 NT -100 -2 -100 NT
07/31/81 1000  72hr 285 NT  -100 -89 -100 NT
08/02/01 2000 48hr 175 NT 85 7 -100 NT
08/02/91 2000 80 hreve 140 NT 82 -88 -84 NT
08/03/91 2000 72hr 16.0 NT -80 -58 -100 NT
08/05/91 4000 48hr 230 NT a7 50 -100 NT
08/05/81 4000 60 hreve 18.0 NT 83 44 -100 NT
©09/08/81 2000 30 day 14.0 -84 -92 -89 -88 NT
11/02/91 3000 58day -10.0 -80 88 NT NT NT
01/13/82 4000  71d dusk -4.0 -80 74 47 -70 NT
01/17/92 2000 T72hr -5.0 -83 -81 87 <75 NT
01/24/92 1000 120 hr 5.0 82 83 -70 72 NT
Constituent: Total Phenolics (mg/l) Sample Location

Date FlowBPD Dumton AmbT(C) 1-8 1T-2T 1P.2P 1PT4 4-5
07/25/01 3000 30 day 18.3 -48 -15 NT -43 )
07/30/91 1000 48 hr 280 NT NT NT ERR -7
07/31/91 1000 72hr 265 NT NT NT ERR -100
08/02/91 2000 48hr 12.5 23 NT NT 50 )
08/02/91 2000 60 hreve 140 -38 NT NT 25 -40
08/03/91 2000 72hr 18.0 T ] NT NT 14 -12
09/08/91 2000 30 day 14.0 23 o 15 -10 -11
11/02/91 3000 58 day -10.0 33 7 NT 20 -42
o1/13/82 4000  71ddusk 40 23 NT NT 10 "]
01/17/02 2000 72hr 5.0 0 NT NT ] 0
01/24/92 1000 120 hr 50 -8 NT NT -18 (]

NT* = no test, "** data in this row is based on estimated inflow concentration
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Table B17 - Percent Change in TDS, Magnesium and Alkalinity Conc.
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Constituent: Total Dissolved Solids @ 180 deg C (mg/l) Sample Location

Date FlowBPD Ouraton AmbT() 1-8  1T-2T 2T.3T 1P-2P 2P-3P 3T/P4 4-5
07/25/01 3000 30 day 18.3 1 0 () 0 -1 -1 2
07/30/91 1000 48hr 280 NT 2 -1 2 2 -0 6
07/31/91 1000 72hr 265 NT 2 0 2 2 -1 15
08/02/91 2000 48hr 17.5 8 4 0 5 8 ] 3
08/02/91 2000 60 hreve 14.0 3 2 1 2 -2 o 1
08/03/91 2000 T72hr 16.0 2 2 0 2 -1 - 2
08/05/91 4000 48 hr 230 1 -1 0 2 3 1 7
08/05/91 4000 60 hreve 16.0 2 () 2 0 0 -1 7
09/08/91 2000 30 day 14.0 1 -1 2 1 4 2 =]
11/02/91 3000 58 day -10.0 1 2 1 NT NT NT 2
01/13/92 4000 71 ddusk 40 [ 2 -1 -1 -1 0 2
o117/82 2000 72hr 5.0 -1 2 [ 2 1 -1 2
01/24/92 1000 120 hr 50 1 -1 2 0 -1 0 -1
Constituent: Magnesium (mg/l) Sample Location

Date FlowBPD Duraton AmbT(C) 1-8 1T-2T 2T-3T 1P.2P 2P.3P 3T/P4  4-5
07/25/81 3000 30 day 18.3 3 2 0 2 o 0 2
07/30/81 1000  48hr 280 NT 5 -1 2 - 0 7
07/31/81 1000 72hr 265 NT 1 2 o 1 () 5
08/02/81 2000 48hr 175 3 -4 1 - 2 3 1
08/02/91 2000 0hreve 14.0 -1 0 4 o 2 2 3
08/03/81 2000 72hr 16.0 o 1 2 2 4 - 2
08/05/81 4000 48hr 23,0 2 1 -1 0 1 o 12
08/05/01 4000 60 hr eve 16.0 2 3 1 2 o 1 13
09/08/91 2000 30day 140 2 o 2 2 -1 Y] 1
11/02/91 3000 56 day -10.0 1 2 1 NT NT NT -1
_01/13/92 4000  71d dusk -4.0 2 o 2 4 2 o ()
011782 2000 72hr 5.0 1 -1 a 3 o 2 2
01/24/82 1000 120hr 50 2 5 () 5 o 3 4
Constituent: Total Alkalinity as CaCO3 (mg/l) Sample Location

Date FlowBPD Durstion AmbT(C) 1-8 1T-2T 2T-3T 1P-2P 2P-3P 3T/P4  4-5
08/05/91 4000 48hr 230 2 ¥ < - < 2 1
08/05/91 4000 60 hr eve 16.0 2 2 a 2 3 - -12
09/08/91 2000 30day 14.0 Y] 7 ¥ ] 5 ] 5 -1
11/02/91 3000 56 day -10.0 NT NT NT NT NT NT NT
01/13/82 4000  71d dusk 4.0 -10 -8 5 ¥ ] -4 1 -10
01/17/92 2000 72hr 5.0 NT NT NT NT NT NT NT
01/24/92 1000 120 hr 5.0 - 12 5 2 5 -1 1

NT® = no test
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Percent Change in Water Temperature
With Variation in Ambient Temperature

10

0

-10

-40

% Change in Water Temperature
S

€ 10
®
gg 0
£ -10
=2
S ~=
% 40 \# \\ / /T I
'é, o \\//
§ .60 N AN /
S o
'70 L] T T T U L
® "Ho 5 0 5 10 15 20 25 30
Ambient Temperature (deg C)
—m— {T.2T —a— 1P-2P
Percent Change in Water Temperature
With Variation in Ambient Temperature
g
-26;—;}—— -
-10 -5 0 5 10 15 20 25 30

Ambient Temperature (deg C)

—=— 2P3P —&— 4.5

Figure B22 - % Change in Water Temperature vs Ambient Temperature

136



137

T-4212

ainesedwa] jusiquy sa Hd ul aBuey) % - g2g ainbi4

9l O S X dede X
dodl * 1€1e W 12l m

{p Bep) eineiedwe ).
Go Sl ol S 0 G- o}- Sl- 0c-
1 L ,_ 1 L i Nu
b =
se >c—W—m.- >¢ >< 0
W = YN ¥ w b w
[ ] v w w = - (! -
¢ PRy 14
= o - 0 a
= -4
(]
=) (= 8
= ot
O

aimesadwa usiquiy Ul UoRBLEBA YUM
Buipeay Hd ul ebuey) uaoaled

. Hd w1 ebueyd %



138

T-4212

ainjesadwa] slquy SA xopay ul abuey) 18N - yeg einbi4

Sdll O St X dede X
dedl ¥ 1¢le ' W 1241 =

(o Bep) einieiadwe] Jeiquiy

sz st o} g 0 ¢ o- st 0 e

b=

001~
<
= =4
< = 0
& = b4 -4 * *
s #‘ w vy

g :
v Vv - - v 001
v ] ﬂ

%

- = s * -
- wn™ -

o Qv . < 00¢
X oD O
=< - =

0 _ ><
O = - = = 00¢
00y

ainjesadwa] Juaiquiy Ul UOHEUBA YIM
Buipeay xopey ui abuey) 1N

Buipeey xopey ul e6ueyd 18N



139

T-4212

ainesadwa] welquy sA usbAxQ peajossiq ul ebuey) 1eN - sgg ainbi4

St

SdiLt O St X de&de X
dedl ¥ 1€l W igli m

(o Bep) exneledwse ) wejquiy
o} S 0

1

‘W:*r _

X

X 1«

o~

g| Xn

O

XK

©

(e}

=

«©

aineladwa waiquiy Ul UuoneueA YIA
buipeay uabAxQ panossiqg ul abuey) 18

N

0l

Buipeey ueBAxQ peajossig ul 8bueyd 1eN



140

T-4212

S¢

0c

St

ainjeladwa] usiquy SA "0U0D 8puojy) Ul ebueyd % - 92g einbi4

S X dédl > lgll =

(p Bep) ainjeiedwa] siquy
ol ] 0 G-

&

0c-

®

@

x|

xX

B XX

x 1

X

¥

X BX

N
"ouo) epuoly) U1 ebueud %

X X
X

©

aineladwa] jusiquiy ul abueyd yupm
"0u0D epuojyy ul abueys usdiad

©



141

T-4212

aJnjesadwa] jusiquiy SA "OU0) Wnioje) ul abueyd % - 22g ainbi4

Sv X dédl > 1cll M

(o bep) einjesedwe] wejquiy

m.N Sl (1] S 0 G- 0}- Gl- -
. 1 L 1 1 1 1 \UJFI
| |
[ |
2 a K ol
E3 m = o
> [ ] x
™ * K 8 o
m X - ?
A€ < >
= | HE 0
A
< >
>
< 0l
]
Sl
b
0c

ainesadwe] jusiquy ui abueys yum
"aue) WnRe) ur ebuey) wedsed

"0U0D WNIoED U ebueyn %



142

aJnjesadwa] Jusiquiy SA "ou0)) ejeuoqtealg ul ebuey) 9 - ggg einbidg

Sv O dede > dedl W lcll =

(o Bep) einjesedwe sjquy

] S 0 G- oi- Si- 0c-
1 1 1 1 1 0c-

4|1
O
|

L
?

w0
"0uo ereuoqieaig ul ebueyd %

ol

T-4212

aimesadwa | siquy ul abueyd Yum
"ouo) aleuoqiealg ul abueys Jusdled



T-4212 143

Percent Ch: in pH Percent Change in pH
With Variaiim:n in W:l;gl?T:rgpetature With Variation in Water Temperature
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Figure B29 - % Change in pH vs Water Temperature
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Net Change in Dissolved Oxygen Reading

With Variation in Water Temperature

10

1T-2T

o

DO (mgh)

ek
:

S

DO (mg/)

0

10

5 1 15 20 25 30 35
Ave Water Temp (degC) Between Locations

Net Change in Dissolved len Readin:
With Variation in WamgrxeygpeMre ©

'\-\

T 1

[

N
.\‘]

N

N

¥
5 10 15 20 25 30 a5
Ave Water Temp (degC) Between Locations

DO (mg/n)

Net Change in Dissotved Oxygen Reading

With Variation in Water Temperature

144

@D

a5

' ATk

0 —gel— .[ m-—

6 5 1w 15 2 25 30

Ave Water Temp (degC) Between Locations
Net Change in Dissolved Oxygen Reading
With Variation in Water Temperature
10

S " /
E
8 . bt

N

&

L LJ T L T
5 10 15 20 25 30
Ave Water Temp (degC) Between Locations

Figure B30 - Net Chénge in Dissolved Oxygen vs Water Temperature

35



T-4212 145

Percent Change in Bicarbon. Percent Change in Bicarbonate Conc.
f: S ato Conc. With Change in Water Temperature
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Percent Change in Radium Conc. Percent Change in Radium Conc.

With Change in Water Temperature With Change in Water Temperature
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Figure B32 - % Change in Radium 226 Conc. vs Water Temperature
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% Change In Initial Sulfide Conc. % Change in Initial Sulfide Conc.
With Variation in Water Temperature With Variation in Water Temperature
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Percent Change in Bicarbonate Conc. Percent Change in Bicarbonate Conc.
With ¢ Change in pH With Change in pH
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Percent Change in Radium Conc. Percent Change in Radium Conc.
With Change in pH With Change in pH
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Figure B35 - % Change in Radium 226 Conc. vs pH
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% Change in Initial Sulfide Conc. % Change in Initial Sulfide Conc.
With Variation in pH With Variation in pH
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% Change in Bicarbonate Conc. 1T - 2T
With Variation in System Maturity
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% Change in Radium 226 Conc. 1T- 2T
With Variation in System Maturity
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% Change in Sulfide Conc. 1T - 2T
With Variation in System Maturity
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% Change in Bicarbonate Conc. 1T - 2T
vs Relative Wind Intensity
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Figure B40 - % Change in Bicarbonate Conc. vs Relative Wind Intensity
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% Change in Radium 226 Conc. 1T - 2T
vs Relative Wind Intensity
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Figure B41 - % Change in Radium 226 Conc. vs Relative Wind Intensity




T-4212 157

% Change in Sulfide Conc. 1T - 2T
vs Relative Wind Intensity
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Figure B42 - % Change in Sulfide Conc. vs Relative Wind Intensity
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% Change in Bicarbonate Conc. 1T - 2T
vs Relative Solar Intensity
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Figure B43 - % Change in Bicarbonate Conc. vs Relative Solar Intensity



159

T-4212
% Change in Radium 226 Conc. 1T -2T
vs Relative Solar Intensity
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Figure B44 - % Change in Radium 226 Conc. vs Relative Solar Intensity
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% Change in Sulfide Conc. 1T -27
vs Relative Solar Intensity
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Table B19 - Mass Removal of Potassium, Sodium and Chloride

Constituent: Potassium (kg/day)

Date FlowBPD Duraton  AmbT (O)
07/25/91 3000 30 day 183
07/30/91 1000 48hr 280
07/31/01 1000 72hr 285
08/02/91 2000 48hr 175
08/02/91 2000 60 hreve 14.0
08/03/91 2000 T72hr 16.0
08/05/91 4000 48 hr 230
08/05/91 4000 60 hr eve 16.0
09/08/91 2000 30 day 140
11/02/91 3000 56 day -10.0
01/13/82 4000  71ddusk 4.0
01/17/92 2000 72hr 5.0
01/24/82 1000 120 hr 50
Constituent: Sodium (kg/day)

Date FlowBPD Duraton  Amb T (C)
07/25/81 3000 30 day 18.3
07/30/91 1000 48 hr 260
07/31/81 1000 72hr 265
08/02/81 2000 48hr 17.5
08/02/91 2000 60 hreve 140
08/03/91 2000 T72hr 18.0
08/05/91 4000 48 hr 230
08/05/81 4000 80 hreve 18.0
09/08/91 2000 30 day 140
11/02/91 3000 58 day -10.0
01/13/82 4000  71ddusk 4.0
01/17/82 2000 72hr 5.0
01/24/82 1000 120 hr 50

Constituent: Chloride (kg/day)

Date Flow 8PD  Duration Amb T (C)
07/25/81 3000 30 day 18.3
07/30/81 1000 48 hr 26.0
07/31/81 1000 72hr 265
08/02/81 2000 48hr 175
08/02/81 2000 60 hreve 140
08/03/81 2000 72hr 16.0
08/05/91 4000 48 hr 23.0
08/05/91 4000 60 hreve 16.0
08/08/91 2000 30 day 14.0
11/02/81 3000 56 day -10.0
01/13/82 4000 71 d dusk -4.0
01/17/82 2000 72hr -5.0
01/24/82 1000 120 hr 5.0

1T-2T

-1.8
-1.7
-1.0
7.9
13
-1.9
8.5
5.1
22
1.9
1.9
5.1
0.0

1T-2T

-1.1

17T

0.5
-2.2
-1.8
25
0.6
-1.0
3.2
-8.8
1.3
18
-1.3

-1.1

Sample Location
2rar 1P-2P
24 .2
1.8 06
-1.0 0.2
22 1.8
0.3 22
3.2 3.2
5 21.0
3.2 10.8
25 06
0.0 NT
32 -108
25 1.0
0.8 24

Sample Location
2137 1P-2P
05 48
05 1.3
-1.1 0.3
1.8 64
4.1 0.3
0.3 38
57 102
-1.3 25
25 1.8
05 NT
5.1 -11.4
1.9 29
03 21

Sample Location
2137 1P-2P
0.0 1.0
05 1.0
1.1 -1.8
208 1.9
1.3 1.0
0.3 0.0
8.9 19
0.0 6.4
5.1 0.0
-1.0 NT
38 08
-1.0 32
03 1.7

2P-3P

-1.4
1.4
-1.0
3.2
10.2
83
223
-12.1
-3.8

57
73
37

2P-3P
0.0
0.2
-1.9
57
25
78
-14.6
64
-1.3

38
-0.3
14

2P-3P

3.8
08
05
45
1.6
<78
45
06
7.0

-1.8
13
13

-3.8
-29

0.0
153

-50.8
-53.4
25
-1.0
19.1
5.1

-5.7
3.5
0.0
7.0
140
-61.1
611
0.0
8.6
204
32
4.5

4-5

10.5
-298
-4.5
1.8
-8.9
0.8
-21.8
-16.3
38
124
38
1.9

*NT* = no test, kg/day = 2.2 Ib/day,
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Table B20 - Mass Removal of Calcium, Bicarbonate and Radium 226

Constituent: Calcium (kg/day)

Date Flow BPD Duration Amb T (C)
07/25/81 3000 30 day 183
07/30/81 1000 48 hr 26.0
07/31/91 1000 T2hr 26.5
08/02/91 2000 48 hr 175
08/02/81 2000 60 hreve 140
08/03/91 2000 72hr 16.0
08/05/91 4000 48 hr 23.0
08/05/81 4000 60 hreve 16.0
09/08/91 2000 30 day 14.0
11/02/91 3000 58 day -10.0
01/13/82 4000 71 ddusk -4.0
01/17/92 2000 72hr -5.0
01/24/82 1000 120 hr 5.0

Constituent: Bicarbonate (kg/day)

Date FlowBPD Duration AmbT (C)
07/25/81 3000 30 day 18.3
07/30/81 1000 48 hr 280
07/31/91 1000  72hr 285
08/02/91 2000 48 hr 17.5
08/02/91 2000 60 hreve 140
08/03/91 2000 72hr 16.0
08/05/91 4000 48 hr 230
08/05/01 4000 60 hreve 16.0
09/08/01 2000 30 day 140
11/02/01 3000 56 day -10.0
01/13/82 4000  71ddusk 4.0
01/17/02 2000 72hr 5.0
01/24/82 1000 120 hr 50
Constituent: Radium 226 (uCi/day)

Date Flow BPD Duration  AmbT (C)
07/25/01 3000 30day 18.3
07/30/91 1000 48 hr 260
07/31/91 1000 72hr 265
08/02/81 2000 48 hr 17.5
08/02/91 2000 60 hreve 140
08/03/81 2000 72hr 16.0
08/05/91 4000 48 hr 230
08/05/91 4000 €0 hreve 16.0
09/08/91 2000 30 day 140
11/02/91 3000 58 day -10.0
01/13/92 4000  71ddusk 4.0
01/17/92 2000 T72hr 5.0
01/24/82 1000 120 hr 5.0

1727

286
245
25.8

-26.4
200
40.1

127
25.4
57.2
57.2
318

17-2T
4.1
1.3
24
5.3
23
28
1.6
137
0.7
18
1.2
08
0.3

Sample Location
arat 1P-2P
6.2 1.4
14 5.4
27 49
1.8 -15.8
35 1.8
1.9 89
45 78
7.0 1.4
16 18
1.0 NT
13.4 223
1.9 67
21 35

Sample Location
213t 1P-2P
85 18.1
8.7 13.0
103 15.4
127 25.8
32 26.4
35 1.1
242 318
254 127
254 19.1
238 NT
38.2 50.9
64 23
8.1 15.8

Sample Location

Fagas 1P-2P
5.5 0.1
02 09
0.3 1.8
0.0 49
0.0 05
03 33
22 0.1
€.1 6.1
0.0 4.7
29 NT
1.1 15
2.1 0.2
0.4 0.4

. 2P3P

6.7
48
8.4
111
4.1
67
127
1.3
6.7
NT
-1.8
29
18

2P-3P

18.1
18.4
27
33.1
159
328
286
-18.1

254
8.5
85

8.1
5.1
0.0

20
13
0.1

4-5

-68.6
-14.0
-17.2
846
9.2
-35.0
88
1628
38
286
141.2
1227
-1.8

*NT* = no test, kg/day = 2.2 Ib/day, uCi/day = 1,000,000 pCi/day
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Table B21 - Mass Removal of Sulfide and Sulfate

Constituent: Sulfide (kg/day)

Date Flow BPD Duration AmbT (C) 17T
07/25/01 3000 30 day 18.3 73

07/30/81 1000 48hr 26.0 08

07/31/91 1000 72hr 285 3.1

08/02/91 2000 48hr 175 68

08/02/91 2000 60 hreve 140 1.4
08/03/91 2000 72hr 18.0 8.1

08/05/91 4000 48hr 23.0 18.8

08/05/81 4000 60 hreve 16.0 137

09/08/91 2000 30 day 14.0 7.6

11/02/91 3000 56 day -10.0 0.9

01/13/92 4000 71 d dusk -4.0 122

01/17/82 2000 72hr 5.0 3.6
01/24/92 1000 120 hr 5.0 0.5

Constituent: Sulfate (kg/day)

Date Flow BPD Duration Amb T (C) 17-2T
07/25/81 3000 30 day 18.3 -1.4
07/30/81 1000 48 hr 26.0 <75
0731/81 1000 72hr 285 -14.0
08/02/81 2000 48hr 175 79
08/02/81 2000 60 hreve 140 29
08/03/91 2000 72hr 16.0 25
08/05/91 4000 48hr 23.0 254
08/05/91 4000 60 hreve 16.0 -14.0
08/08/91 2000 30 day 140 -17.2
11/02/81 3000 56 day -10.0 -28.7
01/13/92 4000  71ddusk -4.0 -15.3
01/17/92 2000 72hr 5.0 -7.8
01/24/92 1000 120 hr 5.0 -16.1

Sample Location

2137 1P-2P 2P-3P

0.0 57 49
14 -1.0 30
08 22 25
0.0 0.3 62
5.1 7.4 8.4
386 58 07
a7 15.3 6.8
171 6.1 74
23 5.8 5.2
15 NT NT
0.0 8.8 48
18 a8 18
05 0.8 o7
Sample Location

13t 1P-2P 2P-3P

14 8.1 -18.9
0.6 25 -4.1
81 -11.4 -1.5
25 -14.9 27
6.7 5.4 108
44 29 -30.8
-49.1 28.7 3198
31 -13.4 143
-14.1 0.8 -31.8
-8.9 NT NT
87 -22.3 -7.8
5.3 -10.5 1.2
0.8 -13.2 -1.3

8.1
-2.0
0.7
3.8
8.7

0.e
42
3.3

45

-28.7
84
4.7
53

4-5

74.2
-11.8
-23.1

174
-78.5

185

-138.9

8.2
61.0

8.0
7.2

“NT* = no test, kg/day = 2.2 lo/day
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Table B22 - Mass Removal of Benzene, Toluene and Ethylbenzene

Constituent: Benzene (g/day)

Date FlowBPD Duraion  AmbT (C)
07/25/01 3000 30day 183
07/30/91 1000 48 hr 26.0
07/31/81 1000 72hr 2635
08/02/91 2000 48hr 175
08/02/91 2000 60 hreve 140
08/03/81 2000 72hr 160
08/05/81 4000 48 hr 230
08/05/91 4000 60 hreve 16.0
08/08/81 2000 30 day 140
11/02/81 3000 58day -100
01/13/92 4000 71 d dusk -4.0
o117/02 2000 T2hr -5.0
01/24/82 1000 120 hr 5.0

Constituent: Toluene (g/day)

Date Flow BPD Duration Amb T (C)
07/25/91 3000 30 day 18.3
07/30/91 1000 48 hr 26.0
07/31/91 1000 72hr 265
08/02/91 2000 48hr 17.5
08/02/91 2000 60 hreve 140
08/03/91 2000 T2hr 16.0
08/05/91 4000 48hr 3.0
08/05/81 4000 60 hreve 16.0
09/08/81 2000 30 day 14.0
11/02/91 3000 58day -10.0
01/13/82 4000 71 d dusk -4.0
01/17/92 2000 72hr -5.0
01/24/92 1000 120 hr 5.0

Constituent: Ethylbenzene (g/day)

Date Flow BPD Duration Amb T (C)
07/25/91 3000 30 day 18.3
07/30/91 1000 48hr 26.0
07/31/81 1000 72hr 2685
08/02/81 2000 48hr 175
08/02/91 2000 6B0hreve 140
08/03/81 2000 72hr 16.0
08/05/91 4000 48hr 2.0
08/05/91 4000 60 hreve 16.0
09/08/81 2000 30 day 140
11/02/81 3000 56day -10.0
01/13/02 4000  71ddusk -4.0
01/17/92 2000 72hr -5.0
01/17/92 2000 72Mhr 5.0

Sample Location
1T-2T 1P-2P
8.8 NT
27 1.9
27 1.8
7.4 5.4
8.1 6.3
88 68
163 85
148 7.8
17.7 11.4
18.8 NT
1.3 78
58 43
38 25

Sample Location
1T-2T 1P-2P
15.4 NT
43 33
43 34
136 1.0
134 10.5
15.0 12
203 18.1
26.1 159
308 21.0
s NT
18.1 12,1
107 8.1
5.4 45
Sample Location
1T-2T 1P-2P
52 NT
1.8 1.0
1.8 1.1
48 38
53 a8
5.1 a7
8.0 53
8.1 45
120 88
10.7 NT
73" 52
32 28
41 31

5555555555553!3

H
.
o

|

-
-

333333353333:

4

.
(L]

5555555555558'

NT" = no test

164



T-4212 165

Table B23 - Mass Removal of Xylenes and Total Phenolics

Constituent: Xylenes (g/day) Sample Location
Date Flow BPD Duration  AmbT (C) 1T-27 P-2P 4-5
07/25/01 3000 30 day 18.3 11.1 NT 1.0
07/30/91 1000 48hr 26.0 a3 21 NT
07/31/91 1000 72hr 265 33 23 NT
08/02/0% 2000 48hr 175 87 73 NT
08/02/81 2000 60hreve 140 108 8.0 NT
08/03/81 2000 72hr 16.0 8.8 57 NT
08/05/91 4000 48 thr 23.0 210 12.1 NT
08/05/91 4000 60 hreve 16.0 10.0 102 NT
03/08/81 2000 30 day 14.0 217 140 NT
110291 3000 56 day ~10.0 215 NT NT
01/13/82 4000  71ddusk 40 15.0 0.5 NT
01/17/92 2000 72hr 8.0 7.3 5.0 NT
01/24/82 1000 120 hr 50 a7 3.1 NT
Constituent: Total Phenolics (g/day) Sample Location
Date FlowBPD Duration  AmbT (C) 1T-2T P-2P 4-5
07/25/91 3000 30 day 18.3 es NT 00
07/30/91 1000 48hr 260 NT NT 8.4 *
07/31/91 1000 72hr 265 NT NT 127 *
08/02/91 2000 48hr 175 NT NT 181 *
08/02/81 2000 60 hreve 140 NT NT 254 *
08/03/01 2000 72hr 16.0 NT NT 64 *
09/08/01 2000 30day 14.0 0.0 €4 64
11/02/81 3000 56 day -10.0 48 NT 477
01/13/82 4000  71ddusk 4.0 NT NT 127 *
01/17/02 2000 72hr 5.0 NT NT 0.0
01/24/92 1000 120 hr 5.0 " NT NT 0.0

NT* = no test, *** data in this row is based on estimated inflow concentration
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Table B24 - Mass Removal of TDS, Magnesium and Alkalinity

166

Constituent: Total Dissolved Solids @ 180 deg C (kg/day) Sample Location
Date FlowBPD Duraton  AmbT (C) 1721 ar-3r 1P-2P 2P-3P 4-5
07/25/01 3000 30 day 18.3 00 0.0 4.8 14.3 -38.2
07/30/81 1000 48hr 280 NT 48 8.0 80 -44.5
o319 1000 72hr 285 NT 18 6.4 2.5 177
08/02/01 2000 48hr 17.5 31.8 32 350 -700 -50.8
08/02/81 2000 60 hreve 140 2.7 8.4 127 127 127
08/03/01 2000 72hr 16.0 150 32 127 6.4 -31.8
08/05/81 4000 48 hr 23,0 1.1 8.4 254 509 2182
08/05/81 4000 60 hreve 180 84 254 6.4 0.0 2200
00/08/91 2000 30 day 14.0 85 127 84 28.6 827
11/02/01 3000 56 day -10.0 19.1 0.5 NT NT 57.2
01/13/82 4000  71ddusk 40 254 19.4 19.1 127 50.8
01/17/82 2000 72hr 5.0 18.1 0.0 19.1 6.4 318
01/24/82 1000 120 hr 5.0 48 8.4 16 32 64
Constituent: Magnesium (kg/day) Sample Location

Date FlowBPD Duration  Amb T (C) 1T-21 or.37 1P-2p  2P-3P 4.5
07/25/81 3000 30 day 183 -1.0 0.0 -1.0 0.0 -1.9
07/30/81 1000 48 hr 260 NT 0.2 03 02 25
07/31/91 1000 72hr 265 NT 03 0.0 0.2 1.9
08/02/91 2000 48hr 17.5 13 03 0.3 o8 06
08/02/91 2000 60hreve 140 0.0 1.3 0.0 0.8 -1.8
08/03/01 2000 T2hr 18.0 03 08 06 1.3 1.3
08/05/91 4000 48 hr 23.0 08 08 00 08 -18.5
08/05/91 4000 60 hreve 18.0 1.9 08 1.3 0.0 -18.1
05/08/51 2000 30day 140 0.0 0.8 0.8 03 08
11/02/91 3000 56 day -10.0 1.0 05 NT NT 1.0
01/13/82 4000  71ddusk 4.0 0.0 -1.3 25 1.3 00
01/17/82 2000 T2hr 5.0 03 1.3 -1.0 0.0 1.3
01/24/82 1000 120 hr 50 o8 0.0 08 0.0 1.3
Constituent: Total Alkelinity as CaCO3 (kg/day) Sample Location

Date FlowBPD ODuretion  AmbT (O) 17-27 2r-31 1P-2P  2P-3P 4-5
08/05/81 4000 48 hr 230 337 19.7 267 235 7.8
08/05/91 4000 60 hreve 18.0 89 204 124 -14.0 1323
09/08/91 2000 30 day 14,0 210 219 182 17.8 32
11/02/81 3000 58 day -10.0 NT NT NT NT 0.0
01/13/82 4000  71ddusk -40 50.2 203 413 229 157
01/17/82 2000 72hr 5.0 NT NT NT NT 0.0
01/24/82 1000 120 hr 5.0 18.3 68 132 75 25

“NT* = no test
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APPENDIX C
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Table C1 - Design Criteria for Bicarbonate and Radium 226

Constituent: Bicarbonate (kg/day) and (mg/l)

Date FlowBPD Durstion  AmbT(C) Load1T/P CrediT  Cred 1P
07/25/81 3000 30day 18.3 525 60 40
07/30/91 1000 48hr 260 167 154 82
07/31/91 1000 72hr 265 187 161 o7
08/02/91 2000 48hr 175 205 a1 -81
08/02/91 2000 60 hreve 140 a1 -83 83
08/03/91 2000 T72hr 180 328 04 a5
08/05/91 4000 48 hr 23.0 674 63 50
08/05/91 4000 B0 hreve 18.0 855 -20 20
09/08/91 2000 30 day 140 382 80 80
11/02/81 3000 58 day -10.0 591 120 NT
01/13/92 4000  71ddusk 4.0 782 20 80
01/17/82 2000 72hr 5.0 383 100 70
01/24/82 1000 120 hr 5.0 188 140 100
Constituent: Radium 226 (uCi/day) and (pCi/l)

Date FlowBPD Duraton AmbT(C) Load1T/P CrediT  Cred 1P
01/24/82 1000 120 hr 50 40 1.7 -2.3
07/30/01 1000 48hr 26.0 a4 8.1 55
07/31/81 1000 72hr 265 5.4 154 100
09/08/91 2000 30day 14.0 8.3 22 5.3
01/17/82 2000 72hr 5.0 8.1 29 05
08/02/91 2000 60 hreve 140 8.8 7.3 1.5
08/03/91 2000 72hr 18.0 1.3 8.7 103
11/02/81 3000 56day -100 123 4.0 NT
08/02/81 2000 48tr 17.5 13.4 168 155
07/25/91 3000 30 day 18.3 135 8.8 02
08/05/91 4000 60 hreve 18.0 214 21.8 8.8
08/05/91 4000 4shr 230 215 25 0.2
01/13/82 4000  71ddusk -4.0 25.4 18 23

Load2P Cred 2P

508
154

182
321
337
318

7888

~

31

3

Load 4

8.0

4.9

53
16.3
154
174
137
288
13.1
277
13.2
38.3
48.8

40
122
143
104

88838288

Cred 4

14
5.8
4.5
7.2
20
13.3
8.2
0.7
48
103
-2.7
18.8
3.2

*NT* = no test, kg/day = 2.2 Ib/day, uCi = 1,000,000 pCi

*LOAD X" = mass loading of constituent into cell “X* (kg/day) or (uCi/day)
*Cred X" = Concentration Reduction Through Cell *X* (mg/l) or (pCifl)

168



T-4212
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Constituent: Sulfide (kg/day) and (mg/l)

Date FlowBPD Duration AmbT(C) Load 1T/ CrediT  Cred 1P
07/25/81 3000 30 day 18.3 107 15.2 120
07/30/81 1000 48hr 26.0 X a8 8.4
07/31/01 1000 72hr 265 as 10.2 138
08/02/91 2000 48 hr 175 9.4 208 08
08/02/01 2000 BOhreve 140 15.3 38.0 232
08/03/91 2000 72hr 18,0 0.4 19.2 184
08/05/91 4000 48 hr 230 215 312 240
08/05/81 4000 60 hr eve 16.0 21.4 218 9.8
05/08/91 2000 30 day 140 135 24.0 178
11/02/91 3000 66 day -10.0 134 208 NT
0113/02 4000  71ddusk 4.0 254 19.2 138
01/17/02 2000 T72hr -5.0 10.4 1.2 12.0
01/24/82 1000 120hr 5.0 27 32 48
Constituent: Total Phenolics (g/day) and (mg/l)

Date FlowBPD Duration  AmbT(C) Load4 Cred4

07/30/91 1000 48 hr 260 85 002 *
07/31/91 1000  72hr 265 127 004 *
01/24/02 1000 120 hr 5.0 288 0.00

08/02/91 2000 48hr 175 ale 003 *
o7/25/01 3000  30day 18.3 382 0.00

08/03/91 2000 72Mr 18,0 509 001 *
09/08/91 2000  30day 140 57.2 0.01

08/02/91 2000 60 hreve 140 838 004 *
011702 2000 72hr -5.0 783 0.00

11/02/01 3000 56 day -10.0 1145 0.05

01/13/82 4000 71 ddusk 40 130.0 00t *

Load 2P Cred 2P

5.0
5.0
23
9.7
79
36
122
15.3
79

18.8
8.6
1.9

48
240
8.0

200 -

138
0.8
48
8.0
[-X:]

4.8
32
3.2

*NT" = no test, kg/day = 2.2 Ib/day, ***, data in this row is based on estimated inflow concentration
*LOAD X' = mass loading of constituent into cell *X*, (kg/day) or (g/day)

*Cred X* = Concentration Reduction Through Cell °X*, (mg/))
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Table C3 - Linear Regressions for Bicarbonate Removal Factors (K2)

Bicarbonate Design Criteria
Uinear Regression for: 1000 BPD Linear Regression for: 1000 BPD Linear Regression for: 2000 BPD
Terraced, 3% Grade, Gravel Cell Planar, 3% Grade, Gravel Cell Planar, 3% Grade, Soll Cell

Regression Output: Regression Output: Regression Output:
Constant 0 Constant 0 Constant 0
Std Em ot Y Est 20.79212 Std Err of Y Est 7.502784 Std Erof Y Est 50.53838
R Squared -2.78118 R Squared 0.394711 R Squared -0.37147
No. of Observations 3 No. of Observations 3 No. of Observations 3
Degrees of Freedom 2 Degrees of Freedom 2 Degrees of Freedom 2
X Coefficient(s) 0.886842 X Coefficlent(s) 0.534818 X Coefficient(s) 0.888439
Std Err of Coef. 0.088936 Std Err of Coef. 0.024878 Std Err of Coef. 0.183132
Linear Regression for: 2000 BPD Linear Regression for: 2000 BPD Linear Regression for: 4000 BPD
Terraced, 3% Grade, Grave! Celi Planar, 3% (irade. Gravel Cell Planar, 3% Grade, Soll Cell

Regression Output: Regression Output: Regression Output:
Constant o Constant 0 Constant 0
Std Errof Y Est 15.26794 Std Err of Y Est 14.83105 Std Err of Y Est 34,868184
R Squared -1.21307 R Squared 0.3232 R Squared -0.14784
No. of Observations 3 No. of Observations 3 No. of Observations 5
Degrees of Freedom 2 Degrees of Freedom 2 Degrees of Freedom 4
X Coefficient(s) 0.25385 X Coefficient(s) 0.155421 X Coefficient(s) 0.208931
Std Err of Coef. 0.024626 Std Err of Coef. 0.023822 Std Err of Coef. 0.048413
Linear Regression for: 3000 BPD Linear Regression for: 3000 BPD Unear Regression for: 8000 BPD
Terraced, 3% Grade, Grave! Cell Planar, 3% Grade, Sol! Cell Planar, 3% Grade, Soil Cell

ression Output: Regression Output:

Constant 0 Constant 0
Std Emof Y Est 34.74713 Std Errof Y Est 2092342 Not Enough Data for Regression
R Squared 0.329243 R Squared -0.11926
No. of Observations 2 No. of Observations 2 Slope = 0.076
Degrees of Freedom 1 Degrees of Freedom 1
X Coefficlent(s) 0.163898 X Coefficient(s) 0.033572
Std Emr of Coef. 0.043847 8td Err of Coef, 0.037848
Linear Regression for: 4000 BPD Linear Regression for: 4000 BPD Linear Regression for: 8000 BPD
Terraced, 3% Grade, Gravel Cell Planar, 3% Grade, Grave! Cell Planar, 3% Grade, Soll Cel!

Regression Output: Regression Output: Regression Output:
Constant [} Constant 0 Constant [}
Std Errof Y Est 11.02681 Std Err of Y Est 25.48304 Std Err of Y Est 23.38988
R Squared 0.6668288 R Squared 0.278481 R Squared 0.155723
No. of Observations 2 No. of Observations 3 No. of Observations 2
Degrees of Freedom 1 Degrees of Freedom 2 Degrees of Freedom 1
X Coefficlent(s) 0.105847 X Coefficlent(s) 0.073145 X Coefficient(s) 0.033605
Std Err of Coef. 0.01068 Std Err of Coef. 0.020838 Std Err of Coef. 0.024042
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Table C4 - Linear Regressions for Radium 226 Removal Factors (K2)

Radium Design Criteria
Unear Regression for: 1000 BFD Linear Regression for: 1000 BFD Linear Regression for: 2000 BPD
Terraced, 3% Grade, Grave! Cell Planar, 3% Grade, Gravel Cell Wetland Cel
Regression Output: Regression Output: Regression Output:
Constant o] Constant 0 Constant [+]
Std Errof Y Est 3.391685 Std Em of Y Est 2015838 Std Errof Y Est 3.258754
R Squared 0.568264 R Squared 0.588736 R Squared -1.07818
No. of Observations 2 No. of Observations 2 No. of Observations 3
Degrees of Freedom 1 Degrees of Freedom 1 Degrees of Freedom 2
X Coefficient(s) 2.448487 X Coefficient(s) 1.810205 X Coefficient(s) 0.543221
Std Err of Coef, 0.488199 Std Err of Coef. 0.288842 Std Em of Coef. 0.300899
Linear Regression for: 2000 BPD Linear Regression for: 2000 BPD Linear Regression for: 4000 BPD
Terraced, 3% Grade, Gravel Cell Planar, 3% Grade, Gravel Cell Wetiand Cell
Regresaiﬁutput; mutput ﬁegression Output:
Constant (o] Constant 0 Constant 0
Std Err ot Y Est 3.923609 Std Emof Y Est 5.858157 Std Err of Y Est 3.722752
R Squared 0.542765 ASquared 0.38118 R Squared 0.205339
No. of Observations 4 No. of Observations 3 No. of Observations ]
Degrees of Freedom 3 Degrees of Freedom 2 Degrees of Freedom 4
X Coefficient(s) 0.892429 X Coefficient(s) 0.840085 X Coefficlent(s) 0.452739
Std Err of Coef. 0.181185 8td Err of Coef. 0.281652 Std Err of Coef. 0.108073
Unear Regression for: 3000 BPD Linear Regression for: 3000 BPD Linear Regression for: 8000 BPD
Terraced, 3% Grade, Gravel Cell Planar, 3% Grade, Soll Cell Wetland Cell
Hogressnon Output:
Constant [}
Not Enough Data for Regression Not Enough Data for Regression Std Erof Y Est 6.844581
R Squared -0.0468
No. of Observations 2
Degrees of Freedom 1
X Coefficient(s) 0.181247
Std Em of Coef. 0.173885
Linear Regression for: 4000 BPD Linear Regression for: 4000 BPD Linear Regression for: 8000 BPD
Terraced, SSiGrade. vae( Cell Planar, 3% (.E_rade, Grave! Cell Wetiand Cell —
Regression Output: Regression Output: Regression Output:
Constant 0 Constant ) 0 Constant 0
Std Err of Y Est 11.88745 Std Err of Y Est - 5.841437 Std Emr of Y Est 12.20607
R Squared -0.08804 R Squared -0.268083 R Squared -0.25644
No. of Observations 3 No. of Observations 2 No. of Observations 2
Degrees of Freedom 2 Degrees of Freedom 1 Degrees of Freedom 1
X Coefficient(s) 0.360827 X Coefficient(s) 0.239135 X Coefficient(s) 0.235139
Std Err of Coef. 0.205656 Std Err of Coef. 0.175538 Std Err of Coef. 0.199388
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Table C5 - Linear Regressions for Sulfide Removal Factors (K2)

Sulfide Design Criteria
Linear Regression for: 1000 BPD Linear Regression for: 1000 BPD Linear Regression for: 2000 BPD
Terraced, 3% Grade, Grave! Cell " Planar, :ﬁ(_;(rade. Gravel Cell Planar, 3% Grade, Soll Cell

Regression Output: Regression Output:
Constant ] Constant 0
Std Emrof Y Est 7.132483 Std Emof Y Est 2.858368 Not Enough Data for Regression
R Squared 0.344879 R Squared 0.788844
No. of Observations 3 No. of Observations 2
Degrees of Freedom 2 Degrees of Freedom 1
X Coefficient(s) 2857195 X Coefficient(s) 0.728072
Std Er of Coef. 1.083888 Std Err of Coef. 0.147474
Linear Regression for: 2000 BPD Linear Regression for: 2000 BPD Linear Regression for: 4000 BPD
Terraced, 3% Grade, Gravel Cell Planar, 3% Grade, Gravel Cell Planar, 3% Grade, Soil Cell

Flegvossion Qutput: ﬁegressfon Output: JF!egrsesion Output:
Constant 0 Constant 0 Constant 0
Std Err of Y Est 5.760144 Std Errof Y Est 3.519734 Std Err of Y Est 5.083483
R Squared 0.582432 R Squared 0.411837 R Squared 0.573827
No. of Observations 5 No. of Observations 4 No. of Observations 5
Degrees of Freedom 4 Degrees of Freedom 3 Degrees of Freedom 4
X Coefficient(s) 1.949858 X Coefficient(s) 1.45273 X Coefficient(s) 1.456922
Std Err of Coet. 0.217524 Std Em of Coef. 0.142177 Std Err of Coef. 0.308305
Linear Regression for: 3000 BPD Linear Regression for: 3000 BPD Linear Regression for: 6000 BPD
Terraced, 3% Grade, Grave! Cell Planar, 3% Grade, Soi! Cell Planar, 3% Grade, Soll Cell

Regreasion Output: Regression Output:
Constant o Constant [+]
Std Emof Y Est 1.124033 Std Err of Y Est 0.370548 Not Enough Data for Regression
R Squared 0.818423 R Squared -0.21954
No. of Observations 2 No. of Observations 2 Slope = 0.980
Degrees of Freedom 1 Degrees of Freedom 1
X Coefficient(s) 1.504788 X Coefficient(s) 0.438279
Std Ermr of Coef. 0.0685718 Std Err of Coef. 0.547868
Linear Regression for: 4000 BPD Linear Regression for: 4000 BPD Linear Regression for: 8000 BPD
Terraced, 3% Grade, Gravel Cell Planar, 3% Grade, Grave! Cell Planar, 3% Grade, Soll Cell

ression Output: ~ Hegression Output: ression Output:

Constant 0 Constant [} Constant [+]
Std Err of Y Est 5.071887 Std Errof Y Est 5.689688 Std Errof Y £st 1.802532
R Squared 0.362033 R Squared 0.414107 R Squared -0.08044
No. of Observations 3 No. of Observations 3 No. of Observations a
Degrees of Freedom 2 Degrees of Freedom 2 Degrees of Freedom 2
X Coefficlent(s) 0.872327 X Coefficient(s) 0.851281 X Coefficient(s) 0.38355
Std Err of Coef. 0.11784 Std Em of Coef. 0.131975 Std Err of Coef. 0.073833
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Table C6 - Linear Regressions for Total Phenolics Removal Factors (K2)
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Total Phenolics Design Criteria
Linear Regression for: 2000 BPD Linear Regression for: 4000 BPD
Wetland Cel Wetland Cell

Regression Output: Regression Output:
Constant 0 Constant [
Std Err of Y Est 0.027789 Std Erof Y Est 0.017631
R Squared -0.83057 R Squared -0.07175
No. of Observations 3 No. of Observations 4
Degrees of Freedom 2 Degrees of Freedom 3
X Coefficient(s) 0.000853 X Coefficlent(s) 0.00023
Std Err of Coef. 0.00085 Std Emr of Coef. 0.000143
Unear Regression for: 8000 BPD Unear Regression for: 8000 BPD
Wetland Cell Wetiand Cell
Not Enough Data for Regression Not Enough Data for Regression

Slope = 0.000437

Slope = 0.0000715
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Table C7 - Calculation of Bicarbonate Reduction Factors and Treatment Ratios

Design Criteria - Bicarbonate

Terraced, 3% Grade, Gravel Cell

Flow Rate Removal Factor Reduction Factor Treatment Ratio
K2 K1 R1
(BPD) (Cred/Loading) {K2 * BPD) (sqft/BPD)
1000 0.867 867 5.00
2000 0.254 508 2.50
3000 0.163 489 1.67
4000 0.106 424 1.25
Planar, 3% Grade, Gravel Cell
Flow Rate Removal Factor Reduction Factor Treatment Ratio
K2 K1 R1
(BPD) (Cred/Loading) (K2 * BPD) (sqft/BPD)
1000 0.535 535 5.00
2000 0.155 310 2.50
4000 0.073 292 1.25
Planar, 3% Grade, Soil Cell
Flow Rate Removal Factor Reduction Factor Treatment Ratio
K2 K1 R1
(BPD) (Cred/Loading) (K2 * BPD) {sqft/BPD)
1000 0.666 666 5.00
2000 0.210 420 2.50
3000 0.079 237 1.67
4000 0.034 136 1.25
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Table C8 - Calculation of Radium 226 Reduction Factors and Treatment Ratios

Design Criteria - Radium

Terraced, 3% Grade, Gravel Cell

Flow Rate Removal Factor Reduction Factor Treatment Ratio
K2 K1 Rt
(BPD) (Cred/Loading) (K2 * BPD) (sqft/BPD)
1000 2.450 2450 5.00
2000 0.892 1784 2.50
4000 0.361 1444 1.25
Planar, 3% Grade, Gravel Cell
Flow Rate Removal Factor Reduction Factor Treatment Ratio
K2 K1 R1
(BPD) (Cred/Loading) (K2 * BPD) (sqft/BPD)
1000 1.610 1610 5.00
2000 0.840 1680 250
4000 0.176 704 1.25
Constructed Wetland Cell
Flow Rate Removal Factor Reduction Factor Treatment Ratio
K2 K1 R1
(BPD) (Cred/Loading) (K2 * BPD) (sqft/BPD)
2000 0.543 1086 16.50
4000 0.453 1812 8.25
6000 0.191 1146 5.50
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Table C9 - Calculation of Sulfide Reduction Factors and Treatment Ratios

Design Criteria - Sulfide

Terraced, 3% Grade, Gravel Cell

Flow Rate Removal Factor Reduction Factor Treatment Ratio
K2 K1 R1
(BPD) (Cred/Loading) (K2 * BPD) (sqft/BPD)
1000 2.660 2660 5.00
2000 1.850 3900 250
3000 1.500 4500 1.67
4000 0.972 3888 1.25
Planar, 3% Grade, Gravel Cell
Flow Rate Removal Factor Reduction Factor Treatment Ratio
K2 K1 R1
(BPD) (Cred/Loading) (K2 * BPD) (sqft/BPD)
1000 0.729 729 5.00
2000 1.450 2900 2.50
4000 0.651 2604 1.26
Planar, 3% Grade, Sail Cell
Flow Rate Removal Factor Reduction Factor Treatment Ratio
K2 K1 R1
(BPD) (Cred/Loading) (K2 * BPD) (sqft/BPD)
2000 1.460 2920 2.50
3000 0.960 2880 1.67
4000 0.393 1572 1.25
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Table C10 - Calculation of Phenolics Reduction Factors and Treatment Ratios

Design Criteria - Total Phenolics

Constructed Wetland Cell
Flow Rate Removal Factor Reduction Factor Treatment Ratio
K2 K1 R1
(BPD) (Cred/Loading) (K2 * BPD) (sqft/BPD)
2000 6.53E-04 1.306 16.50
6000 4.37E-04 2622 5.50

8000 7.15E-05 0.572 4.13
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Table C11 - Design Example for Radium 226

Constituent to be removed: radium 226
Flow rate: 5,000 BPD
Cell Type: 3% grade, terraced, lined gravel cell

Design Procedure Radium 226 Procedure Description

Maximum inflow concentration 10 pCifl from untreated effluent analysis

Required Conc. Reduction 5 pCif (maximum inflow cong. - allowble discharge)

Daily mass loading 7.9 uCi/lday (max inflow conc * flow rate * conversion factor)
Removal factor, K2 0.633 {Req'd conc. red. (pCi/l) / Mass loading (uCi/day))
Reduction factor, K1 3165 (K2 * Flow rate (BPD))

Treatment ratio, R1 10 Figures C11 - C20

for terraced, lined gravel cell

Required treatment area 50,000 sqft (R1 * Flow rate in BPD)

for terraced, lined gravel cell

Cell width 125 ft ((Flow rate (BPD) / 2000) * 50 ft)

Cell length 400 ft (Treatment area (sqft) / Cell width (ft))

Number of terraces required 16 (Cell length (ft) / 25 ft)

Excavated site grade required 7 % _ [(cell length(ft) * 3%) + (1ft* Nc;. of terraces)] * 100

(cell length (ft))
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