
Contaminant Removal and Toxicity Reduction in 
Pilot Scale Surface Flow/Wetlands System  

for the Treatment of Oilfield 
Produced Water

by

Peter C. Caswell



ProQuest Number: 10783727

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10783727

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



T -4 0 5 7

A thesis submitted to the Faculty and the Board of Trustees of the 

Colorado School of Mines in partial fulfillment of the requirements for the 

degree of Master of Science (Ecological Engineering).

Golden, Colorado

Pflfav dpn\ Q, 1992.

/  ■ * /iSigned:
Peter C. Caswell

Approvecb
Dr. John C. Emerick 
Thesis Advisor

Golden, Colorado 

Date: 13 flluetk> f t 92-

Ibhn A. Cordes 
tead, Environmental Science 

7and Engineering Ecology 
Department



T -4 0 5 7

ABSTRACT

The production of oil and gas generates large volumes of water. This 
water, termed "produced water" consists of connate, or formation, water 
along with recovered injection water. At most fields the volume of water 
produced exceeds the reinjection volume necessary to maintain flow and 
the surplus is surface discharged.

In 1987, the U.S. Environmental Protection Agency (EPA) 
determined that the best practicable treatment (BPT) was reinjection. For 
large producers with reinjection facilities this is not a problem. However, 
for small producers the expense of hauling the water to an injection facility 
can often make the difference between profit and loss. In addition, in the 
arid west, many produced water discharges support extensive wetlands 
that have become important habitat for mammals arid migratory birds. 
After protest from producing western states, the EPA added an 
"Agriculture and Wildlife" subpart to allow surface discharge west of the 
98th meridian in compliance with the Clean Water Act.

Given this, the Wyoming Department of Environmental Quality and 
Marathon Oil Company entered into contract with the Colorado School of 
Mines to assess the potential of a combination surface flow/wetlands system 
for the treatment of produced water. Marathon's Pitchfork field, located 
southwest of Meeteetse Wyoming in the Big Horn Basin, was chosen as the 
location for the study because, here, Marathon was not meeting the 
conditions necessary to be granted a renewal of their discharge permit.
This field discharges 10,000 to 18,000 barrels per day of water. The effluent 
is acutely and chronically toxic to Ceriodanhnia dubia and Pimephales 
promelas. Sulfide is implicated as one of the primary toxicants and ranges 
from 17-48 mg/1 in the untreated effluent. Radium 226 ranges from 19 - 42 
pCi/1, and total phenolics 130 - 150 ug/1.

iii
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The system, consisting of four 50' x 100' surface flow cells and a three 
quarters of an acre wetlands, was constructed in May and June of 1991. It 
has now run for nine months at a variety of flow regimes and through all of 
the weather extremes of the region. The surface flow cells provide aeration, 
adding dissolved oxygen to the anoxic water and transforming it from 
reducing to oxidating. As a result, toxic sulfide drops an average of 39% 
because of oxidation to sulfur and to sulfate. Carbonate scale precipitates, 
coprecipitating Ra226 which drops an average of 21%. Hydrogen sulfide 
and light weight hydrocarbons are volatilized because of the turbulent flow. 
BTEX drops an average of 82%. In addition, the surface flow cells have 
given rise to a diverse bacterial population that have been shown to be 
responsible for 75% of the sulfide oxidation and to play an important role in 
carbonate precipitation. The wetlands provides habitat for microbial 
populations and degrades the more persistent hydrocarbon molecules.
Total phenolics drop an average of 31% and drop 100% within 24 hours 
retention time in the wetlands. The system alleviates the toxicity of the 
water.

Preliminary results over nine months of analysis indicate that such 
systems have a great deal of merit and may be a viable alternative to 
reinjection of produced water. In addition, such wetlands based systems 
can be applied to a wide range of 'midlevel' contamination problems 
including nonpoint urban runoff. The system continues to mature and the 
ultimate performance is yet to be established.

iv
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Chapter 1

INTRODUCTION

Environmental hazards associated with the production and handling 
of oil, gas and production fluids have been of concern since the first well 
was drilled at Titusville, Pennsylvania in 1859. Traditionally, we tend to 
think that the environmental insults from the production of oil and gas 
come in the form of catastrophic spills. One cannot help but to be 
impressed by the myriad of articles on the environmental affects of oil on 
the ecosystem that appear following spills like the Amoco Cadiz or the 
Exxon Valdez. Until now, oil production has been viewed by many as being 
environmentally harmful. However, this project has undertaken the 
challenge of treating oil-field produced water to class II standards in hopes 
of surface discharging the water to create and support important wildlife 
habitat.

Production of natural gas and oil generates large volumes of water 
that surface with the pumping of the oil and gas. This water, termed 
"produced water", consists of both connate (or formation) water along with 
recovered injection water. While the environmental hazards of metals, 
salts, organic compounds, sulfides, and radionuclides have been studied 
independently from a wide variety of sources (Fryberger, 1975; Collins, 
1971), little work has been done regarding the overall toxicity and possible 
treatment of produced water which contains all of these components. The 
few studies that have been completed are mostly 'in-house' experiments 
that conclude their water is not acutely toxic without really addressing the 
possible chronic effects of the various components (Girling, 1989).

In most instances, once the petroleum has been separated, the water 
is managed through deep well injection. At most fields, the volume of
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water produced exceeds the volume necessary for reinjection to maintain 
optimum reservoir flow. And therefore, given the expense of reinjection, oil 
companies are interested in alternative disposal methods. Up to now, 
alternatives to reinjection consist mostly of evaporation and reverse 
osmosis (for a more detailed discussion of these alternatives see Simmons, 
1991). Evaporation is limited by the volume of water that can be handled, 
and reverse osmosis, while promising, remains rather expensive. It is, 
however, the only alternative to reinjection when faced with high levels of 
total dissolved solids.

Not only is reinjection expensive, but in many semi-arid regions of 
the west, produced water discharges support voluntary wetlands and are 
often the sole source of water for wildlife and livestock, especially in the 
winter. Nongame birds, small mammals, waterfowl, pronghorn antelope, 
and mule deer rely on many of the produced water discharges. When the 
Environmental Protection Agency (EPA) proposed that the best practicable 
treatment (BPT) was reinjection, the State of Wyoming expressed strong 
objection (Wagner, 1990). The elimination of produced water discharges 
would have serious impacts on the wildlife, and the quality of the range. As 
a result, the EPA added an "Agriculture and Wildlife" subpart to allow 
surface discharge west of the 98th meridian if the water meets the 
conditions of the Federal Water Pollution Control Act.

The authority, and requirement, of the states to establish guidelines 
is provided by the Federal Water Pollution Control Act Amendments of 1972 
and the Clean Water Act of 1977, as amended in 1987 (33 U.S.C.A.
§§ 1251 - 1387). The FWPCA states "...it is the national policy that the 

discharge of toxic pollutants in toxic amounts be prohibited." Faced with 
the possibility of having to develop discharge criteria for all toxic pollutants, 
the EPA adopted the use of bioassays to determine the toxicity level of 
effluent (Chapter 6). These bioassays consist of two- and four-day acute, 
and seven-day chronic toxicity tests utilizing fathead minnow (Pimenhales
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promelas) and water flea Ceriodaphnia dubia. To be granted a renewal of 
their discharge permit under the National Pollution Discharge Elimination 
System (NPDESX33 U.S.C.A. §1342) oil companies are required to complete 
these bioassays if the effluent enters class I, II, III water bodies.

Recognizing the capacity of wetlands to assimilate and degrade 
pollutants, the State of Wyoming is interested in assessing the possibility of 
constructed wetlands reducing the toxicity of produced water. Wyoming is

currently the sixth largest oil producer in the nation. 60% of the 1.7 x 109 
barrels-per-year of water is reinjected on average, and the remaining 670 
million barrels-per-year are surface discharged in compliance with the 
NPDES program (Wagner, 1990). More than 80% of this water flows into 
dry-washes or intermittent drainages designated as class IV and therefore 
do not require toxicity tests. The remaining 134 million barrels-of-water- 
per-year are of interest here.

Constructed wetlands have been shown to eliminate metals, organic 
compounds, major mineral forming ions like Ca, K, Mg, C03, and S04,

suspended solids, hardness, and extreme pH. Several biological, chemical, 
and physical processes inherent to wetlands improve water quality.
Aerobic and anaerobic zones allow for the precipitation of metals and major 
minerals. Wetlands vegetation acts as a filter, slowing water velocities and 
allowing precipitates and other suspended solids to settle. In addition, the 
wetlands vegetation provides habitat for many microbial populations 
important to biodegradation.

Given this, the State of Wyoming entered into a joint contract with 
Marathon Oil Company and the Colorado School of Mines to determine the 
potential of a wetlands-based system in the treatment of produced water. 
Such a system would be mutually beneficial to the State and to the oil and 
gas industry because it would be less expensive to build and maintain 
compared to other disposal options, and would create wildlife habitat.
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1.1 Objectives
1.1.1 Goal

The overall goal of this project was to design a demonstration facility 
to test the feasibility of treating oil and gas discharge water as well as 
related non-point source contaminants, relying on natural biological and 
geochemical processes.

1.1.2 Specific Objectives
Along with assisting in the research, development, design, and 

construction of the system, the specific objectives of this thesis were to; 1) 
identify and monitor the major contaminants within the system, 2) 
determine the mechanisms involved in the removal of these contaminants, 
and 3) assess the overall changes in toxicity. These objectives are intended 
to achieve an understanding of how to maximize the efficiency of this 
system as well as to contribute to the design criteria for future systems that 
treat effluent of different character. Produced water varies significantly in 
composition, so a thorough understanding of the treatment mechanisms is 
critical to the overall applicability of such systems to a wide range of 
contaminant concentrations.

1.2 Site Selection and Description
1.2.1 Field History and Underlying Geology

Marathon's Pitchfork field was chosen as the location for the

experimental water treatment facility. Located at SE V4 , Section 11, T48N, 

R102W, of Park County Wyoming, the Pitchfork field lies about twenty miles 
south-southwest of Meeteese Wyoming. Here, Marathon discharges about 
10,000 - 15,000 barrels-per-day (BPD) of water. The effluent travels down two 
miles of dry-wash before the confluence with Rawhide Creek (class II). 
Even though the discharge does not reach the creek for two miles,
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Marathon must achieve Class II conditions before their lease boundary to 
receive a NPDES permit. Of the conditions for the NPDES permit, the 
effluent was high in Ra226 and was failing the toxicity tests.

Pitchfork is located on the western flank of the Bighorn Basin and the 
produced water is similar in composition to other produced waters in the 
basin. A discovery well was drilled in 1930 based on the surface geology. 

f  The reservoir formation is the Tensleep Sandstone (Pennsylvanian) 
commingled with the Phosphoria Formation (Permian) and the oil 
migration is trapped by an anticline. Husky Oil Corporation was the 
original operator, now Marathon is the sole operator. As of 1989, the field 
consisted of about 800 surface acres and 58 producing wells with 31 
injection wells. Cumulative production at this point was 34,839,254 Barrels 
of Oil, 1,939,199 Million Cubic Feet of Gas, and 220,891,586 Barrels of Water 
(Wyoming Geologic Association, 1989).

The primary mechanisms for water-oil separation consist of heater- 
treaters, gravity separation, emulsion-breaking chemicals, followed by a 
three-tier skimming pond system.

1.2.2 Surface Geology and Vegetation
Cody shale dominates the geologic outcrops within the Pitchfork 

field. It is a thick sequence of gray to medium gray shales with minor 
interbeds of silty shales, siltstones, and sandstones. The silts and sand are 
locally glauconitic and argillaceous. The thickest sequence of Cody 
sediment is in the northwest part of the Bighorn Basin and it thins to the 
southeast. The Cody contact with the underlying Frontier formation is 
conformable indicated by a sequence of interbedded Frontier and Cody 
sediments.

Cody deposits at the site of the system are dominantly shale with

minor siltstone interbeds. The beds dip about 10° immediately away from 
the skimming pond and discharge water was running along the bedding
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planes to a depth at least six feet, based on observations from the trenches 
dug during construction. While specific numbers are not available, 
expandable clay concentration of the this unit is substantial. Moisture is 
rapidly adsorbed by the clay, and minor amounts of precipitation create 
unworkable, slippery, conditions.

Surface vegetation could be classified as prairie-grasslands. 
Rabbitbrush and Wyoming big sagebrush are the dominant shrubs, and 
Indian rice grass and fox-tail barley are the primary grasses. After some 
initial abstraction by surface cohesion with the clay, most of the water is 
runoff. Little moisture sinks below the surface layer of the clay. Even after 
intense 72-hour storms, the clay is dry 2-3 cm below the surface. Puddles 
remain until atmospheric evaporation can dry them. These plants, 
therefore, are able to utilize broad shallow root zones, and incorporate 
much of their moisture via surface contact. Many have succulent 
characteristics in that they absorb a great deal of their moisture during the 
spring and slowly dry throughout the remainder of the season.
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Chapter 2

PRELIMINARY STUDY

In anticipation of the project, researchers from the Colorado School 
of Mines initiated a preliminary study to isolate the components necessary 
for a successful system. Prior to beginning of the study, water analysis had 
been performed on the discharges of both the Half Moon and the Pitchfork 
fields operated by Marathon. Results of the analysis indicated greater 
improvement in the character of the Half Moon water than the Pitchfork 
water. The Half Moon discharge flows through a series of surface flow 
channels and wetland ponds, while the Pitchfork discharge flows into a 
narrow channel. For these reasons, these two fields were selected for a 
preliminary study to establish the mechanisms for water quality 
improvement.

At Half Moon, water from a skimming pond travels down a natural 
wash for approximately 100 yards as channelized flow. The channel is 
about ten feet wide, and the water depth ranges from 6-12 inches. The flow 
is turbulent. A travertine-like crust forms natural terraces on the soil and 
rocks over which the water cascades. A fairly substantial, yet 
discontinuous, slime of blue-green cyanobacteria grows throughout the 
system. Water from this channel flows into a small pond with various 
wetlands vegetation, including cattails, bulrush, and sedges, around the 
perimeter. From here, the water flows another 150 yards in a less 
channelized fashion into a second wetlands pond. Samples were collected 
at three points to assess the treatment efficiency of this voluntary system.

"Discharge" represents the character of the water immediately after 
the skimming pond. "Midstream" corresponds to the point where the 
water had traveled the 100 yards of channelized flow and was about to enter
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the first pond. "Downstream" represents the character of the water in the 
second pond which is about 250 yards from the discharge point. Table 2.1 
summarizes the analytical data collected from these locations.

Table 2.1 Concentrations of significant water quality parameters from 
Marathon's Half Moon Field. Samples collected 7/20/90

PARAMETER DISCHARGE MIDSTREAM DOWNSTREAM

Conductance(umhos) 5 0 0 0 3 5 0 0 3 0 0 0

pH 7 .4 8.3 7.9

Eh ( m v ) - 1 4 0 90 180

Bicarb (m g /L) 1 5 8 0 881 671

Sulfide (m g /L) 2 0 2.5 0

Sulfate (m g /L ) 1 0 6 0 1 100 1 100

Ra226  (pCi /L) 21.1 2 5 .2 8.9

Na (m g /L ) 2 0 0 2 0 9 2 2 7

Mg (m g /L ) 131 132 1 3 4

Ca (m g /L) 5 4 5 3 9 7 2 9 5

Sr  (m g /L ) 7.3 6 .4 5.9

Si (m g /L) 5.1 5.7 6 .4
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At Pitchfork, the discharge flows in a narrow channelized fashion 
for approximately 300 yards to the end of the lease property. In this reach it 
flows over two travertine cascades less than ten feet in length. The flow is 
turbulent with some blue-green cyanobacteria lining the channel.

To compare treatment efficiency between the two discharges, the 
Pitchfork discharge was analyzed at three locations as well. The 
midstream and downstream samples were taken at distances of 150 and 300 
yards respectively from the discharge.

Examination of the data revealed that the combination surface 
flow/wetlands system at the Half Moon field was effective at improving the 
general character of the water, while the Pitchfork field showed only 
moderate improvement. At Half Moon, conductance dropped 40% and 
probably relates to the precipitation of carbonates. Calcium concentration 
dropped over 45% and is likely precipitated as calcium carbonate; the two 
most important parameters, Ra226 and sulfide, dropped significantly. The 
Pitchfork site did reduce the sulfide, but had little effect on the conductance, 
or calcium and Ra226 concentrations.

Both Radium and sulfide have a direct influence on the discharge 
permit: radium because it has a specific standard of 5 pCi/L; and sulfide 
because it is highly toxic and has been shown to play a large role in the 
outcome of the bioassays. At Half Moon, radium decreased from 21.1 
pCi/L to 8.9 pCi/L. The hypothesized mechanism is coprecipitation with 
calcium carbonate as scale. Sulfide decreased from 20 mg/L to below 
detection limits. The oxidation of sulfide appears to correspond to the 
increase in sulfate (1060 to 1100 mg/L). It should be noted, however, that no 
bioassays were performed on Half Moon water, and therefore, the 
covariance of the possible toxic components was never established. The 
water continues to flow down the drainage and about a mile down-stream, 
minnows appear in the produced water.
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Chapter 3

SYSTEM DESIGN AND CONSTRUCTION

The water analysis conducted at the Half Moon and Pitchfork fields 
supported an engineered surface flow/wetlands system design for the 
treatment of produced water. A two stage system was proposed utilizing a 
surface flow component and a wetland component. The surface flow stage 
provides aeration and oxidizing conditions to encourage the precipitation of 
carbonates, coprecipitation of radium 226 and oxidation of sulfide to sulfate. 
The wetland stage provides an environment for the bioremediation of 
hydrocarbons present in the effluent. However, 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. 
Also, radium 226 could possibly be remobilized. Conversely, if the wetlands 
were placed upstream of the surface flow stage, it would receive untreated 
water. It was believed that the toxicity of the water at this point could 
prevent the survival of bioremedial organisms and aquatic vegetation. For 
the latter reason, the wetlands were constructed downstream of the surface 
flow stage. The system was sited on the lease property such that a second 
surface flow stage could be constructed below the wetlands if future 
treatment results warrant it. The overall system layout is depicted in 
Figure 3.1.
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Skimming Pond
Untreated Wastestream

Sur face-F low Cells

Tank for  f lo w '  
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Connection Channel

Wetlands by -pas s
Distr ibut ion Box

Wetlands
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Figure 3.1 General schematic of the entire treatment system
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3.1 Upper-system Plumbing.
Produced water from the field is separated from the produced crude 

oil at the Pitchfork tank battery. The water then flows through a series of 
three constructed ponds designed to permit remaining oil to float to the 
surface and be skimmed off. Water for the treatment system is drawn from 
the third skimming pond through a siphon tube (Figure 3.2). The siphon 
tube allows water to be drawn off the pond without the encroachment of 
floating oil. The siphon consists of 8" PVC pipe assembled in a TEE and 
lying on its side. The lower leg of the TEE extends two feet below the surface 
of the pond to reduce the chance of oil being sucked in from the surface.
The upper leg of the TEE 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.

FIoati ng Oil and Grease Siphon

Skimming Pond To Suface 
Flow Celia

Figure 3.2 Cross-section of the skimming pond and siphon tube
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3.2 Dispersion System
Water flows from the siphon 175 feet to the head of the surface flow 

system in 8" PVC. There it enters a TEE and is reduced down to two 4"
PVC pipes which feed 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 a volumetric flow measurement tank. 
The flow measurement tank was installed for a series of tests assessing 
treatment efficiency under various flow regimes, and would not necessarily 
be part of an operational system. In the operational mode the effluent 
enters the surface flow system. Water entering the system is distributed 
evenly across the width of the surface flow cells using 6" diameter gated 
irrigation pipe with 20" gate spacing (Figure 3.3).
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S k im m in g  Pond
siphon

1 0 5 '

8 M diam. PYC

6" diam. 
gated i r r iga t ion

buried 6" PYC

to flow tank

4" diam. PYC

Figure 3.3 Plan view of the effluent dispersion system

3.3 The Surface-flow Cells
To assess the treatment ability of various surface contours, four 

different surface-flow cells were constructed. Each cell is approximately 50 
feet wide and 100 feet long. The top two cells are lined with 20 mil 
chlorinated polyethylene, covered by a 12-ounce geotextile and topped with 
1" and 2" angular gravel (Figure 3.4). The geotextile liner is about an eigth
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of an inch thick where it is not covered with gravel. The original intent was 
to have one layer of gravel covering the cells. However, the depth is much 
more than this in some cases.

Each of the two gravel topped cells is constructed on a 3 % grade. One 
of the cells is planer through its entire length and one has 3 constructed 
terraces. The terraces are each 12" high and are spaced at 25 foot intervals 
down the length of the cell.

The lower two cells are directly below the upper cells and receive the 
effluent from the upper cells. 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 grade between 
these two cells was originally planned, but was not possible due to site 
topography. The different cell designs were constructed as such to compare 
the treatment value associated with terraces, a gravel surface, a soil 
surface and retention time. Figure 3.5 shows the overall relationship of the 
surface-flow system.

l i n e r  ->

<- gravel 
<- geotextile

Figure 3.4 Cross-section of the upper cell surfaces
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I
nlet

3% Terraced

Z% Planar

2% Soil

3% Soil

Outlet
to
wetlands

4

Figure 3.5 Plan view of the spatial relationship of the four surface flow 
cells

3.4 The Connection Channel
Between the surface flow cells and the wetlands is a 20" wide, 185' 

long connection channel. The channel drops about 6 feet along this reach. 
It is lined with 6" river rock and gravel. Water depth varies from 1 to 12" 
because the flow is quite turbulent through this reach. This channel, 
which was really an after-thought required to connect the two main 
components of the system, is proving effective at improving effluent quality. 
The channel terminates at a small sedimentation pond where the water 
velocity slows. It then flows through a twelve foot section of 10" well-casing 
and enters the wetlands distribution box. (Figure 3.6)
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Connection
channel
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i

Figure 3.6 The connection channel linking the surface flow to the 
wetlands
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3.5 The Distribution Box
To have independent control over the water entering into the 

wetlands, a distribution box was installed. The box is constructed from 
wolmanized 2" X 12” lumber and is lined with 20 mil chlorinated 
polyethylene. A fabricated plastic V-notch weir controls the flow rate into 
the wetlands, and an adjustable spillway allows flow to be bypassed around 
the wetland (Figure 3.7).

Y-notch we i r
can be moved up and down to control flow

By-pase Dam
can move up and down

inlet

Wetlands

DISTRIBUTION BOX

Figure 3.7 The wetlands inlet - distribution box
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3.6 Wetlands Design
The wetland component covers roughly three quarters of an acre. It 

is flat and was brought to grade with roughly 50% cut and 50% fill. Water is 
held in the wetland with compacted berms on the fill portions and with cut 
slopes elsewhere. Three interior berms were constructed to force the water 
to flow in a sinuous pattern, thus increasing the retention time of flow 
through the wetland and reducing short-circuiting of the water from the 
inlet to the outlet. All berms and fill materials consist of native soils.
Figure 3.8 shows the basic layout.
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Map View
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Figure 3.8 Plan view and cross-section of the wetlands
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3.7 Wetlands Outlet.
The outflow and depth of the water in the wetland cell is controlled 

with an adjustable V-notch weir. The weir is mounted to a dam fabricated 
from wolmanized 2" X 12" lumber and lined with 20 mil chlorinated 
polyethylene. The weirs used for the wetland inflow and outflow provide 
precise water balance measurements. Figure 3.9 shows the basic dam 
design.

Adjustable  W e i r

\ /

Covered 2 ”x 1 2 ”planks

Figure 3.9 Wetlands outlet

3.8 The Wastestream
As indicated by Diagram 2.1, our system, while designed to handle it, 

does not normally receive all of the water discharged at the field. The water 
that does not go through our system travels down a channel that runs along 
the perimeter of our site. This channel was reworked during construction 
(section 3.9).
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Water from Marathon's pre-existing siphon tubes immediately drops 
8 to 10 feet from the siphon to the channel. At this location, a huge 
travertine mound has developed over the more than fifty years of 
discharge. Throughout it's reach, the stream has a number of smaller 2 to 
3 foot drops, each associated with a travertine build-up. Also, a small, but 
rather impressive voluntary wetlands has established roots midway down 
the channel and occupies 40 to 50 feet of the reach. Bacterial growth is 
present, but because the channel is rather narrow and the flow more 
turbulent, the bacteria do not appear to form the same large mats as on the 
surface flow cells.

There is a great deal of natural treatment occurring in this channel, 
so if our system compares favorably to the channel, we must recognize that 
this represents a significant improvement.

3.9 Construction
Construction took place between May 11-29, and June 11-21,1991.

The required heavy equipment, tools, and personnel consisted of five people, 
one of whom was a heavy equipment operator, a backhoe, grader, D6 dozer, 
D8 dozer, and a wide assortment of labor and construction hand tools. All 
supplies were on-site and ready for installation. See Gelb, 1992 for more 
details on the specific materials required for the system.

3.9.1 Initial Survey and Site Conditions
On May 11, the site was surveyed with a staff and transit. Up to this 

point, all plans were based on data from an earlier, less detailed, survey.
As designed, the system appeared to fit nicely into the space provided. 
However, the moisture factor of the site was of serious concern.

As previously indicated, the Cody shale dips about ten degrees away 
from the skimming pond. Water has been saturating the sites along 
bedding planes. This, in combination with the wettest spring in twenty
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years, created a mess of the site. The Cody shale has a remarkably high 
expandable clay content, so small amounts of moisture can create almost 
unworkable conditions. All early attempts at excavation were met by 
frustrations and stuck equipment. In an attempt to drain the site, the 
wastestream channel was reworked to a level of 2 to 4 feet below the site 
level, and channalized further around the system. The wet clay conditions 
remained a problem throughout early construction, and eventually were 
the cause of our departure on May 29.

3.9.2 Wetlands Excavation , Preparation, and Transplanting
After a more thorough study of the surface hydrology and a couple of 

futile attempts at excavation of the original wetlands site, the entire 
wetlands was moved twenty feet uphill. While this slight relocation 
changed the external shape of the original plans, it did not effect the 
proposed size.

By shifting the wetlands away from the present discharge channel, 
we hope to have hydraulically isolated the wetlands from the untreated 
discharge. The new site required significantly more excavation, almost six 
feet cut on the high side with 6 to 7 feet of fill on the outlet end. The 
wetlands now sits 8 to 10 feet above the untreated effluent, so while water 
from the wetlands may leak to the wastestream, water from the 
wastestream will not contaminate the wetlands.

Excavation was completed in mid May. Most of the major grading 
and building of external burms was completed with a D8 dozer in about two 
days. The previously discussed conditions necessitated the use of such a big 
machine. The three internal berms (figure 3.9) were constructed with a 
smaller D6 dozer in about half-a-days-time.

Approximately 190 yards of cow manure was dumped and then 
spread throughout the system with the D6. The manure remained rather 
'patchy', ranging in thickness from nonexistant to more than a foot. The
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manure was a mix of about 45 yards aged and the remainder was fresh. 
Because of this, we had concerns about the initial BOD and the subsequent 
strain on the already stressed transplanted vegetation. In addition to the 
manure, 75 bails of straw were hand spread over the surface. This too, 
ranged from aged to fresh.

Both of the above were ripped into the Cody shale with a two-prong 
ripper on the rear of the D6. The process created 0.5 to 1.5 foot deep 
trenches, and appeared to effectively integrate the two ingredients.

Assorted wetlands vegetation was obtained at a site within 
Marathon's Oregon Basin field. These plants had been left rather dry as 
the result of an intentional channellization of surface flow. The plants 
showed some new growth, but did not appear nearly as healthy as the 
plants more inundated with water.

The vegetation was removed with the loader of a backhoe by 
excavating to a level about eight inches below the surface. The plants were 
dumped into a ten yard dump truck for transportation to the Pitchfork site. 
Given the two hour roundtrip return time, we managed to transport three 
loads consisting of about seven yards each during the course of the day.

Once on site, the plants were placed throughout the wetlands with 
the loader on a backhoe. While all attempts were made to place the plants 
right-side-up, they were really nothing more than jumbled clumps of 
wetlands roots and soil. A temporary inlet pipe was positioned to fill the 
wetlands with water immediately after the 'clumps' were deposited.

On our departure, because of excessive rain, little wetlands growth 
was apparent. The BOD of the system combined with the harsh nature of 
the transplanting process raised concerns about the survival of the plants. 
Less than two weeks later, on June 11, we returned to find that each clump 
of wetlands soil had substantial new growth. Sedges and rushes were 
dominant, and cattails, while present, were not nearly as abundant.
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Throughout the remaining construction, daily growth was visible. Hand 
transplanting of local volunteer cattails was done to fill in some bare spots. 
By September, 1991, the total growth was nearly 80% coverage.

3.9.3 Surface Flow Cell Construction
The site for the surface flow cells was much like that of the wetlands 

in that, because of water seepage along the bedding planes and the location 
of the existing discharge, half of the site was completely saturated. The 
terraced cell is the only cell to be constructed completely on cut.

Rough excavation of the cells was completed May 11-16. Constant 
inundation of exceptionally high spring precipitation hampered early 
attempts at achieving the final grade. Rain would make the clay 
unworkable for at least 48 hours and too much time and energy was spent 
trying to combat the situation. The site conditions were so extreme that the 
D6 would sink up to the top of the track during excavation.

The surface flow cells were completed between June 11 and 21, 1991. 
The rain had stopped, and the channel dug around the perimeter drained 
most of the water from the area, so excavation was much more successful. 
Still, because of the site conditions, only the terraced cell met all of the 
desired design criteria (section 3.9.4).

3.9.4 Evaluation
The system was fully operational upon our departure on June 21st. 

Since, it has run at flows from 2,000 to 12,000 barrels-per-day (BPD) with 
little adverse effects to the system. Due to some heavy rains and subsequent 
settling of the earthen berms, some minor repairs have been required.

Achieving a truly planer condition on the soil cells is nearly 
impossible. On the upper cells we have gravel that acts to disperse the flow. 
But, on the soil cells, any irregularity will channalize the flow. When we 
departed on June 21, both dirt cells leaned away from the pond and pooled
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water in the corners of the cells. Marathon personnel reworked the cells a 
couple of weeks later in late June when the site had dried and managed to 
achieve a more planer surface. However, this did not last long as the flow 
rapidly channelizes in the shale. In addition, frost heaving in the winter 
has caused upthrusts of more than six inches, so regrading every spring 
will be necessary to maintain the surface. The motivation behind the soil 
cells was to see how the inexpensive compacted soil cells would perform as 
compared to the more expensive lined cells. But, because of the constant 
maintenance, these cells are more expensive than a liner.

Originally the 3% planer-lined cell was highly disadvantaged 
because the deep (1-6 inch) tire tracks left from the back-hoe when 
depositing the gravel. These channels caused much of the flow to be at 
levels below atmospheric exchange. As the system has evolved, carbonate 
has filled in the tracks and by January of 1992, most of the water appeared 
to be running along the surface.

The berms were constructed of moist clay that was deposited as 
'clumps'. These clumps have never settled to block all of the interstitial 
space, so some seepage is visible and minor repairs have been necessary.

All of the these minor problems were the result of attempting to 
excavate and construct the system in wet conditions. A more thorough site 
assessment would have identified the saturated conditions and digging the 
drainage channel more than a month prior to construction would have 
helped immensely. In addition, attempting to battle the heavy rains was 
pointless. Even with a tight schedule, we should have simply waited for dry 
conditions under which the shale would have been much more cooperative.

The site received a great deal of runoff from the surrounding area as 
evidenced by the erosional patterns and the high water marks in parts of 
the system. A drainage channel was constructed above the system to 
reroute most of the runoff. According to Marathon personnel, the site has 
received some major storms. Given this, the integrity of the system has
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been impressive. Most of the major settling and shifting appears to be over, 
so some more dirt can be dispersed in the spring of 1992 to fill some low 
spots and inhibit further erosion.

Maintenance requires less than one hour per week. The irrigation 
gates on the water dispersion pipe need periodic cleaning because of scale 
precipitation and clogging from bacteria. The same is true for the channel 
between the upper and lower cells. In addition, the pipes at the bottom of 
the surface flow cells suck a great deal of air. As a result, scale precipitates 
around the openings. By January, 1992, one was completely clogged. The 
problem was easily rectified with a plumbing tape so these pipes may need 
cleaning every six months. Other than this, nothing except daily 
observation for catastrophic events is required.
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Chapter 4

METHODS OF SAMPLING AND ANALYSIS

4.1 Sample Locations
To achieve the objectives of the project, samples have been routinely 

collected at eight principle locations throughout the system. The location of 
these sites is based on the need to assess treatment effectiveness in each 
major component in the system. Sample location (1) is the untreated water 
that flows directly out of the skimming pond. Samples (2T and 2P) 
represent the water after 100 ft. of overland flow over the lined cells. 
Location (3T and 3P) are after another 100 ft. of flow over the unlined (soil) 
cells. Sample (4) represents the character of the water immediately prior to 
entering the wetlands (ie. in the distribution box). Sample (5) is located at 
the outlet of the wetlands, and represents the final degree of contaminant 
removal. Sample (6) represents the natural improvement of the 
wastestream in the bypass channel as it covers approximately the same 
distance. Statistically, this arrangement provides for the most beneficial 
balance between coverage, number of samples, frequency, and measured 
constituents, given the costs of the project. Figure 4.1 shows the sample 
locations.
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Location 1

2P 3P

2T

5

Figure 4.1 Sample locations and identification numbers
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4.2 Measured Constituents
Produced water varies with respect to the concentration of 

contaminants. A literature review revealed that the most common 
constituents are, TDS, metals, major mineral forming elements, 
petroleum organic hydrocarbons, sulfide, and radium 226.

Table 4.1 provides a list of the parameters that were tested on a 
routine basis. Five toxicity tests were performed during the project. In 
addition, seven scale samples were analyzed for mineralogy and three for 
radium concentration.

Table 4.1 Parameters Tested on a Routine Basis

FIELD PARAMETERS 

TEMPERATURE 
pH 

Eh
DISSOLVED OXYGEN
CONDUCTIVITY
TDS

MAJOR CATIONS
Potassium
Sodium
Calcium
Magnesium
Silicon
Boron

MAJOR ANIONS

Chloride
Sulfate
Carbonate
Bicarbonate
Sulfide

TOXICITY

Ceriodaphnia 
Pimephales prom elas

HYDROCARBONS

Total Phenolics
Benzene
Toluene
Ethylbenzene
Xylenes

RADIONUCLIDES

Ra226
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4.3 Sampling Schedule
Monthly samples were collected on July 25, August 5, September 8, 

and November 2. In addition, an intensive study was completed from July 
25 to August 7,1991. During this study, flows of 2,000, 4,000, and 8,000 BPD 
were analyzed. We already had data from 3000 BPD from our July test. For 
each flow, 48,60, and 72 hour tests were completed. The 60 hour test was in 
the middle of the night which recorded the diurnal changes. A second 
intensive study was conducted in January 1992. The same flows were 
investigated under winter conditions, but only one sample was collected 
after more than 72 hours of equilibration. The dates of these samples are 
January 13, 17, and 23, 1992. A total of thirteen complete sampling events 
were completed during the study. The results of the thirteen sampling 
events are presented in Appendix A.

4.4 Methods of Sampling and Analysis
4.4.1 Field Test Methods and Equipment

Temperature - Because temperature affects the calibration of the 
other measurements it was the first test conducted. Temperature was

recorded in °C from a simple mercury thermometer and from the 
thermister on the YSI Model 5 IB dissolved oxygen meter.

pH - Measurements were taken using an Orion 81-02 electrode 
connected to an Orion model 401 meter. The electrodes were maintained 
according to the procedures in the operators manual. A one point buffer 
(pH 7) calibration was used according to the recommended procedure.

Eh - An Orion model 96-78 platinum electrode in conjunction with an 
Orion Model 401 meter was used for Eh measurements. The electrode was 
maintained according to the instructions in the operators manual. The 
meter and the electrode were checked prior to each sampling with Light's 
solution.
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Specific Conductance - Measurements were taken with a YSI Model 
33 SCT meter and a field probe. Using a standard KC1 solution the meter 
was calibrated prior to each set of field measurements.

Dissolved Oxygen - Measurements were made with a YSI 5739 probe 
and a YSI model 5 IB meter. The Air Calibration method was used prior to 
each set of measurements. Samples were removed from the system and 
placed in BOD bottles to avoid misleading readings resulting from 
mechanical air bubbles.

4.4.2 Collected Samples, Handling, Preservation and Analysis
All water samples were sent to Energy Laboratories in Billings 

Montana for analysis. The appropriate bottles and preservatives were 
acquired from the lab before each sampling rim. Table 4.2 summarizes the 
requirements for each test.
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Table 4.2 Recommendations for sampling and sample preservation 
according to measurement.
(From Energy Laboratories Manual)

Measurement Vol. ( m l ) Contai ner Prese rva t ive

K,C a ,M g,  Na, 5 0 0 Plast ic Cool, 4 °C

chlor ide, sulfate ,  carbonate ,

bicarbonate ,  TDS

S i , B, Ba 2 5 0 Plast ic Nitric Acid

Sulfide 2 5 0 Plast ic Zi nc Acetate, 
cooled

Ra226 1 0 0 0 Plast ic

BTEX 4 5 ( 2 ) Glass No head space, 
cooled

Total Phenolics 50 Glass Su l fu r ic  Acid

Energy Laboratories, Inc., in Billings Montana was chosen largely 
because of their reputation and competitive costs. Marathon had completed 
business with them in the past and was pleased with the results. Energy 
Laboratories has a comprehensive QA/QC program that exceeds the 
rigorous criteria established by the EPA and State Agencies. They are 
certified under the Safe Drinking Water Act by Region 8 EPA, and the 
States of Montana, Wyoming, North Dakota, and South Dakota.

They perform analytical services according to the guidelines 
established by the U.S. EPA, the American Society for Testing and
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Materials (ASTM), the Association of Official Analytical Chemists (AOAC), 
and the American Public Health Association (APHA). The specific 
analytical methods utilized on the Pitchfork effluent are given in table 4.3.

Table 4.3 Summary of the analytical methods used by Energy 
Laboratories in their evaluation of Pitchfork effluent.

P aram ete r Method Detect. Limit

Sodium EPA 2 0 0 . 7 1.0 mg/1

Magnesium EPA 2 4 2 . 1 / 2 0 0 . 1.0 mg/1

Calcium EPA 2 1 5 . 1 / 2 0 0 . 7 1.0 mg/1

Potassium EPA 2 5 8 . 1 / 2 0 0 . 7 1.0 mg/1

Silica EPA 3 7 0 . 1 / 2 0 0 . 7 0.1 mg/1

Boron EPA 2 0 0 . 7 0.1 mg/1

Barium EPA 2 0 8 . 1 / 2 0 0 . 7 0.1 mg/1

C a r b /b i c a r b EPA 130 .2 1.0 mg/1

Chloride EPA 3 2 5 .3 1.0 mg/1

Sulfate EPA 3 7 5 . 3 1.0 mg/1

Sulfide EPA 3 7 6 . 2 0 . 0 4  mg/1

TDS EPA 160.1 1.0 mg/1

Ra 2 2 6 EPA 903.1 0.2  pCi/1

Total Phenolics EPA 4 2 0 .2 0.01 mg/1

BTEX EPA 6 0 2 / 8 0 2 0 0.5 ug/1
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4.5 Quality Assurance - Quality Control
4.5.1 Field Responsibilities and Sample Identification

To avoid systematic sampling errors, we divided the duties such that 
the same person completed the field tests and another individual collected 
and preserved the samples for the entire project. Field measurements 
were logged on a Field Log Form. For collected samples, the sample I.D. 
was recorded on the same form. Sample I.D. numbers were arranged 
according to parameter, date, and location. The specific weather 
conditions at the time of sampling were recorded along with comments 
regarding the condition of the system and any other possible influences. 
After returning from the field, a copy of the log form was made and kept in 
a separate file. In addition to the field log form, a detailed field notebook 
was completed. This book contains all observations and occurrences 
during the study.

4.5.2 Chain-of-Custody
A project specific chain-of-custody was developed to travel with the 

samples. All sample parameters, locations, and number of bottles were 
included on the form. Colorado School of Mines personnel signed-off when 
the coolers were prepared for shipment and Energy laboratories personnel 
signed the samples into the lab. The completed chain-of-custody was 
returned with the results.

4.5.3 Data Handling and Storage
All Field Log Forms were copied, along with all results from Energy 

Laboratories. The data were entered onto both Quattro and Microsoft 
Works spreadsheets for subsequent statistical analysis and reporting.



T-4057 36

4.5.4 Accuracy Analysis
Accuracy refers to how close the results are to the actual values. 

Since there is no way to determine the actual value of a contaminant in the 
Pitchfork effluent, spiked samples are used to determine the accuracy of 
the data. Spiked analysis are reported as percent recovery (Pr) as defined 
by the following;

observed - background
P = 100------------- 7T  --------r spike

The EPA (1979) suggests that 50% of the recovery data should fall within 
one standard deviation of the average percent recovery, where;

Average percent recovery

n
-

Pr = - V

Standard deviation for percent recovery

d =

The smaller the standard deviation and the more data within one standard 
deviation of the mean, the more accurate the data. Appendix B shows the 
recovery data for selected parameters.
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The statistical analysis of the recovery data presented in Appendix 
B, show that all of the data presented in Chapter 5 surpass EPA 
recommended levels of accuracy. Because the BTEX values are based on 
three recovery samples, the confidence associated with these analyses is 
less than for the others. Regardless, all of the data presented in this thesis 
are deemed to be accurate according to the above text.

4.5.5 Precision Calculations
Precision refers to how close two or more determinations of the same 

concentration are to each other. To establish the precision of the analysis, 
duplicate samples are run. There are a number of different methods used 
to establish precision. One commonly used method is the use of the 
industrial statistic, I (EPA, 1976). For duplicate samples A and B, I equals 
the absolute value of their difference divided by their sum. As I approaches 
zero, the precision increases. Appendix B shows the I statistic for 
duplicate samples run during the study.

4.6 Summary
The sample locations and parameters were chosen to best represent 

the system in terms of coverage, number of samples, and frequency. A 
routine, well established, quality assurance program was maintained by 
the field personnel. The integrity of the samples was maintained through 
proper handling and preservation techniques. All chain-of-custody 
procedures were followed. Accuracy and precision statistics show that the 
samples were properly analyzed in the lab, surpassing EPA recommended 
levels of quality. All of the data presented in chapters 5 and 6 are reliable.
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Chapter 5

ANALYSIS AND DISCUSSION OF FIELD DATA AND 
LABORATORY PARAMETERS

Table 5.1 provides a list of the parameters tested on a routine basis 
and gives the range of concentrations of the untreated water. These 
samples were collected directly out of Marathon's preexisting siphon tube.

Table 5.1 General Character of the Untreated Effluent at Pitchfork

FIELD PARAMETERS

TEMPERATURE (OC)..................32 -35
pH.................................................. 7 .1 -7 .7
E h ( m v ) ....................................... ( - 7 8 M - 1 4 5 )
DISSOLVED OXYGEN (m g /l) ... .0 .0 -0 .2  
CONDUCT IVITY (umhos /c m ) .. .3 0 0 0 -3 4 0 0  
TDS (m g/L )................................ 2 3 0 0 -2 5 0 0

MAJOR CATIONS

Potassium  (m g/L ).......... 1 2 0 -1 7 0
Sodium (m g/L )................ 3 0 0 -3 4 0
Calcium (m g/L )...............3 1 0 -3 5 6
Magnesium (m g/L ).........10 9 -1 1 2
Silicon (m g/L )................. 13 -1 5
Boron (m g/L )...................1 .3 -1 .5

MAJOR ANIONS

Chloride (m g/L )........................ 208-221
Sulfate (m g /L ).......................... 9 0 0 -9 6 0
Carbonate (m g /L ) ......... 0
Bicarbonate (m g /L )................. 9 2 5 -1 1 0 0
Sulfide (m g /L )...........................2 0 -5 0

RADIONUCLIDES

HYDROCARBONS

Total Phenolics (ug/L).. 1 2 0 -1 3 0
Benzene (ug /L )................1 7 -29
Toluene (ug /L )................ 27-51
Ethy lbenzene (ug / l) .......9 .0 -1 8
Xylenes (ug /L )................2 1 -3 8

TOXICITY

Ra226 (pCi/L) 1 9-42 Ceriodaphnia. LC 50S5....53.59 
Pimephales p rom elas 6 1 .5 6
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As the table reveals, the water flowing directly out of the skimming 
pond is toxic. Even when Marathon collected grab samples of water more 
than 1000 feet downstream, the effluent failed toxicity tests (chapter 6). 
However, there was a great deal of natural improvement indicated by the 
increase of LC 50% concentration from 53.6% to greater than 85.6%. The 
contributors to the toxicity are varied, but sulfide is likely to be one the 
primary causes.

The overall dissolved solids in the effluent are rather low. 
Conductivity is well within the allowable 7,500 micromhos/cm. So, while 
the removal of solid sulfates, carbonates, and chlorides is not of primary 
importance at this field in terms of TDS reduction, precipitation is the 
primary mechanism for radium removal, and radium must drop 
significantly. Hydrocarbon concentrations are not high, but these 
substances have been shown to contribute to chronic toxicity problems, so 
their behavior within the system is important.

5.1 Field Data
Of the field parameters, Eh and D.O. are critical. The pH range is 

within the 6.5-8.5 conditions of the NPDES permit. Even with continued 
aeration during the bioassays, the D.O. of the untreated water was too low 
and most certainly increased the toxicity. The reducing conditions of the 
effluent will tend to maintain toxic conditions, and therefore, the treatment 
system must create an oxidizing environment.

5.1.1 Hydrogen Ion Activity (pH)
The hydrogen ion activity within the system is controlled by many 

diverse chemical reactions between dissolved, gaseous, and solid phases in 
the system. These reactions have in common the fact that they produce or 
consume hydrogen ions. A thorough understanding of these controls is 
critical to predicting the behavior of the water in the treatment process. A
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highly acidic water will favor dissolution of the solids. In our system, we 
want to encourage scale precipitation in order to remove radium 226, so 
alkaline conditions are desired. Figure 5.1 shows the general trend of pH 
in our system. This and all following diagrams in this section represent 
combined data from all samples collected during regular monthly samples 
through November 2, 1991 as well as during the intensive study period in 
late July and early August. They do not include the data from the intensive 
winter study. However, all field data gathered during this study follow the 
same trends and fall within the ranges presented in these diagrams.
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Figure 5.1.1 Box and whisker plot of pH values through the system
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*Note on Box and whisker plots. The following diagram shows the various 
statistics represented in the figures
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—total range

♦plot connects Mean values

The reaction of dissolved carbon dioxide with water is one of the most 
important reactions in establishing the pH of a system. The general 
relationship is defined by the following three steps;

C02(g) + H20(l) <--> H2C03(aq), (5.1)
H2C03(aq) <-> H+ + HC03'’ (5.2)
HC03- <--> H+ + C03 2‘, (5.3)

Both the second and third steps evolve hydrogen ions, and therefore, 
influence the pH of the system. Other likely secondary reactions that 
involve the dissociation of acidic solutions, include;

H2P04- <--> HP04 2- + H+, (5.4) 
H2S(aq) <--> HS‘ + H+ , (5.5) 
HS04- <-> S04 2- + H+, (5.6)
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Also, the precipitation of calcium carbonate influences the pH as defined by 
equation 5.7.

HC03- + Ca 2+ <--> CaC03(s) + H+ (5.7)

In addition to the above reactions, all of the oxidation reactions that 
we are trying to encourage, are pH related. The following reaction shows 
the oxidation of iron sulfide. The same principles apply to the general 
oxidation of all dissolved sulfide components.

FeS2 + 8H20 <-> Fe2+ + 2S04 2‘ + 16H+ + 14e"

This reaction requires that something assimilate these electrons as they 
are evolved (ie. something is reduced as the sulfide is oxidized). In our 
system, this is completed by dissolved oxygen according to the following 
reaction;

7/2 02 + 14e- + 14H+ <-> 7H20,

Adding the above two reactions together we get the overall reaction for the 
oxidation of this sulfide component;

FeS2 + 7/2 02 + H20 <--> Fe2+ + 2S04 2‘ +2H+ (5.8)

Except for water with extremely high pH values, usually greater 

than 9.5, the alkalinity of most natural water systems is primarily
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controlled by the dissolved carbonate and bicarbonate species. However, 

Wiley et.al. (1975) found that some oil field waters owe their alkalinity to 

dissolved acetate, propionate, and other short-chain aliphatic anions.

Their work, completed at the North Dome oil-field in California, 

determined that alkalinities as high as 50 meq/L, were due entirely to the 

presence of these organic acids. Our system, undoubtedly, contains some 

similar organic acid species that influence the pH. Carothers and 

Kharaka (1980) determined that decarboxylation of acetate and other short- 

chain aliphatic acids was an important source of carbon dioxide into these 

oil-field waters. This same process also produces methane and 

hydrocarbon gasses.

So, while the literature makes it clear that this system has many 

controls affecting the pH, the general alkaline trend indicated by Figure 5.1 

is probably primarily controlled by carbonate equilibria. Atmospheric loss 

of carbon dioxide from the system decreases the overall amount of carbonic 

acid and its equilibrium components (equations 5.1, 5.2, and 5.3). Not only 

does photo synthetic depletion of carbon dioxide contribute to this process, 

but Barnes (1965), determined that this carbon dioxide removal also 

increased the calcite saturation index. This is not too surprising, 

considering that the removal of carbon dioxide increases the pH, which in 

turn, encourages the precipitation of carbonates. The alkline trend is not 

extreme because of the competing reactions indicated by equations 5.4, 5.5, 

5.6, 5.7. and 5.8.
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5.1.2 Redox Potential (Eh)
Given that sulfide is a likely contributor to the toxicity at the 

Pitchfork field, and that the sulfur ion can undergo an eight electron shift

from S 2- to S 6+, defining and understanding the redox of the system is 
critical. Redox is an abbreviated combination for the reduction - oxidation 
electrochemical equilibrium of a system.

Referring to redox as a potential is misleading. In reality, Eh, 
whether calculated or measured, is a measure of the soluble species 
activity, and is not an indication of the system's potential to oxidize or 
reduce material that is introduced from the outside (Hem, 1985).

When produced water is exposed to air, the redox equilibrium of the 
system is immediately overwhelmed by reactions involving oxygen. 
Therefore, in our system, the Eh profile closely follows the D.O. profile 
(Section 5.4). The reducing water is immediately transformed to oxidizing 
over the first surface flow cell. The oxidizing activity increases to the 
wetlands where it decreases slightly (see Figure 5.2).
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Figure 5.1.2 Box and whisker plot of Eh values through the system

Because the redox of the system is controlled by the dissolved oxygen, 
the profile represented by Figure 5.2 is only true for the surface waters. 
Even on the surface flow cells where there is never more than two inches of 
water, a reduced zone exists at depth. On the surface flow cells this zone 
is located on and in the geotextile liner. Removal of the gravel reveals a 
black reduced zone.

Vertical Eh profiles in the wetlands cell are typical for a wetlands 
ecosystem. The top few inches of clay represent the transition zone, and 
everything below this level is reduced. Figure 5.3 represents the average of 
five different profiles and shows this relationship.
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Figure 5.1.3 Vertical Eh profile of the wetlands

Therefore, while all of the surface waters after the first surface flow 
cell are oxidizing, many localized reduced zones exist throughout the 
system. Because we are trying to push most of our reactions in an

efficiency of the system. However, at a field where there is a large amount 
of heavy metal contamination, metal sulfide precipitation in the reduced 
zone can be utilized as a primary mechanism for metal removal, as in the 
case of the wetlands treatment for acid mine drainage.

5.1.3 Electrical Conductance
The electrical conductance, or conductivity, is a solution's ability to 

conduct an electric current. Measured in mhos, conductivity is the 
reciprocal of resistance measured in ohms. The presence of charged ionic 
compounds in water increases conductivity. Therefore, conductance is 
used as a simple and inexpensive means to determine the relative amount 
of ions in the solution. To reduce analytical costs, the NPDES permit

oxidizing direction for the removal of radium and sulfide, identifying and 
diminishing these reduced regions may be a method to maximize the
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regulates conductance rather than TDS, sulfates, and chlorides. 
Marathon's permit requires a conductance of less than 7,500 
micromohs/cm. Because the untreated water has a conductance of less 
than 3000 micromhos/cm, this parameter is less of an issue at the 
Pitchfork field than other contaminants. However, there is a general 
decrease in conductance through the system as Figure 5.4 shows.
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Figure 5.1.4 Conductance profile, showing mean and range values

To conduct a current the ions in solution must move through the 
solution and transfer charge. Not all ions affect the conductivity in equal 
proportions. The effectiveness of a particular ion to carry a current
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depends upon its charge, size, and interaction with the solute (Hem, 1985). 
Given this, it is possible, as we have at Pitchfork, to have a decrease in 
conductivity, but not in TDS. Figure 5.5 shows the relationship between 
mean conductance in micromohs/cm, and mean TDS in mg/1.
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Figure 5.1.5 Conductivity versus total dissolved solids

The reason for the discrepancy between conductivity and TDS is the 
fact that sulfide is oxidizing to sulfate, and therefore, sulfate 
concentrations increase through the system. The conductivity of the 
solution can be calculated by the sum of the concentration of the ionic 
species times the conductivity factor for that particular species 
(Tchobanoglous and Schroeder, 1985). Removal of calcium and bicarbonate
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decrease the conductivity more than the increase in sulfate. However, this 
same relationship is not true for the determination of TDS, and the trend is 
more stable.

5.1.4 Dissolved Oxygen
While there are no specific standards for D.O., it obviously affects 

the results of the bioassays, and therefore, is indirectly monitored. The 
standard methods for the toxicity tests do allow aeration if necessary, 
however, continual aeration has a detrimental effect on the test organisms, 
especially the small and rather fragile Ceriodaphnia. Dissolved oxygen is 
controlled by physical, biological, and chemical processes. Figure 5.6 
shows the dissolved oxygen profile through the system.
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Figure 5.1.6 Dissolved oxygen profile, showing mean and range values
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In considering the presence or absence of D.O. in the water, the 
solubility of the oxygen, the partial pressure of oxygen in the atmosphere in 
contact with the water, the temperature of the water, and the presence of 
inpurities must be considered.

The Pitchfork system is designed to maximize the surface area of 
the effluent in contact with the atmosphere. The data suggests that surface 
flow cells with no gravel are very efficient at introducing D.O. to the water 
simply because of the surface-to-air contact.

Other than physical atmospheric diffusion, the other primary 
mechanism responsible for changing D.O. concentrations in the water is 
bacterial activity. The surface flow cells are covered by a thick, well 
established mat of bacteria. During the day, the photosynthesis process 
adds D.O, and at night, bacterial respiration removes oxygen from the 
water.

Therefore, by comparing dissolved oxygen values during the day 
versus those readings taken at night, we can start to establish which of the 
above processes provides the most significant oxygen input to the system. 
Figure 5.7 shows this relationship.

Figure 5.7 suggests that the primary mechanism for the increase in 
dissolved oxygen is atmospheric diffusion. The bacterial activity on the 
surface flow cells does have an impact on the D.O. as indicated by the 
differences in values at points 2T and 3T. Not only does photosynthesis of 
aerobic bacteria add D.O. to the water, but anaerobic photosynthesis of the 
phototrophic sulfur bacteria removes sulfide from the water which slows 
the chemical loss of dissolved oxygen.
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Figure 5.1.7 Dissolved oxygen profiles, day versus night

In addition to the physical and biological processes, there are many 
chemical reactions involving oxygen that effect the concentration of D.O. in 
the effluent. The most important of these is that between sulfide and 
oxygen. Our system is a rare environment where sulfide rich water is 
given a constant input of oxygen. Under such conditions, chemical 
reactions between the sulfide and the oxygen will occur at a rapid rate 
producing native sulfur defined by the following simple equation;

2H2S + 02 --> 2S° + 2H20
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The above equation also reveals the importance of oxygen in the 
redox process, because oxygen is the principle sink for electrons during 
many oxidation processes. In the above reaction, the sulfide ion has lost 
two electrons which were taken up by the oxygen molecule in its reduction 
to the -2 state.
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5.2 Major Mineral Forming Elements and Scale Precipitation
Removal of soluble calcium and bicarbonate by precipitation of calcite 

and other forms of calcium carbonate may be utilized to decrease the total 
dissolved solids in the effluent stream. In addition, coprecipitation of Ra226 
with the calcium is one primary means of removing radium from the water 
column (section 5.3).

Of the major mineral forming cations, only calcium shows any 
consistent decrease in the treated water. The others, potassium, 
magnesium, and sodium fluctuate with no significant trend. Seven X-ray 
diffraction (XRD) patterns were rim on Pitchfork scale and they show that 
the composition of the scale is calcium carbonate (Appendix C). Figure
5.2.1 shows the decrease in calcium and bicarbonate in the water through 
the system as calcite (calcium carbonate) precipitates.
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Figure 5.2 Calcium and bicarbonate mean concentrations in water 
through the system

Visually the scale bares a resemblance to travertine deposits from 
carbonate-rich springs; small terraces are developing behind rimstone 
dams, massive deposits form at the base of small falls, and a floating 
surface scale resembling thin ice develops in calm pools. Literature review 
on travertine depositing systems reveals a strong correlation between the 
geochemical parameters of temperature, pH, Eh, D.O., calcium, and 
bicarbonate of such systems and the Pitchfork effluent (Lorah and Herman, 
1988; Chesterman and Kleinhampl, 1991; Herman and Lorah, 1988; Chafetz 
et al., 1991).
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5.2.1 Controls on Carbonate Solubility
The primary control of calcium carbonate solubility is the hydrogen 

ion concentration (pH), which is mostly controlled by the partial pressure of 
C02 according to the following reactions:

C02 (g) + H20(l) <--> H2C03(aq), (5.2.1) 

H2C03(aq)<~>H+ + HC03-> (5-2-2>

HC03-<--> H+ + C03 2 ", (5.2.3)

C03 2- + Ca2+ <--> CaC03 (5.2.4)

The net result of these four equations can be simplified to;

C02 + H20 + CaC03 <--> Ca2+ + 2 HC03" (5.2.5)

Equation 5.2.5 shows how dissolved carbon dioxide is responsible for the 
dissolution (or precipitation) of calcite and aragonite. Five main 
factors control the amount of carbon dioxide in the water:
1) temperature, 2) agitation of the water, 3) salinity, 4) organic activity,
5) carbon dioxide gradient between the water and the air.

1) All gasses are less soluble in warm water and therefore carbonate 
precipitation is favored by warm systems (Blatt, 1982). Because carbonate 
precipitation is a function of the partial pressure of a gas, it has an inverse 
solubility as compared to other precipitates.

2) Agitation helps release carbon dioxide which increases the 
carbonate saturation index. Also, by processes not fully understood, 
agitation in a closed system (ia preventing the escape of the gas) encourages 
calcite precipitation.
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3) Carbon dioxide is more soluble in fresh water than in saline 
water. High salinity, often the result of evaporation, encourages carbonate 
precipitation (Blatt, 1982).

4) Bacteria, algae, and plants take up carbon dioxide during 
photosynthesis and evolve oxygen. In addition, many bacteria (Starr et al., 
1981) and algae (Prescott, 1970) actually precipitate calcium carbonate

during their metobolic processes.
5) The carbon dioxide content of ground water typically reaches 

values ten to one hundred times greater than normal atmospheric C02

partial pressure (Pearson et al., 1978; Butler, 1980). If the ground water 
emerges at the Earth's surface, the system will attempt to equilibrate and 
there is rapid diffusion of C02 from the water to the air. This C02 

outgassing is one of the primary causes of supersaturation with respect to 
calcite and the rate of degassing is dependent upon the carbon dioxide 
gradient.

5.2.2 Carbonate Saturation and Precipitation
Calcite does not precipitate immediately upon reaching saturation. 

Both laboratory and field investigations show that the initial precipitation is 
kinetically inhibited. The formation of a crystal by precipitation requires 
and increase in free energy to create new surface area (Nielson, 1964; 
Berner, 1980). This nucleation barrier has been shown in the laboratory to 
be as much as ten times saturation with respect to calcium carbonate 
(Reddy, 1983).

Calcite precipitation is most rapid in turbulent zones of a system 
where C02 outgassing is most extreme. This loss of C02 gas is evidenced

by the decrease in HC03 concentration and the increase in pH (Section

5.1.1) downstream according to the following reaction;
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H+ + HC03 - <--> H2CO30 <--> C02 (g) + H20

As H+ ions are consumed during degassing, the pH increases and an equal 

amount of HC03" is lost from solution (Lorah and Herman, 1988). However, 

bicarbonate is less sensitive to changes in C02 partial pressure than is pH.

For example, the loss of 7 x 10 "9 mol/1 of C02 to the atmosphere results in a

change in pH from 8.0 to 8.5. Yet, according to the stoichiometry of the

above reaction there is a corresponding 7 x 10 "9 mol/1 change in bicarbonate

concentration. This is only a 4.3 x 10 "4 mg/1 change in bicarbonate 
(Barnes, 1965).

Loss of C02 by degassing is one of the main driving forces causing

high levels of supersaturation of carbonate. Initially, meteoric water is 
vigorously degassing. This degassing is more rapid than the compensation 
of calcite or aragonite precipitation and, therefore, results in high levels of 
supersaturation (Chafetz et al., 1991)

5.2.3 Microenvironmental Controls and Types of Precipitation
Of all of the literature reviewed for this study, Chafetz et al., (1991) 

provides the most important insights to carbonate precipitation in the 
Pitchfork system. Their study was conducted on a travertine depositing 
stream in southwestern Colorado. This spring fed stream has geochemical 
parameters that are quite similar to those at Pitchfork. The overall 
conclusion of their study is that the geochemical controls discussed in 
section 5.2.2 may represent the overall environment but are not 
representative of the microenvironment where precipitation is actually 
taking place. Because many carbonate precipitates have a maximum
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dimension on the scale of micrometers and are often mixed with other 
carbonate crystal habits and sizes, analysis with an XRD , as was done on 
Pitchfork scale, does not provide the detail necessary to fully understand the 
microenvironment of precipitation. Therefore, they utilized a scanning 
electron microscope to investigate the various carbonate precipitates. They 
describe and have photographs of three main types of precipitates that 
visually appear quite similar to those observed at Pitchfork. Large deposits 
of "sponge-like" accumulations of calcite and aragonite, carbonate 
encrusted bubbles, and floating rafts have been observed in both systems.

The encrusted bubbles were the result of carbonate precipitation 
around photo synthetic oxygen bubbles. The microenvironment 
immediately around the bubble becomes supersaturated with respect to 
carbonate causing aragonite precipitation first, followed by calcite 
precipitation (Figure 5.2.1). At Pitchfork, the deposits that appear similar 
to these are at the base of the gated irrigation and below each of the terraces 
where there is a great deal of splashing. Therefore, I suspect that they are 
abiotic bubbles that have become encrusted. XRD analysis of this particular 
deposit reveals that this is entirely calcite in the pitchfork system (see 
diffraction pattern 1 in Appendix C). Because these bubbles were formed 
from splashing and not photosynthesis, the gradient between the water and 
the bubble was not as extreme as in the Chafetz study, so the level of 
saturation necessary to precipitate aragonite was probably never achieved. 
Aragonite precipitates at a higher degree of saturation than does calcite.
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Figure 5.2.1 Formation of a carbonate encrusted bubble

Source: Chafetz et al., 1991

Thin rafts of CaC03 floating on the surface of shallow pools form

behind the small rimstone dams. Collecting samples required slipping a 
knife blade underneath them and gentally lifting. In the Chafetz study, 
this precipitation was essentially all aragonite, expressing the super high 
saturation with respect to carbonate at the water/air interface (Figure
5.2.2). At Pitchfork, these deposits are mostly calcite with some minor
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barite (barium sulfate). See diffraction pattern 2 in Appendix C. The 
occurrence of barite was a surprise because barium was never found in 
water samples above the detection limit of 0.1 ppm. However, barium 
sulfate is orders of magnitude less soluble than is calcium carbonate 
(Ostroff, 1979) and any barium will immediately precipitate out as barite in 
the presence of sulfate.

Atmosphere 

C°2
 ^ -----------surface-

Zone of highest Raft of carbonate
High *0 0  ̂ carbonate saturation precipitation
Water

Figure 5.2.2 Formation of surface rafts of carbonate precipitate

The large "sponge-like" accumulations are primarily calcite. And, 
as was the case in the Chafetz study, there appears to be some 
interrelationship between carbonate deposition and microbial activity. The 
green color on the mounds forming throughout the surface flow cells 
reveals the presence of microorganisms in the surface layer of the 
carbonate. Perhaps the relationship is similar to the build-up of large 
stromatolytic mounds where algae or bacteria act as a substrate for 
precipitation, then continually grow through the precipitate (Figure 5.2.3). 
Visual observations of the larger carbonate deposits at Pitchfork suggest a 
sequential deposition which supports such an interpretation.
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Figure 5.2.3 Evolution of a bacteria assisted carbonate deposit

An x-ray diffraction pattern from a thick "sponge-like" carbonate 
deposit collected off of the planer cell at Pitchfork clearly shows that it is 
calcite (diffraction pattern 3, Appendix C). However, close examination 
reveals a great deal of background 'noise' as compared to the pure calcite 
patterns 1 and 4. These background peaks may be some obscure mineral, 
but more likely represent the presence of organic material.

5.2.4 The Role of Microorganisms and Plants in Carbonate Precipitation.
The ability of plants to induce precipitation of travertine has been a 

long standing source of controversy. Many researchers have concluded 
that biotic influences are over-shadowed by the high rate of physical



T-4057 62

degassing. In their study of travertine precipitation in Falling Spring 
Creek, Virginia, Lorah and Herman (1988) determined that biological 
processes were insignificant compared to physical outgassing. They 
completed one 24 hour test looking for the expected diurnal changes and did 
not find any significant difference. With a high concentration of dissolved 

C02, a large amount of CaC03 can precipitate inorganically by physical

degassing and therefore biologic processes become relatively unimportant 
(Chafetz and Folk, 1984). These conclusions are based on the researchers 
inability to detect any large scale geochemical changes in the system 
because of plants. But, according to Chafetz et al., (1991), plants and 
microorganisms can affect the water immediately surrounding them and 
change the microenvironment where precipitation actually occurs. Such 
influences would not be noticed by investigating large scale geochemical 
changes.

Some studies have shown that organisms such as bacteria, algae, 
moss, and other photosynthetic plants remove significant amounts of C02 

from the system during their photosynthetic process. Photo synthetic 
activity has been shown to uptake C02 to the point of calcite supersaturation

in lakes (Stumm, 1985). But, the controversy arises from the relative rate of 
such uptake versus physical degassing in a turbulent stream system.

Contrary to most natural travertine depositing streams, the Pitchfork 
system has an extremely high biomass per unit volume of water. 
Photosynthetic processes are therefore somewhat exaggerated and our 
diurnal tests show a distinct microbial influence on calcite precipitation. 
Figures 5.2.4 and 5.2.5 show the difference in calcium and bicarbonate 
concentrations respectively in the water during the day and at night. The 
data presented are from the summer intensive study. The day-time curve 
is constructed from the mean of five data points and the night-time curve 
from two data points.
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Figure 5.2.4 Calcium trends, day vs. night
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Figure 5.2.5 Bicarbonate trends, day vs. night
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Even though the night curves are based on two samples, statistical 
confirmation of the difference between these two populations is possible.
The Wilcoxon rank-sum test is appropriate for this nonpaired type of 
comparison (Warpole & Myers, 1989). n l refers to the number of data points

in the smaller population (ie. 2), and n2 is the larger population (n2=5). The 

data in both populations are ranked according to their value. For identical 
data, the average of the values is assigned to both points. Wl is the sum of 

the ranks for population 1, and W2 is the sum of the ranks for population 2. 

The difference between the two populations was analyzed at location 4 and 
is summarized in table 5.2.1.



Table 5.2 Wilcoxon Rank-Sum Data for Calcium and Bicarbonate 
Concentrations at Location 4, Day vs. Night

Calcium
nj = night **2 = day

cone, (mg/1) rank conc.(mg/l) rank
312 6.5 270 2
312 6.5 257 1

280 3.5
280 3.5
294 5

wi = 13 W2 = 15

Bicarbonate
Ti\ = night 1*2 = day

conc.(mg/l) rank conc.(mg/l) rank
1020 6 839 2
1050 7 798 1

887 3
889 4
945 5

wi = 13 W2 = 15

The null hypothesis (Ho) is: The two populations are equal. 

Conversely, Hi: The night-time data are greater than the day-time data. To 

test this hypothesis, I solved for |i2, where;
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For both calcium and bicarbonate, p.2 = 0. This equals the tabulated value at

95% confidence. Therefore, I reject the null hypothesis and claim with 95% 
confidence that the soluble calcium and bicarbonate values are greater at 
night than during the day.

During the day, the bacteria are actively phostosynthesizing and are 
removing carbon dioxide from the water. The result is an increase in 
carbonate saturation and more precipitation. At night, the bacteria are 
more inactive and calcite precipitation is minimal or nonexistent. This 
process, not detected by the other studies is probably occurring at Pitchfork 
as supported by the above graphs.

In addition, organisms can play an important role in calcite 
precipitation by trapping microparticlate calcite grains and by providing 
substrate for calcite growth as indicated by Figure 5.2.3.

5.2.5 Scale Inhibitors
As is the case at most fields, a scale inhibitor has been added to the 

water to prohibit scaling of the production and reinjection equipment. At 
Pitchfork this compound is a phosphatic ester. The inhibitor is the 
phosphate. Phosphate inhibits calcite growth by adsorbing onto the crystal 
surface thereby blocking active growth sites (Reddy, 1977; Morse, 1983). 
Unfortunately this was not discovered until late in the study and only one 
set of samples included phosphate analysis. Figure 5.2.6 shows total 
phosphate through the system. The total phosphate concentration is low. 
But, the supplier of the scale inhibitor calculated that 4 ppm was sufficient 
to stop all scale production in the water. Therefore, I suspect that these 
levels are sufficient to partially interfere with calcite precipitation. The 
drop in phosphate concentration across the wetlands may be one of the 
reasons for the major calcite growth in the outlet channel of the wetlands 
(diffraction pattern 4, Appendix C). However, the effect of this minor 
quantity of phosphate is purely speculative.
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Figure 5.2.6 Total phosphate in the effluent

5.2.6 Summary
Understanding the mechanisms of calcium carbonate precipitation 

are important in terms of maximizing removal of TDS and Ra226 (Section 
5.3). The large scale field tests provide important information to the overall 
geochemistry and consequent carbonate saturation of the system, but the 
microenvironments control the type of carbonate and the relative amount of 
precipitation.

All of the samples analyzed were calcite. The most massive deposits 
are in zones of turbulence below the terraces and in the outlet channel.
Such deposits are pure calcite with no other phases present (diffraction 
patterns 1 and 4). Bacterial activity plays an important role both in terms of
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carbon dioxide removal and providing a substrate for crystal growth. In 
calm sections of water, surface rafts of calcite form behind rimstone dams 
that over time give the system the terraced appearance of other travertine 
deposits.

A more detailed mineralogic study could be completed on the scale. 
Diffraction pattern 5, collected from the distribution box, shows a distinctive 
phase that is not calcite. No doubt, a more thorough study would reveal a 
more diverse mineralogy than was discovered here. Understanding the 
controls on precipitation and the mineralogy is critical if this system is ever 
applied to waters with much higher levels of dissolved solids.
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5.3 Ra226 Precipitation
While the formation of oil field scale has been an operational problem 

since the start of production, the associated coprecipitation of radionuclides 
was not discovered until the early 1980's (Smith, 1987). Over the last 
decade, there has been increasing concern regarding these radioactive 
materials. Attendance at the recent Petrosafe conference in Houston 
(January 26-28,1992) revealed that naturally occurring radioactive material 
(NORM) is one of the largest production concerns of the modem oil and gas 
industry.

The Pitchfork water treatment system is designed to encourage scale 
precipitation in order to decrease the TDS by removal of the bicarbonate and 
calcium ions (section 5.2) and to remove Ra226 from the water stream by 
coprecipitation with calcium in the scale.

5.3.1 Origin of Radionuclides in Oil and Gas Production Fluids
Zones of mineralization, known as uranium provinces, have formed 

throughout the lithosphere. Uranium exploration activities supply a great 
deal of data that indicate little correlation between the occurrence of oil and 
gas and that of uranium. The reason for the coincident occurrence of oil 
and gas with radionuclides is simply because they both form in 
sedimentary rocks.

The main radionuclides in sedimentary rocks are potassium, 
uranium, and thorium and the highest levels are generally found in shales 
(Table 5.3.1).
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Table 5.3.1 Radionuclide Concentration in Sedimentary Rocks

Rock Type K-40
(ppm)

U-238
(ppm)

Th-232
(ppm)

Sandstones
a) Orthoquartzite 1.7 0.45 1.7
b) Arkoses 1.5 5.0

Shales
a) gray and green 2.9 3.2 13.1
b) black 8-20

Limestones 0.4 2.2 1.1

Evaporites <0.1

Source: Raeburn, (1987)

In sandstones, the potassium is from the presence of K-feldspar, 
k-mica, and glauconite. Most of the uranium in sandstones is 
disseminated throughout the quartz grains, and the thorium is associated 
primarily with resistate grains (Smith, 1987).

The potassium content of shales is the result of their high clay 
content, particularly the clay mineral illite. While the gray and green 
shales have uranium and thorium values close to that of the continental 
crust, the black shales have high uranium concentrations due to their high 
organic content (Raeburn, 1987).

In limestones, the uranium content is largely within the crystal 
lattice where uranium has substituted for calcium, a process that we are 
trying to encourage at Pitchfork. Potassium and thorium values are much
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less because they do not readily fit into the crystal lattice and are only 
present because of associated clays (Raeburn, 1987).

5.3.2 Radionuclide Enrichment
If the radionuclide concentration of the produced water were soley 

the result of the concentration of the reservoir rock, there would not be 
much of a problem. However, radionuclide concentrations can be 
significantly greater than those presented in Table 5.2.1 because of 
"Radionuclide" or "Uranium enrichment" (Smith, 1987). When oil, gas, 
and any associated brines migrate through sedimentary layers, the brines 
dissolve radium-226 from the parent uranium-238. As the oil migrates 
through successive sedimentary layers it becomes enriched in radium as 
compared to the radium level in the reservoir rock. This process termed 
"radionuclide enrichment" can produce concentrations of more than 1000 
ppm (Smith, 1987).

5.3.3 Radium Concentration of Wyoming produced water.
Early in 1989, the Wyoming Department of Environmental Quality 

(DEQ) received a report from the Louisiana DEQ addressing the potential of 
high radiation associated with the production of oil and gas. As a result, 
Wyoming DEQ randomly sampled four of the state's produced water 
discharges. Three had radium levels below 10 pCi/1, but the fourth revealed 
an alarming 1,200 pCi/1. This single high level prompted the Wyoming 
DEQ to require all produced water dischargers to submit radium results to 
the DEQ within six months (Wagner, 1990). The results of this survey are 
given in table 5.2.2 .
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Table 5.3.2 Radium 226 concentrations in Wyoming produced waters

Total number of discharges tested 373
Highest value 2,152 pCi/1
lowest value 0 pCid
Average value 21.5 pCi/1
Median value 3.7 pCid
Number of values greater than 1,000 pCi/1 2
Number of values greater than 100 pCi/1 6
Number of values greater than 5 pCi/1 167

Source: Wagner, (1990)

The present in-stream standard for Ra226 in class I, II, and III 
water bodies is 5 pCi/L Therefore, these numbers are of concern and any 
effective treatment system must alleviate Ra226.

5.3.4 Behavior and toxicity
Unlike radionuclides distributed to the atmosphere and terrestrial 

systems, radionuclides in the aquatic environment do not disperse rapidly 
and tend to accumulate in the sediments near the point of discharge 
(Connell and Miller, 1984). Emery and Clopfer (1976) found that sediments 
and organics covering the sediments were a major sink for radionuclides. 
Because of this possible accumulation, radionuclides are often available for 
significant interaction with biota.

In general, irradiation damages biological tissue by interaction and 
chemical changes in enzymes and nucleic acids which can cause mutation 
and death (Connell and Miller, 1984). Radionuclides have been shown to
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reduce hatching rates of fish (Ophel, 1976), change community structure 
and diversity in terrestrial plants, decrease production, and allow insect 
invasion (Grosch and Hop wood, 1979).

In their pathway exposure analysis of Ra226, Miller and Bruce (1990) 
only analyzed pathways of human exposure to soluble Ra226. In doing so, 
they determined that it was reasonable to set the standard for discharge 
into dry washes between 280 and 645 pCi/1. However, the entire argument

for allowing produced water discharge west of the 98 th meridian is for 
stock, irrigation, and wildlife (Wagner, 1990), and aquatic organisms are 
sensitive to a wide range of radiation doses (Table 5.3.3).

Table 5.3.3 Ranges of Acute Lethal Radiation Doses for Adults of 
Various Groups

Biota Radiation (Krad)

Bacteria 4.5-735 (LD90)
Blue-green algae 400- 1200 (LD90)
Other algae 3-120 (LD90)
Protozoa ? - 600 (LD50)
Molluscs 20 -109 (LD50/30)
Crustaceans 1.5-56.6 (LD50/30)
Fish 1.1-5.6 (LD50/30)
Source: Ophel (1976)
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5.3.5 Ra226 in Pitchfork effluent
Ra226 ranges from 19 - 42 pCi/1 in the untreated effluent (Table 5.1). 

The present in-stream standard is 5 pCi/1 (Section 5.3.3). Marathon's 
dilution factor is 62%. That is, 38% Pitchfork effluent mixed with 62% Raw 
Hide Creek water. Assuming that Raw Hide creek has minimal Ra226 
before the confluence with the Pitchfork effluent, 13 pCi/1 is the maximum 
concentration allowable in the discharge permit. As indicated in figure 
5.3.1, the system is decreasing the soluble Ra226 concentration and in 
many cases is achieving the 13 pCi/1 standard.
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Figure 5.3.1 Soluble Ra226 profile
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5.3.6 Ra226 in the scale
As previously indicated, the Ra226 ionic radius and charge is similar 

to that of calcium so substitution of these ions in the calcite crystal lattice is 
common. Three scale samples were analyzed for radium content and the 
results are presented in figure 5.3.2.

20
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1 2T 3T 4 5

Sample Location

Figure 5.3.2 Ra226 concentration of the calcite scale

5.3.7 Summary
The radium numbers presented in the above two figures suggest a 

direct relationship between the concentration of radium in the water versus 
the concentration of radium coprecipitated in the scale. In addition, they

20.1

12.8
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support that coprecipitation with calcium in the scale is a viable means of 
removing soluble radium from the water.

It is unfortunate that the discovery of the scale inhibitor was so late 
in the study (section 5.2.5). Radium is clearly coprecipitating in the scale 
as intended, but presently not at a rate sufficient to guarantee the 
conditions of the NPDES permit.

Other than in the scale, two sinks of radium exist that were not 
investigated in this study. Connell and Miller, 1984 found that sediments 
near the point of discharge were a major sink for radionuclides, and 
Emery and Clopfer (1976) found that the organics covering the sediments 
were another major sink. Neither the sediments nor the massive bacterial 
mats were analyzed for Ra226. The fact that there is a significant drop in 
radium concentration across the wetlands, and no major scaling is visible, 
suggests that these other mechanisms may be quite important in terms of 
radium removal. Therefore, investigation of these other sinks would be a 
good starting point for further research.
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5.4 Hydrocarbons
Toxic organic compounds present in produced water have only been 

studied for the past ten years (Davani et al., 1985; Lysyj, 1982). As our 
understanding of the hazards of hydrocarbon toxicity has increased, the 
concern over anthropogenic inputs has multiplied as evidenced by the 
public out-cry over spills like the Exxon Valdez and the Amoco Cadiz. The 
present standard for allowable oil and grease in produced water is 10 mg/1. 
This level has consistently been achieved at Pitchfork, but is more of a 
problem for small producers with less sophisticated oil/water separation 
facilities. In addition, one of the primary interests in wetlands treatment 
systems, beyond produced water, is for nonpoint urban runoff. Such runoff 
has been shown to contain significant quantities of toxic hydrocarbons.

5.4.1 The Various Hydrocarbons Present in Produced Water.
Both crude and refined oil vary widely in their chemical and physical 

make-up depending on their origin, and in general, contain a diverse mix 
of hundreds of different hydrocarbons (Bailey and Bailey, 1989). Because 
petroleum from different sources varies tremendously in its concentration 
of hydrocarbons, the produced water contains an equally diverse mixture. 
However, certain compounds are easier to separate and therefore have less 
of a chance to be present in the produced water. Obviously the more water 
soluble a compound, the more difficult it is to remove from the water. Also, 
heavier compounds (i.e. more carbons) are more easily separated. In 
general, the hydrocarbons present in produced water can be divided into 
classes based on their chemical structures: the alkanes, alkenes, and 
alkynes (normal, branched, and cyclo) and the aromatic and polyaromatic 
compounds. Differences in the structure dictate the environmental 
behaviors such as volatilization, solubilization, photochemical oxidation, 
and microbial and higher metazoan metabolism (Connell and Miller 1981). 
These factors, in turn, control the toxicities (Rand & Petrocelli, 1985).



T-4057 80

5.4.2 The Fate of Organic Compounds in Aquatic Systems
Understanding the various chemical, physical, and biological 

processes that control the behavior of hydrocarbons is critical to designing a 
system to remediate specific classes hydrocarbons. In general, organic 
compounds can undergo oxidation, reduction, hydrolysis, adsorption, 
volatilization, and biodegredation. Each of these processes affects the fate of 
hydrocarbons depending upon the conditions of the site and the specific 
nature of the compounds.

5.4.2.1 Oxidation Reactions
Oxidation involves the loss of electrons from the hydrocarbon during 

a chemical reaction. Many biodegredation reactions are actually microbial 
assisted oxidation reactions (section 5.4.2.6). Oxidation reactions can be 
encouraged by adding chlorine, ozone, or hydrogen peroxide to the 
hydrocarbon. However, in most natural systems, these strong oxidizing 
agents rarely exist (Olsen & Davis, 1990). More often, oxidation results 
from free radical substitution (Bailey and Bailey, 1989). Before an oxidation 
reaction can occur via this mechanism, a free radical must form by the 
removal of an electron from a molecule. This usually requires breaking 
bonds, so there is an energy requirement. This energy can come from 
thermal sources, radiant energy (photooxidation), and high energy 
particles. In natural surface waters, the free radical concentration of

single oxygens is about 10 _12 M and is the result of photo-dissociation of 
water (Olson & Davis, 1990). Once the highly reactive free radical is formed 
it will react with organic molecules which then become free radicals and 
react further.

Free radical oxygens are likely to be more abundant in the Pitchfork 
system than in normal surface waters because of higher available energy. 
The water is spread over a large surface area and is exposed to significant
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radiant energy. The water is warm, coming out of the skimming pond 
around 35°C, and it contains radionuclides. All three of these factors help 
achieve the energy barrier of free radical formation.

Aromatic compounds such as benzene, ethlybenzene, naphthalene, 
and phenol can be oxidized by free radicals and chlorinated dioxins like 
PCB's cannot (Olsen & Davis, 1990).

5.4.2.2 Reduction
Reduction reactions involve the transfer of electrons to the 

compound of interest. These electrons can come from the dissolution of 
reduced minerals and microbial oxidation of reduced compounds. In the 
Pitchfork system, there is a significant quantity of sulfide being oxidized to 
sulfur and finally to sulfate (Section 5.5). This process requires that 
something take up the electrons as they evolve. The transfer of electrons to 
a chlorinated alkene or an aliphatic compound, followed by the loss of a 
proton and a halogen leaving group, resulting in a less halogenated 
hydrocarbon may be one of the electron sinks (Olsen & Davis, 1990). In the 
molecule 02, oxygen is more oxidized than it is in H20. Therefore,

reduction of hydrocarbons is not as likely in aerobic conditions than in 
anaerobic conditions. Under aerobic conditions the oxygen will 
preferentially take up the electrons (section 5.1.1).

Aromatic rings do not degrade easily under anaerobic conditions, 
yet some of the more simple rings (e.g. aniline, toluene, xylene) have been 
reported to degrade anaerobically (Olsen & Davis, 1990). Reduction 
reactions are most important for alkane rings (Olsen & Davis, 1990).

5.4.2.3 Hydrolysis Reactions
Hydrolysis is the reaction between the hydrocarbon and water, or the 

hydronium or hydride ions in the water (Bailey and Bailey, 1989). The 
general mechanism involves the addition of a hydroxyl nucleophile and the



T-4057 82

elimination of a leaving group, often a halide, from the compound. The 
rate of hydrolysis is dependent upon the abundance and strength of the 
nucleophile and the electronegativity of the leaving group.

The types of molecules most susceptible to hydrolysis are 
alkylhalides, chlorinated amines, esters, and other similar compounds. 
Alkanes, alkenes, aldehydes, amines, and carboxyl compounds do not 
undergo hydrolysis (Olsen & Davis, 1990).

5.4.2.4 Sorption
The term "Sorption" is used here to denote the combination of 

adsorption and absorption in order to avoid connotations of the mechanism. 
Sorption is an extremely important geochemical process affecting the rate 
of migration and transformation of hydrocarbon molecules. A chemical 
that is strongly sorbed onto (into) the soil matrix will be relatively immobile 
and will be found near the point of discharge, while a weakly sorbed 
molecule may be found a great distances from the point of discharge. Also, 
the degree of sorption controls the other reactions such as biodegredation, 
volatilization, and hydrolysis.

In general, sorption is controlled by the physical soil characteristics 
such as, organic carbon content, molecular structure of the soil, soil/water 
contact area, and the specifics of the compound (Olsen & Davis, 1990). 
Sorption is greatest with clay soils that contain a large percentage of 
organic material and have a great deal of surface sorption sites. The 
Pitchfork system is built on clay soil, so sortion of organics in the soil is 
likely. However, because of the low permeability, clays loose their sorptive 
capacity rapidly as the sites become occupied. The more sorptive a 
compound is, the more it is available for biodegredation, and the less likely 
it will volatilize.
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5.4.2.5 Volatilization
Volatilization is the process whereby a chemical is transferred from 

the water (or soil) to the atmosphere. The diffusion from one medium to the 
other is controlled by an equilibrium process. The relationship between the 
concentration in the air versus the water is described by the following 
equilibrium expression:

1 = [conc. in water]
K = —  --------;----—— (5.4.1)

H = [conc. m air]

H is Henry's Law constant:

(Vp)(MW)(16,04)
H  =  — - v o . 4 . z ;

(WS)(T)

Vp is the vapor pressure of the chemical, MW is the molecular weight, WS 
is the solubility in water, and T is the temperature. Combining the above 
two equations:

(T)(WS)
(Vp)(MW)(16.04) (5-4‘3)

The above equations show that Henry's Law appears to be the 
controlling factor in the amount of volatilization (Olsen & Davis, 1990). But, 
Henry's Law is in turn controlled by other factors in equation 5.4.2. The 
larger the molecule, the more intermolecular forces. These forces must be
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broken when going from liquid to gas. Also, the heavier the molecule, the 
more energy is required to give the molecule the necessary force to break 
away from the surface (Bailey and Bailey, 1989). Therefore, molecules with 
a small number of carbons are volatile. In general, hydrocarbons with six 
or less carbons are considered volatile (Eiceman et al., 1986).

5.4.2.6 Biotransformation and Biodegredation
Since living organisms have been in contact with hydrocarbons 

throughout geologic time, it should not be surprising that enzyme systems 
have evolved that oxidize this class of compounds. However, of the 
thousands of hydrocarbons compounds present in crude, only a fraction 
have been investigated in terms of degredation by living organisms (Gibson, 
1976).

The complete biodegredation of organic chemicals by 
microorganisms ultimately produces new microbial cells, carbon dioxide, 
and water. Whether a compound is available for metabolism depends upon 
the configuration of the enzyme and the hydrocarbon reactant (Olsen & 
Davis, 1990). Persistent chemicals have less favorable configurations. For 
example, straight chain alkanes are more easily degraded than are highly 
branched alkanes.

The wetlands system provides important habitat for a variety of 
biodegredation reactions. Chlorinated aliphatic compounds degrade more 
rapidly in anaerobic environments. However, benzene, toluene, 
ethylbenzene, and xylene (BTEX) require molecular oxygen to break the 
resonance structure, and therefore, degrade in aerobic zones. Wetlands 
utilize flow in the surface and subsurface, so well established aerobic and 
anaerobic zones exist (figure 5.3).

Bacteria metabolise aromatic compounds by enzyme assisted 
oxidation. The general mechanism is represented by figure 5.4.1.
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Figure 5.4.1 Bacterial Oxidation of Benzene

Modified from Olsen & Davis, 1990; Gibson, 1976; Bailey and Bailey, 1989

Bacteria incorporate both atoms of molecular oxygen into the 
aromatic compound, and a cis-diol is the first detectable product. 
Continued oxidation forms a catechol which is then susceptible to enzyme 
destruction of the aromatic ring (Gibson, 1976). Continued oxidation will 
result in the addition of oxygens between the carbon-carbon bonds with 
elimination of hydrogen. The end product of complete oxygenation is new 
cell material, carbon dioxide, and water.

The above reaction mechanism holds true for all aromatic 
compounds, not just benzene. Bacteria can initiate oxidation by attacking 
the ring as above, or by oxidation of a substituted alkyl group according to 
figure 5.4.2.
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Figure 5.4.2 Initial Oxidation of Selected Aromatic Hydrocarbons

Once the oxygen is incorporated into the aromatic compound, 
phenols and carboxylic acids are produced that are further oxidized to 
catechols, and are then susceptible to enzyme assisted breaking of the 
aromatic ring. Therefore, the first step is the only step where the aromatic 
structure dictates the reaction (Gibson, 1976).
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5.4.3 Hydrocarbon Toxicity
Uptake and accumulation of aromatic hydrocarbons in larger biota is 

governed by the same properties as the environmental accumulation; 
concentration, temperature, salinity and the lipophillic nature of the 
molecule. Absorption occurs through the respiratory surfaces, ingestion, 
and external surfaces, with the hydrocarbons being accumulated in the 
lipid-rich tissues of the organism (GESAMP, 1977). It is generally accepted 
that the metabolism of hydrocarbons is responsible for the toxicity. Certain 
metabolites react and interact with macromolecules and are implicated as 
primary carcinogens.

Aromatic compounds are converted to carcinogens during natural 
biotransformation processes in the body. They are oxidized to epoxides 
which are strong electrophiles that are attracted to the electron rich rings 
of DNA and RNA; our bodies genetic memory (Bailey and Bailey, 1989). The 
consequent reactions alter the genetic code, and reproduction of mutated 
cellular material proceeds at abnormally high rates.

Because of their high octanol/water coefficient, many petroleum 
hydrocarbons undergo biomagnification (Connell and Miller, 1984). Also, 
Melancon and Lech 1979, have shown that the accumulation of 2- 
methylnaphthalene and naphthalene exceeds elimination for several fish 
species. Many of these species developed lethal levels that increased as 
long as exposure persisted. Because this potential bioaccumulation and 
biomagnification, aromatic hydrocarbons in the tissue of animals can 
reach levels many times higher than the ambient level of exposure (Rand 
and Petrocelli, 1985).

Since the toxicity of aromatic hydrocarbons is a function of the 
metabolism of the species, the range of concentrations necessary to produce 
a lethal response is quite variable and depends upon the time of exposure 
and the species. However, acute toxicity does not adequately reflect the
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danger of exposure to produced water. This situation is one where 
organisms and ecosystems will be exposed to chronic low-level aromatic 
hydrocarbon contamination.

Sublethal effects include inhibited growth of some organisms (Calder 
and Lader,1976), decreased photosynthetic carbon fixation (Hutchinson et 
al., 1980), reduction in size and abnormal form of eggs (DeAngelis and 
Giordano, 1974), reduction of lifespan and number of offspring (Ott et al., 
1978), and general abnormal feeding and mating behavior (Connell and 
Miller, 1984).

5.4.4 Hydrocarbons in Pitchfork Effluent
The overall concentration of hydrocarbons in the Pitchfork effluent is 

low. On January 21, 1991, samples were collected for broad spectrum 
hydrocarbon analysis for which the results are given in Appendix D. From 
a scientific standpoint, the low concentration of hydrocarbons is 
unfortunate because much of the interest in wetland treatment systems 
like this is in their potential to degrade persistent hydrocarbons.

Nonetheless, to map hydrocarbon behavior in the system, benzene, 
toluene, ethylbenzene, and xylenes along with total phenolics were 
analyzed on a routine basis. Total phenolics were chosen because 
2,4,dimethlyphenol is the most abundant semi-volatile compound in the 
water and we expected these semi-volatile compounds to make it to the 
wetlands, and we doubted that any of the volatile BTEX would remain at 
this point. The structure of the BTEX molecules are shown in figures 5.4.1 
& 5.4.2. Phenols are an aromatic ring with the addition of a hydroxide 
functional group as indicated by figure 5.4.3.
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Figure 5.4.3 Phenolic functional groups

The hydroxide group creates an extremely polar C-0 bond. Because 
of this polarity, phenols are much more soluble than other aromatics. 
And, because of this solubility, they are less volatile and more mobile and 
persistent than are the BTEX compounds.

5.4.5 BTEX
Because they are "probable carcinogens", benzene, toluene, 

ethylbenzene, and xylene (BTEX) are of primary concern to all effluent 
dischargers and to those responsible for developing remediation plans for 
nonpoint runoff. Figures 5.4.4, 5.4.5, 5.4.6, and 5.4.7 show the behavior of 
BTEX through the Pitchfork system. The graphs are compiled from all 
data collected between July 1991 and January 1992.
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Figure 5.4.4 Box and whisker plot of benzene in the Pitchfork system
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Figure 5.4.5 Box and whisker plot of toluene in the Pitchfork system
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Figure 5.4.6 Box and whisker plot of ethylbenzene in the Pitchfork system
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Figure 5.4.7 Box and whisker plot of xylene in the Pitchfork system
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The four previous graphs show a significant decrease in BTEX 
through the system. This is not surprising considering the volatile nature 
of the compounds. However, at a field in New Mexico, Eiceman et al. (1986) 
were surprised by the successful transport of these components despite 
possible evaporation.

In addition to their volatility, BTEX components have a sorptive 
capacity. Figure 5.4.8 shows the relationship between the volatility and 
sorption equilibrium constants for these compounds. All of the BTEX 
compounds are considered "volatile and sorptive".
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Figure 5.4.8 Relationship between KH(volatility) and Kow(sorption)

Source: Olsen and Davis, 1990
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Because of this sorptive capacity, BTEX molecules, in addition to 
volatilizing, may be biodegrading according to conditions outlined in 
section 5.4.2.6. While microbial studies up to now have focused on bacterial 
sulfide oxidizers, the presence of bacteria capable of acquiring their carbon 
through the metabolism of hydrocarbon molecules would not be surprising 
given the diversity of the bacterial population found at Pitchfork.

5.4.6 Total Phenolics
The fact that total phenolics decrease an average of 66 ppb suggests a 

microbial degredation mechanism (figure 5.4.8). These compounds are 
soluble and much less volatile than are BTEX. In the channel that flows 
around the system, total phenolics drop only 36 ppb. One of the most 
obvious differences between the channel and our system is the general lack 
of substantial bacterial growth in the channel. Total phenolics removal 
appears to be a function of retention time in the system. After seventy two 
hours of equilibration at the low flow of 4,000 BPD, the phenolics were below 
detection limits at the outlet of the wetlands (location #5). Also, during the 
wetlands shut-in study conducted August 5th and 6th, phenolics 
concentration dropped from 70 ppb to below detection limits within twenty 
four hours.
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Figure 5.4.9 Box and whisker plot of total phenolics through the system

Note: location 1 is based on five samples: 7/25; 9/8; 11/2; 1/17; 1/23 
locations 4 and 5 are based on 11 samples. No samples were 
collected on 8/5 or 8/5PM because of the wetlands shut-in experiment
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5.4.7 Oil and Grease
Originally, we did not include oil and grease analysis in our 

sampling routine. However, on August 6, 1991, we arrived at the field to 
find that the system had been inundated with oil. Wind had blown the oil 
on the surface of the skimming pond towards the siphon tubes. Over the 
course of the night, this accumulated and became a thick layer, perhaps 
1-1.5 inches, and eventually lost its boyancy and sank. At this point we 
sucked a great deal of crude into the system. The problem was rectified by 
placing a boom across the pond to prevent any build-up near the siphon 
tube. Because of this event, we added oil and grease to our sample routine.

Grab samples do not adequately represent the oil and grease entering 
the system. Crude comes through in periodic 'blobs' and is not evenly 
disseminated within the water. Therefore, it is only happenchance that 
such a blob would be collected, and if it were, it would not be representative 
of the character of the water. All grab samples of oil and grease collected 
were under 10 mg/1, ranging from three to seven. At the outlet of the 
wetlands, oil and grease is always below detection limits.

Even though it is a difficult parameter to measure because of the 
reasons stated above, visual observations indicate that removal of oil and 
grease may be one of the most effective processes of the Pitchfork system. 
Events like that described above have given us the opportunity to observe 
what occurs as blobs of crude move through the system. Much of the crude 
becomes tied-up in the bacterial mats on the surface flow cells. Weeks after 
major oil inundations one can break apart the mats and the water will 
become iridescent with residual oil. Some blobs have been observed 
entering the wetlands cell, but none have ever been seen leaving. Within 
the wetlands, we have periodically observed blobs of crude becoming 
covered with algae or bacteria. Certainly as the wetlands mature and the 
plant density increases, the effectiveness of the system at removing oil and 
grease will improve even more.
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5.4.8 Summary
Within aquatic systems, the behavior and fate of hydrocarbons is as 

diverse as the number of various hydrocarbons present. In general, 
hydrocarbons undergo oxidation, reduction, hydrolysis, adsorption, 
volatilization, and biodegredation. The structure of the hydrocarbon 
dictates which process will likely occur. A wetlands based system is ideal 
for the degredation of hydrocarbons because it contains both well 
established aerobic and anaerobic zones to encourage oxidation and 
reduction. Wetlands soils provide an excellent substrate for sorption, and 
the high degree of microbial activity encourages biodegredation. A two 
stage system like that at Pitchfork it ideal because it adds the volatilization 
component.

Overall hydrocarbon concentration of the Pitchfork effluent is low. 
Still, all attempts were made to map the behavior of BTEX and total 
phenolics through the system. By a combination of volatilization and 
biodegredation, BTEX is completely alleviated from the effluent. Total 
phenolics drop an average of 66 ppb and drops to levels below detection 
limits given sufficient retention time. Biodegredation is implicated as the 
primary mechanism is phenolics removal.
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5.5 The Sulfur Cycle
Sulfur is one of the ten most abundant elements on earth. As was 

discussed in section 5.1.1, the sulfur ion can undergo an eight electron shift 
from -2 to +6. The primary intermediates between sulfide and sulfate

include, sulfite (S03'^)» thiosulfate (S203“̂ ), polythionates (Sn06”̂ ) and 

elemental sulfur (S^) (J0rgensen, 1983). This ability to undergo an eight

electron shift is quite similar to carbon and nitrogen. Therefore, it is not 
surprising that sulfur is important in many biological functions. The

sulfide ion (S- )̂ is highly toxic, behaving metabolically quite similar to

cyanide (Lu, 1985). Pitchfork effluent contains toxic quantities of hydrogen 
sulfide (chapter 6). Understanding the sulfur cycle in hopes of favoring 
certain regions of the cycle, is one of the primary means to alleviating the 
toxicity of the water.

5.5.1 Redox Properties of Sulfur
The oxidation/reduction reactions of the sulfur ion tend to be slow or 

nonexistent unless they are mediated by microorganisms (Hem, 1985). The 
exception to this is the rapid chemical reaction of sulfide with oxygen 
producing native sulfur. This reaction occurs with a half life of a few 
minutes to several hours depending on the concentrations of both reactants 
(J0rgensen, 1983). The next oxidation step, from elemental sulfur to sulfate 
is purely biological (J0rgensen, 1983; Brock, 1978). Because these redox 
reactions are so intwined with microbial activity, a simple equilibrium
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treatment of sulfur is misleading. Still, the Eh-pH diagram (figure 5.5.1) is 
helpful for showing some major features.
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Figure 5.5.1 pH-Eh stability fields of aqueous sulfur

Source: Hem, 1985
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Figure 5.5.1 shows the stability fields of the two main oxidized and 
the three main reduced forms of sulfur in aqueous systems. It is important

to note that these stability fields were developed using 10'^ mol/1 of total

sulfur. In systems like Pitchfork, where the total sulfur is significantly 
higher, the elemental sulfur region would be much larger (Hem, 1985).
The diagram reveals that in the pH range of the Pitchfork effluent, the 
three primary forms are S04-, SO, and HS-. The diagonal dashed line is the

boundary between CH4 and C03 '2  from the carbon Eh-pH diagram. The

position of this line shows how sulfate is thermodynamically unstable in 
the presence of methane. Bacteria in reduced zones utilize this 
relationship as an energy source (Hem, 1985).

5.5.2 The Sulfur Cycle
Sulfur transformations can be viewed from different levels of 

complexity depending on if one looks at the global balance, ecosystems, or 
organisms. The broad transformations are defined in figure 5.5.2.
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Figure 5.5.2 The sulfur cycle

Modified from Nriagu & Hem, 1978, and Odum, 1971

Most bacteria, algae and other plants assimilate sulfur as sulfate (1) 
(Jorgensen, 1983). Within the cells, sulfate is reduced to organic sulfur and 
transferred to amino acids where it is immobilized (2). Animals acquire 
organic sulfur via their food. The reduced organic sulfur is released back 
to the environment after death and decomposition of the organisms 
(Jorgensen, 1983). Heterotrophic microorganisms then convert the organic 
sulfur to sulfide (anaerobic heterotrophs) (3) or back to sulfate (aerobic 
heterotrophs) (4) (Odum, 1971). Some of the sulfide that is present in the 
sediment precipitates as metal sulfides (5) (Jorgensen, 1983). Dissolution of 
these metal sulfides puts sulfide back into the cycle. In the presence of 
dissolved oxygen, some sulfide will immediately react to form elemental 
sulfur (6). Colorless, green, and purple bacteria convert sulfide to sulfur
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and finally to sulfate (7,8). Aerobic sulfide oxidizers (Thiobacillus and 
Sulfolubus) convert sulfide and/or sulfur to sulfate (8,9). Anaerobic sulfate 
reducing bacteria (Desulfovibrio and Desulfotomaculum) reduce sulfate 
back to sulfide (10). Precipitation on the oxidized side of the system is in the 

form of gypsum (CaS04 x 2H20) (11). Weathering of gypsum containing 

rocks puts sulfate back into the cycle.

5.5.3 The Source of Sulfur in Produced Water
Sulfur makes up about 0.1 - 2% dry weight of biomass (Jorgensen, 

1983). Therefore, fossil fuels usually contain a high percentage of sulfur 
compounds. It is generally accepted that the activity of thermophilic sulfate 
reducing bacteria are responsible for hydrogen sulfide formation in oil 
bearing formations. Bacteria capable of surviving at temperatures above 
boiling point (thermophiles) and at high pressures (barophiles) have been 
isolated (Brock, 1978). Total sulfur in Pitchfork oil is 3.64% (Wyoming 
Geologic Association, 1989).

5.5.4 Sulfide Oxidizing Bacteria in the Pitchfork System
Three broad physiological groups of bacteria are known to oxidize 

H2S. The colorless, phototrophic, and photo synthetic sulfur bacteria

complete this process in three distinct physiologic ways. Figure 5.5.3 shows 
the possible routes of sulfide oxidation and the relationship of the three 
groups. Three different sets of bacterial samples were collected during the 
study. Analysis consisted of visual observation under a light microscope. 
No cultures were completed.
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Figure 5.5.3 Pathways of hydrogen sulfide oxidation

Source: Jorgensen, 1983

5.5.4.1 Colorless Sulfur Bacteria
This group of bacteria does not contain chlorophyl, and therefore, 

appears white. It is a group of diverse morphology. The most studied are 
the thiobacilli which are able to oxidize a wide range of reduced sulfur 
compounds (Jorgensen, 1983). These are very small rods that occur 
throughout oxygenated water and sediments. I suspect that many of the 
bacteria that are too small for us to confirm visually, are in fact thiobaccili. 
Given that they are found in a wide range of oxygen and hydrogen sulfide 
concentrations, this is a reasonable assumption (Starr, et al., 1981).
The other colorless sulfur bacteria are larger and can be visually identified. 
Because the oxidation of hydrogen sulfide occurs via elemental sulfur, 
many bacteria in this group were identified under a light microscope by the 
refractile sulfur droplets. Both the white delicate filaments on the surface
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flow cells and the fungus-like material in the connection channel have 
been identified as Beggiatoa, a nonphoto synthetic sulfur bacteria.
Beggiatoa are considered chemolithoautrophic bacteria, in that they obtain 
energy for carbon dioxide assimilation, not by photosynthesis, but by the 
chemical oxidation of sulfide to sulfur to sulfate. Beggiatoa are most 
abundant towards the bottom of the first surface flow cells and into the 
connection channel. This is likely the result of their intolerance to sulfide 
levels above 20 mg/1. In addition, Beggiatoa thrive at temperatures between 
2 and 50 degrees celcius and in pH values above 7.0 (Starr, et al., 1981).

5.5.4.2 Phototrophic Sulfur Bacteria
This group of bacteria undergo anoxygenic photosynthesis in that 

they oxidize sulfide to sulfur and then to sulfate in the presence of light to 
assimilate carbon dioxide according to the following equations.

COg + H2S [CH20] + 2S°+ H20  (5.5.1)

3C02 + 2S° + 5H20  ^ > [C H 20] + 2H2SC>4 (5.5.2)

The first step is faster than the second which results in a build-up of 
elemental sulfur. Phototrophic sulfur bacteria are divided into the green 
and purple bacteria. These bacteria grow on the boundary layer between 
the oxidative and reduced zones often under a thick mat of cyanobacteria 
(Jorgensen, 1983). In our system, this zone is in and on the gravel. While 
the mat of cyanobacteria appears to block the light from reaching the purple 
and green bacteria, the relationship is beneficial in that the purple and 
green sulfur bacteria do not desire intense light and they absorb the longer 
wavelengths to which the cyanobacteria are transparent.
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Other than cyanobacteria, Thiospirilum  and Chromatium  (purple 
sulfur bacteria) were most abundant throughout the system. Sulfur 
inclusions as the result of the oxidative midpoint were evident within the 
cells of many Thiospirilum and Chromatium. The green sulfur bacteria 
Chlorobium were identified in a sample originating from the top of the 
system. While not nearly as abundant as the purple bacteria, small motile 
rods of chlorobium did appear to be present.

5.5.4.3 Cyanobacteria
Thick mats of cyanobacteria (formerly called "blue-green algae") 

cover the surface flow cells. Oscillatoria and Chloroflexus are the most 
common. The color transition down the surface flow cells is likely the 
result of different species responding to the various levels of temperature, 
sulfide, and dissolved oxygen. Cyanobacteria can have an extremely 
versatile metabolism. Usually they undergo oxygenic photosynthesis 
(oxygen is evolved) but in sulfide rich environments, many species can 
switch to anoxygenic (no oxygen evolved) photosynthesis where they oxidize 
hydrogen sulfide to sulfur and finally to sulfate (Brock, 1978). These 
cyanobacteria are extremely abundant throughout the system and 
undoubtedly impact the sulfur cycle. In addition, the well established mats 
of cyanobacteria can play a very important role in the formation of 
stromatolites (section 5.2.3) (Brock, 1978).

5.5.4.4 Sulfate Reducing Bacteria
While the focus of this study was on sulfide oxidizing bacteria, given 

the existence of reduced zones (section 5.1.2), sulfate reducing bacteria most 
certainly exist in the Pitchfork system. This is supported by the increase in 
sulfide concentration across the wetlands (figure 5.5.4). For a more 
detailed discussion of sulfate reducing bacteria see Batal, 1989.
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5.5.5 The Sulfur Cycle within the Pitchfork System.
The Pitchfork system is very unique in that the effluent contains 

sulfide, sulfate, and sulfur, and changes from anoxic and reducing to 
nearly saturated with oxygen within fifty feet of surface flow (section 5.4.1). 
Sulfide reacts chemically with oxygen forming native sulfur. Bacteria 
oxidize sulfide to sulfur and sulfate. Hydrogen sulfide is actively 
volatilizing and metal sulfides are precipitating in reduced zones. Figures
5.5.4 and 5.5.5 show the sulfide and sulfate profiles through the system. 
The data presented are from all thirteen samples between July 1991 and 
January 1992.
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Figure 5.5.4 Box and whisker plot of sulfide concentration.

Note: Because of the wetlands shut-in, no data was collected at location #5
on 8/5 PM



T-4057 1 09

1100-

1000-

900-

800

sulfate
mean

2T 3T 4

Sample Location
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Note: Because of the wetlands shut-in, no data was collected at location #5
on 8/5 PM
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In understanding the sulfur cycle two points are important. First, 
when sulfide and dissolved oxygen are in contact, as we have here, they will 
chemically react producing native sulfur. Second, the following step, from 
sulfur to sulfate, is entirely bacterial. Bacterial metabolism is quite diverse, 
and I have identified three major groups of bacteria, each impacting the 
sulfur cycle. Figures 5.5.4 and 5.5.5 show the relationship between sulfide 
and sulfate.

Stoichiometric calculations provide insight to the contributions of the 
various means of removing sulfide; such as volatilization and chemical 
oxidation to sulfur vs. microbial oxidation.

2H2S + 02 --> 2S° + 2H20 (chemical and metabolic)

2S0 + 302 + 2H20 —> 2H2S02 (metabolic only)

The above two equations show that there is a one-to-one molar ratio 
between sulfide and sulfate. Sulfide decreases an average of 17.4 mg/1 and

sulfate increases and average of 37.0 mg/1.

17.4 mg H2S = 5.12 x 10'^moles

5.12 x 10"4moles H2S --> 5.12 x lO’̂ moles H2S04

5.12 x 10-mmoles H2S04 = 50.18 mg H2S04

So, if completely bacterial, the loss of 17.4 mg/1 of hydrogen sulfide 

would correspond to an increase of 50.18 mg/1 of hydrogen sulfate. Here, 

however, we only have an increase of 37.0 mg/1. Working backwards;
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37.0 mg H2S04 = 3.78 x 10-4moles 

3.78 x 10'4moles H2S = 12.9 mg H2S

These calculations suggest about 12.9mg /I7.4mg or 75% of the 

hydrogen sulfide is metobolically oxidized by the bacteria in the system.
The remaining 25% is lost to volatilization and precipitation as evidenced by 
the rotten egg smell and the black metal sulfide layer under the gravel on 
the surface flow cells.

Observations made during the summer intensive study revealed 
some interesting diurnal variations within the system. Early in the 
morning, before the sun was high in the sky, the water in the system looked 
like skim milk. But, on sunny days the water would clear by 11:00 am. 
During the day, the bacteria are actively oxidizing sulfide to sulfur and 
finally to sulfate. Also, sulfide is constantly reacting with dissolved oxygen 
to form sulfur. It is possible that these bacteria simply bypass the first step 
in their metabolic process because they are constantly fed elemental sulfur. 
Their second metabolic step influences the sulfur concentration of the 
water which is about 1.0 to 1.5 mg/1 during the day and over 3 mg/1 at night.

At night, all of the photosynthetic and phototrophic bacteria are 
inactive and there is a build-up of elemental sulfur in the water, giving it 
the 'milky' appearance. When the sun shines, the bacteria oxidize the 
sulfur and the water clears. The system is so sensitive that a heavy cloud 
can make the water immediately appear more milky.

During the three winter visits in January of 1992, the water was 
consistently milky. The sun is too low in the sky to provide the bacteria with 
the energy sufficient to clear the water. Nonetheless, winter bacterial 
activity is sufficient to render the water nontoxic (chapter 6).
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5.5.6 Summary
The sulfur ion can undergo an eight electron shift and in the -2 state 

is highly toxic. By creating conditions that favor the oxidized half of the 
sulfur cycle, much of the toxicity can be alleviated. In the absence of 
bacterial activity, these transformations are quite slow. Three distinct 
groups of sulfur oxidizing bacteria have been identified in the Pitchfork 
system, and cumulatively they are responsible for 75% of the sulfide 
removal.

Noticeable transition has occurred with respect to the bacteria 
populations throughout the study. Brock (1978) describes bacterial 
populations from Yellowstone National Park that sound similar to those 
found at Pitchfork. He concluded that it takes more than two years for 
these mats to reach full maturity. If this is the case at Pitchfork, the 
ultimate impact of the bacteria on the system is yet to be established.
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5.6 Dissolved Salts
Of the elements that significantly contribute to the ionic balance of 

the Pitchfork effluent, sodium, magnesium, potassium, and chloride 
fluctuate slightly through the system with little significant change. All of 
these ions are of low concentration and have high water solubilities so 
significant change would not be expected at these levels. Figure 5.6.1 shows 
the mean values of these ions through the system.
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Figure 5.6.1 Na, K, Mg, and Cl mean profiles through the system
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5.6.1 Magnesium
Magnesium as an alkaline-earth metal with only one oxidation state

in most waters, Mg 2+. jn small quantities it is an essential nutrient to 
plants and animals. In terms of hardness, magnesium and calcium play 
similar roles. Also, magnesium and calcium can coprecipitate in 
carbonate minerals (eg. dolomite, CaMg(C03)2). However, magnesium 

ions are much smaller than are calcium ions, and therefore, fit in the 

space between six octahedrally coordinated water molecules (Hem, 1985). 

The result is that magnesium has a much higher solubility than calcium.

Magnesite, MgC03, has a solubility twice that of calcium carbonate, 

and the hydrated forms of magnesium carbonate (MgC03 • nH20) are even 

more soluble (Hem, 1985). In addition, because of nucleation barriers, 

levels of supersaturation must be achieved before magnesium carbonate 

precipitation can occur. Direct precipitation of dolomite from solution 

rarely occurs in nonmarine water systems.

5.6.2 Sodium

Sodium is the most abundant of the alkali-metals. It occurs in the +1 

oxidation state and does not participate in the redox process. It is extremely 

soluble and there are no precipitation reactions that occur at low sodium 

concentrations.

The least soluble of the sodium salts is sodium bicarbonate. At 

ordinary room temperatures, a solution of this salt can contain 15,000 mg/1 

of sodium (Hem, 1985). Halide (NaCl) is more soluble and does not
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precipitate from solution until levels approaching 150,000 mg/1 sodium, and

230,000 mg/1 chloride are reached (Hem, 1985). Under cool weather 

conditions, sodium sulfate has been reported to precipitate when sodium 

concentrations reach 20,000 to 30,000 mg/1 (Mitten, et al., 1968).

5.6.3 Potassium

While it is an alkali-metal, potassium tends to behave differently 

than sodium in aqueous systems. Once removed from the source mineral, 

sodium tends to remain in solution until very high levels are reached 

(section 5.6.2). Potassium on the other hand, tends to reincorporate into 

the soil and is an essential nutrient for plants and animals. Therefore, the 

uptake and release of potassium is often directly tied to the life cycle of the 

plants in the system.

The potassium ion is much larger than the sodium ion and 

therefore, one would expect potassium to have less sorptive capacity than 

sodium. However, potassium is incorporated into many clay minerals by a 

mechanism that is different than the incorporation of sodium. In the 

mineral Illite, potassium occupies the space between the layers of the sheet 

silicate (Bloss, 1971). This potassium is assimilated by plants is available 

for resolubilization when the plants die or lose their foliage.

5.6.4 Chloride

The element chlorine is the most abundant of the halogen 

compounds. It has an oxidation state that ranges from -1 to +7. In most
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aqueous systems chloride (Cl”) is the most common form. The chloride ion 
is capable of forming a wide variety of complexes depending upon the 
available cations. The most common inorganic compound is halide (section 
5.6.2) which does not readily precipitate from solution. Usually, halide 
precipitation occurs as the result of evaporation of a brine. Chloride ions 
are free radicals which are able to form complexes with a variety of organic 
compounds (Section 5.4.2.1). Many of these compounds are more toxic than 
the nonhalogenated reactants.

In general, however, chloride ions do not significantly enter into 
oxidation and reduction reactions. They rarely form important solute 
complexes, do not precipitate unless extremely high concentrations are 
achieved, do not readily adsorb onto clay minerals, and are relatively 
unimportant in most biochemical systems (Hem, 1985).

5.6.5 Toxicity of Na, Mg, K, and Cl.
Lamming, et al., 1990, conducted an investigation into the toxicity of 

saline oilfield water discharges in the Powder River Basin, Wyoming.
Their effluent was an order of magnitute more concentrated with respect to 
sodium (1200-1450 mg/1) and chloride (1040-1060 mg/1). Magnesium and 
potassium values were lower than Pitchfork at 62 mg/1 and 17mg/l 
respectively. They concluded that there was no acute toxicity problem in 
terms of survival of Fathead minnow (Pimenhales promelas). but the water 
was acutely toxic to Ceriodaphnia dubia.

The inorganic compounds Na+ and Cl" accounted for 90% and 94% 
respectively of the variance. Unfortunately, because the investigators did 
not smell the characteristic odor of H2S, they concluded that this was either

not present or had volatilized by the time the samples were collected. At 
Pitchfork, we cannot smell soluble hydrogen sulfide at locations 4 or 5, yet 
the water analysis shows that hydrogen sulfide is still present in quantities
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sufficient to be acutely toxic. In addition, they did not investigate the role of 
semi-volatile and persistent hydrocarbons which have been shown to be 
toxic in trace quantities. Nonetheless, their study does show that sodium 
and chloride levels an order of magnitude higher than those at Pitchfork 
may be acutely toxic to Ceriodaphnia dubia.

5.6.6 Summary
Sodium, magnesium, potassium, and chloride, fluctuate through the 

Pitchfork system with little overall change. All four are highly soluble and 
are of concentrations far below levels necessary to be involved in 
precipitation reactions. Because the Pitchfork effluent is nontoxic by 
location 4 and there is not any change in the concentration of these 
dissolved salts, one can conclude that these levels are below the 
concentrations necessary to produce a toxic effect. Sodium and chloride 
concentrations an order of magnitude higher have been implicated as 
significant contributors to the toxicity of Ceriodaphnia dubia in the Powder 
River Basin of Wyoming.
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Chapter 6

CHANGES IN EFFLUENT TOXICITY

Other than radium, all of the compounds discussed in chapter five 
were of concern primarily because of their possible contribution to the 
toxicity of the water. Marathon's inability to successfully pass the required 
bioassays for the NPDES program was one of their main driving forces for 
pursuing the project. All of the work done up to this point was an attempt 
to understand the chemical (eg. hydrolysis, oxidation - reduction, etc.), 
physical (eg. molecular structures, volatility, sorptivity, solubility, etc.), and 
biological processes that affect the behavior of the various chemicals in 
hopes of determining how the various toxicants move through the system 
and their consequent potential exposure to aquatic organisms (Figure 6.1). 
In essence, the toxicity of the effluent is one of the bottom line 
measurements of the overall effectiveness of this treatment system.

6.1 Introduction to Aquatic Toxicology
"Aquatic toxicology is the qualitative and quantitative study of the 

adverse or toxic effects of chemicals and other anthropogenic materials or 
xenobiotics on aquatic organims (Rand & Petrocelli, 1985). These effects 
may be acute (ie. death) or chronic in the form of changes in growth, 
development, behavior, and/or reproduction. To fully understand the 
controls on toxicity, one needs knowledge of ecology, physiology, 
biochemistry, histology, and behavior. Statistical analysis is used to 
quantify and predict the various biological effects and the probably of 
observing the effects. In addition, to successfully complete the analysis, one 
must have a thorough understanding of sophisticated analytical chemistry 
techniques. The study of aquatic toxicology has evolved from an art to an
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accepted science because of the refinement of testing procedures and 
protocols along with the establishment of the appropriate statistical 
analysis.

6.2 Toxicity Tests
Toxicity tests are methods to evaluate the effects of various chemicals 

on aquatic organisms. The term "bioassay" is given to describe a test used 
to evaluate the relative potency of a toxicant by a comparison between the 
effects on specific organisms exposed to the toxicant and similar organisms 
in control populations (Rand & Petrocelli, 1985). Various accepted 
bioassays have been established, but for the purpose of this thesis, only two 
are of concern.

6.2.1 Acute Toxicity Tests
As indicated by the name, these tests are designed to assess the 

toxicity of various contaminants on short term exposure to selected 
organisms. Usually the effect tested for is death. Generally, acute toxicity 
test are conducted for a predetermined time, most commonly 24, 48, or 96 
hours. A series of dilution concentrations along with a control are run for 
the duration of the test. Pitchfork acute tests consisted of 0%, 6.25%, 12.5%, 
25%, 50%, and 100% effluent for 48 hours.

The ultimate goal of the test is to determine the LC50 concentration. 
This is the Lethal Concentration where 50% of the test organisms die. 
Usually, the does not fall directly on one of the dilution samples of the tests 
and statistical analysis is necessary to determine the value. The most 
common method of estimating the LC50 concentration is with the binomial 
method. If we observe 0% mortality at one concentration and 100% at 
another with no observations in between, the LC50 would be the arithmetic 
mean between the two concentrations. Along with the LC50 a confidence 
interval (Cl) is usually given based on the following equation.
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ci=i-(i)n-(i)n2

Where and are the number of animals tested at each concentration.

If both n  ̂and n  ̂are greater than six, the confidence interval is always 
greater than 95%. Most tests are run with 20 individuals at each level.

6.2.2 Chronic Toxicity Tests
Because a particular chemical or mixture does not have an effect on 

the test population in an acute test (ie. it does not kill them) does not mean 
that the substance is nontoxic. Chronic tests increase the exposure time to 
96 hours are measure various segments of the test species life stages. The 
most commonly measured parameters are reproduction, growth, and 
development.

Other than the longer time frame and the focus on different effects, 
the test set-up is similar to the acute tests in that sequential dilution 
concentrations are prepared and observed for the duration of the test. From 
the data obtained, the maximum acceptable toxicant concentration (MATC) 
or the chronic value (ChV) can be obtained. These levels falls between the 
highest concentration tested where there was no observed effect (NOEC) 
and the lowest level at which some effect was observed (LOEC). Usually the 
MACT is simply reported as being between these two values and the ChV is 
the mean.

Because the effect on a test population must be compared to the effects 
on the control population and because chronic tests involve a number of 
various observations (ie. weight, length, reproduction, etc.) the applied 
statistical analysis proceeds in three steps (Rand & Petrocelli, 1985). First, 
two tests must be completed to assess the normality and homogeneity of the
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population. Then, the appropriate (determined by step two) multiple 
comparison tests are utilized to determine which of the several 
concentrations produced a statistically significant effect. This sequence of 
testing has been applied to the chronic tests on Pitchfork effluent and the 
selected statistical tests are discussed in more detail in section 6.4.1.

6.3 Wyoming's Regulatory Background
The State of Wyoming has had language in its regulations 

prohibiting the discharge of toxic substances since 1977 (Wagner, 1990). 
However, little effort was made to identify or quantify the presence of 
toxicants in produced water. The reasoning for this is that State officials 
believed that most (85%) of the discharges were into intermittent drainages 
which were not affecting aquatic systems for great distances. In addition, 
those discharges that were being used directly for stock and wildlife had 
been doing so for years with no obvious adverse impacts.

All this changed in 1987 with the Amendments to the Clean Water 
Act (33 U.S.C.A. §§ 1251 - 1387) that state "...it is national policy that the 
discharge of toxic pollutants in toxic amounts be prohibited." In the face of 
having to establish "toxic amount" levels for all possible toxicants, the EPA 
began to promote whole effluent toxicity (WET) tests as an efficient and 
economical means of determining the toxicity of effluent discharges. These 
bioassays consist of two-day and four-day acute, and seven-day chronic 
toxicity tests utilizing fathead minnows (Pimenhales nromelas) and water 
fleas (Ceriodaphnia dubia).

In August of 1987, the State sent effluent from eight produced water 
discharges for bioassays. Seven of the eight were acutely toxic to 
Ceriodaphnia. In addition to these WET tests, the state conducted Toxicity 
Identification Evaluations (TIE's) on the effluent and found that hydrogen 
sulfide is one of the primary toxicants. However, in one case, nonpolar 
organic material was the primary cause (Wagner, 1990). Those data
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provided evidence to the possible toxicity of many of the State's produced 
water discharges.

As a result, Wyoming started the compilation of their 304(1) list. This 
requirement of the CWA requires the states to identify its toxic discharges 
and develop a strategy for elimination of the toxicity or the discharge by 
July, 1992. Wyoming established three categories of produced water 
discharges:

Category 1 - Discharge flows immediately into class 1,2, or 3 water. 
Category 2 - Discharge flows into class 1,2, or 3 water after traveling 

a significant distance in a class 4 system.
Category 3 - Discharge will not reach class 1,2, or 3 water under dry 

weather conditions.

The State's review of all produced water discharges place 50 into category 1, 
57 into category 2, and 503 into category 3. The facilities in category 1 were 
placed on the states 304(1) list and the new NPDES permits now include;

1. A requirement to conduct a two specie acute bioassay using
Ceriodphnia and fathead minnows annually.

2. Eliminate the toxicity or the discharge by July 1, 1992.
3. Options for achieving (2) include;

a. Treatment to remove acute toxicity
b. Elimination of the discharge; or
c. Passing the two species chronic tests utilizing the allowable 

dilution factor of the receiving stream.

6.4 Toxicity of Pitchfork Effluent
The term "immediately" in category 1 is relative. The Pitchfork 

effluent does not have its confluence with Rawhide creek for almost two
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miles, yet the discharge has been place in category one and is therefore 
subject to all of the requirements of §304(1).

6.4.1 Preliminary Studies
Knowing of the eminent toxicity requirements, Marathon personnel 

sampled the Pitchfork effluent for the first time on May 2, 1989. The 
location of the grab sample was after a short period of surface flow, a point 
roughly correlating to our present location #6.

Successful completion of the bioassay requires a LC50 greater than 
100%. That is, in 100% effluent, more than half of the organisms must be 
alive at the end of the test. Based on the data collected from this sample 
episode, Pitchfork effluent was not acutely toxic to Ceriodaphnia (5 of 20 
died in 48 hours), but was acutely toxic to fathead minnows. At 100% 
effluent, 20 of the 30 individuals died after 96 hours. The LC50 of the 
fathead minnows was calculated using the binomial method to be 85.6%. 
The print-out of this calculation is provided in Appendix E (#1). Because of 
this failure, Marathon moved to step 3(c) (above) and conducted two species 
chronic tests.

These chronic tests ran from November 28 to December 4, 1989. The 
criterion for effect to Ceriodaphnia dubia is reduction in survival or 
reproduction as compared to the test controls. The results are expressed as 
no observable effect concentration ( NOEC), lowest observable effect 
concentration (LOEC), and the chronic value (ChV) which is the geometric 
mean between NOEC and LOEC. Passing the test requires that the ChV be 
a level greater than the percent that Pitchfork effluent adds to the receiving 
water (38%).

The test was conducted according to USEPA method 1002.0 and the 
guidelines established by Region VIII. Testing was conducted in 30 ml 
plastic beakers containing 15 ml of test effluent. One Ceriodaphnia dubia 
was distributed to each container, and ten duplicates were tested per
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dilution. The test organisms were exposed to 6.25, 12.5, 38, 50, and 100 
percent effluent.

Statistical analysis was completed on an IBM compatible computer 
using Toxstat Version 3.0. Fisher's exact test was used to compare the 
mortality to the control populations to ensure that the test is fair. A Shapiro 
Wilk's test (or chi-square goodness of fit test depending on the number of 
surviving statistics) was used to test the normality of the population. 
Bartlett's test was used for a test of homogeneity. For those data that pass 
the above two tests, Dunnett's multiple comparison test was used to 
compare reproduction data where survival was not significantly different 
from the control. For those data that failed the assumptions of normality 
and homogeneity, Steel's many-one rank test was used to determine the 
significance of the observed effect. NOEC, LOEC, and ChV were 
determined using the most sensitive numbers creating the most 
conservative results.

Ceriodaphnia dubia death ranged from no fatalities in the 6.25 % 
effluent to 90% fatalities in the 100% effluent. No mortality was observed in 
either control group. Fisher's exact test revealed a significant decrease in 
survival in the 100% effluent (Appendix E (2)). The data failed the Shapiro- 
Wilk's test which showed that it was not normally distributed (Appendix E 
(3)). Therefore, Steel’s many-one rank test was used to evaluate the 
reproduction data (Appendix E (3)). This test showed that reproduction was 
significantly decreased in the 38% effluent. Therefore, according to the 
definitions, this became the LOEC and 12.5 the NOEC. Consequently the 
ChV was calculated to be 21.8%. Therefore, the effluent failed the chronic 
test because the 38% pitchfork effluent in the receiving stream is above the 
chronic value 21.8%.

At the same time, chronic toxicity tests were conducted on fathead 
minnows (Pimenhales nromelas). The selected criterion were survival and 
growth (mean dry weight). The test was conducted according to USEPA
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method 1000.0 and Region VIII guidelines. 250 ml of effluent was placed in 
1 liter beakers. One fathead minnow was placed in each beaker and 10 
duplicates were run for each of the five dilution factors (same as above). In 
addition to the statistical test discussed above, the data were transformed 
using the arcsine square root transformation because one group had a 
variance of zero (Appendix E (4)).

Fathead minnow mortality ranged from zero in the 6.25% effluent to 
37.5% in the 100% effluent. Because Bartlett's test showed the data to be 
nonhomogeneous, Steel's many-one rank test was used to compare the 
variance of survival data (Appendix E (5&6)). This test showed that survival 
was significantly reduced in the 100% effluent as compared to the control. 
Dunnett's multiple comparison test revealed a significantly reduced mean 
dry weight in the 38% effluent (Appendix E (8)). Again, this then becomes 
the LOEC and 12.5% the NOEC, and the ChV is 21.8%. The Pitchfork 
effluent fails because the 38% addition to the receiving water is greater than 
the chronic value of 21.8%. Because of these failures, Marathon moved to 
step 3(a) and undertook this project to try and alleviate the acute toxicity.

6.4.2 Toxicity Results Since the Construction of the Treatment System
Since the start-up of the system during in June of 1991, five sets of 

toxicity tests have been completed. All tests are two species acute bioassays. 
The first, sampled on September 18, 1991 is a complete test with five 
dilutions and a control. The remainder, because of budget constraints, 
were only 100% effluent tests with a control, but no dilutions. The samples 
for these tests were collected on November 2, 1991, and January 13, 17, and 
23, 1992. All tests are conducted with twenty individuals and to pass, the 
LC50 must be greater than 100%. That is, more than half (ie.ll) of the 
respective individuals must survive.
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The results of the September 8, 1991 test were encouraging, but not 
sufficient to meet the requirements of the permit. The LC50 concentrations 
are provided in figures 6.2 and 6.3

Ceriodaphnia dubia

pass
100-

fail

75- By-pass stream
LC50

50-

25-

51 4
Sample Location

Figure 6.1 LC50% for September 8, 1991

Note: LC50 concentration was calculated using the binomial 
approximation
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Pimephales promelas

pass
100-

fail

75-
By-pass streamLC50

50-

25-

541
Sample Location

Figure 6.2 LC50% for September 8,1991

Note: LC50 concentration was calculated using the binomial
approximation

As the figures show, the only location that passed was (4) for 
Ceriodaphnia dubia, and still just barely. Eleven of the twenty individuals 
survived the forty eight hour test. Location (4) showed the best results. The 
slight decrease in LC50% across the wetlands corresponds to an increase of
3.2 mg/1 of sulfide. These graphs are somewhat misleading in terms of 
comparison between the system and the untreated water. The obvious 
conclusion is that the treatment system is not doing much better than the by 
pass stream at alleviating the toxicity. However, because the system was 
receiving more than 4000 BPD of the effluent, the flow in the by-pass 
channel was decreased, and therefore, the improvement in this stream is
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better than it would be without the treatment system. The by-pass stream 
functions more efficiently because of the lower flow volume.

The results of the remaining four toxicity tests are given in table 6.1. 
These tests were conducted with 20 individuals in 100% effluent only.

Table 6.1 Bioassay Survival Results for Pitchfork Effluent

SPECIES DATE SURVIVAL
sample location

Ceriodaphnia dubia 1 2T 4 5 6
after 48 hours

11/2/91 20 20 20

1/13/92 9 20 19

1/17/92 20 20 20

1/23/92 20 20 20
Pimephales promelas
after 96 hours

11/2/91 20 20 15

1/13/92 0 15 19

1/17/92 18 18 18

1/23/92 19 19 19

Since the required survival in 100% effluent is eleven to pass the test, 
all of the results are excellent except for the untreated effluent represented 
by sample location (1). As was discovered in the first bioassay conducted on 
the effluent, it is more toxic to Fathead minnows than it is to Ceriodaphnia
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dubia. A t-test between locations 4 and 5 with the null hypothesis that there 
is no difference between the two locations fails, meaning that the null 
hypothesis is true and there is no significant difference between the two 
locations. Again, the success of location (6) is partially the result of a low 
flow regime due to the water running through the system.

6.5 Summary
The most obvious change in the system since September has been the 

volume and diversity of bacterial growth. Undoubtedly, this bacterial 
activity is having a beneficial effect on the overall toxicity of the Pitchfork 
effluent. However, establishing which compounds are the primary 
toxicants is not possible at this point. In December of 1989, Marathon 
contracted a toxicity identification evaluation (TIE). The results implicated 
sulfide as one of the primary toxicants. Yet, the data from this study reveal 
that there must be some synergistic interaction between sulfide and other 
toxicants in the effluent. Sulfide concentrations drop down the surface flow 
cells and slightly increase across the wetlands, but sulfide is always 
present in amounts greater than 5 mg/1. Toxicity does not always increase 
across the wetlands as does the sulfide. Recent discussions with the 
personnel at Energy Laboratories who have conducted many TIE's on 
Wyoming produced water indicate the same conclusions. They claim that 
certain tests will indicate sulfide and other tests on the same water will 
reveal various other toxicants. Nonetheless, as a bottom line indicator, the 
last four bioassays conducted on the Pitchfork effluent reveal that the 
constructed surface flow/wetlands system is having a beneficial impact on 
the quality of the discharge.
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Chapter 7

CONCLUSIONS

The produced water discharged at the Pitchfork field is originally 
reducing, anoxic, high in sulfide and radium, and is acutely and 
chronically toxic to both Ceriodaphnia dubia and Pimephales promelas. 
Sheet flow over the surface flow cells volatilizes carbon dioxide, hydrogen 
sulfide, and BTEX. Dissolved oxygen is added to the system by atmospheric 
diffusion. The oxidizing conditions encourage the precipitation of calcium 
carbonate with coprecipitated Ra226 and the oxidation of sulfide to sulfur.

The surface flow cells are covered by thick mats of bacteria. These 
bacteria have been shown to add oxygen to the water, play a critical role in 
the oxidation of sulfide to sulfur and finally to sulfate. The bacteria 
encourage the precipitation of calcium carbonate by removing carbon 
dioxide from the water and by providing substrate for calcium carbonate 
precipitation. While not specifically identified, bacteria capable of oxidizing 
petroleum hydrocarbons may be also be present as supported by the drop in 
BTEX and phenolics at a rate faster than volatilization in the by-pass 
channel.

The wetlands component of the system provides important habitat for 
biodegredation of more persistent hydrocarbons. As the wetlands 
vegetation fills in the area, the system will filter any oil and grease making 
it thorough the surface flow cells. In addition, the wetlands soil is a sink 
for radionuclides.

The ultimate success of this project can be judged from a few 
different levels and points of interest. Marathon needs to receive their 
NPDES permit for the Pitchfork effluent by June 30,1992. The State of
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Wyoming is interested in the broad applicability of such systems for 
produced water and related nonpoint runoff. Because the reason for 
allowing produced water discharge west of the 98th meridian is for stock, 
irrigation, and wildlife, the system can be assessed in terms of habitat.

7.1 The Pitchfork Field
We have successfully shown how a passive combination surface 

flow/wetlands system can be used to treat the Pitchfork effluent.
Marathon's Original problems with receiving a renewal of permit were 
with toxicity and radium. Since September 1991, we have passed four two 
species acute toxicity tests with at least 75% survival in 100% effluent. On 
the other hand, Ra226 must drop to 13 pCi/1 for which we accomplished 
about one third of the time. The system was constructed to leave room for 
the addition of a final surface flow cell if need be. Judging from the 
decrease in phosphate and the consequent scaling in the outlet channel of 
the wetlands, the addition of another cell could remove the necessary 
radium by coprecipitation with calcium in the scale.

Because of scaling in the upper siphon tubes, the system is not 
capable of receiving all 15,000 BPD of effluent. We guess that 12,000 BPD is 
the maximum flow as is. Therefore, Marathon must add another siphon 
and potentially another surface flow cell if the system is going to be able to 
handle all of their discharge. Nonetheless, Marathon has been left with a 
successful system that with these minor additions will likely allow them to 
receive their NPDES permit.

7.2 The State of Wyoming
Because much of the water throughout the state has chemical 

characteristics similar to those at Pitchfork, surface flow/wetlands systems 
are a viable alternative to reinjection. As the State moves to permitting all
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of the producers in category II, they should encourage dischargers to 
investigate the potential of a system like this one.

As far as applying this technology to nonpoint runoff and related 
'midrange' contaminant effluent, I am quite confident that wetlands based 
systems like this have a great deal of merit. In my opinion, there has been 
enough studying of wetland processes, and decision makers should go 
forth with construction of wetlands based systems rather than continuing 
to study them as a possibility.

7.3 Habitat
The water discharged from the Pitchfork field is the sole source of 

water for many birds, mammals, and stock. No other water sources exist 
within two miles. The BLM land adjacent to the field has grazing permits. 
The cows have been drinking the effluent for years with little observable 
negative effects. However, they are now drinking nontoxic water and their 
is no chance of any problems as the result of drinking the water.

The State of Wyoming is in a period of interesting liability. A rancher 
on the other side of the Absoroka range is suing the Federal government 
because he claims that Federal bison, that wandered off of Federal lands, 
infected his cattle with the brucellosis virus. If successful, this case will 
have far reaching impacts on the management of all public lands. If 
nothing else, rendering the Pitchfork effluent nontoxic may remove a 

1 potential liability.
There is little doubt that the approximately one acre wetland created 

for this project is important wildlife habitat. It is home to many birds, 
including, killdeer, red-winged black birds, cow birds, Wilson's 
phalaropes, hawks, and mallard ducks. The water is critical, especially in 
the winter, to pronghorn antelope, white tail deer, red fox, jack rabbits, and 
a multitude of small rodents.
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July 25, 1991

Total Flow: 6000 BPD Start Time: 7:45 am Weather: Clear and Calm. 18.3 0C

Sample Location 1 2 T 2 P 3 T 3 P 4 5 6

Temp. (C) 32 27 .3 29 26.5 27 26 .5 18 28
pH 7.1 7.8 7.7 7.9 7.8 8 8.1 7.9
Eh (mV) -1 4 5 22 -2 4 169 32 118 37 132
Conduct, (umhos/cm) 33 9 0 3200 32 9 0 3200 3 1 7 5 31 5 0 27 7 5 3 2 5 0
DO (mg/L) 0.1 5.6 3.4 6.2 6 5.5 6 6.2

Potassium (mg/L) 1 20 124 133 129 136 125 125 128
Sodium (mg/L) 300 308 310 309 31 0 31 1 310 308
Calcium (mg/L) 345 325 321 312 3 0 7 314 32 2 3 2 8
Magnesium (mg/L) 1 09 1 11 1 11 1 11 1 11 1 1 1 113 112
Barium (mg/L) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Boron (mg/L) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Silicon (mg/L) 14.7 1 5 15.4 15.3 15.4 1 5 16.7 1 5
Chloride (mg/L) 214 215 212 215 22 0 21 3 20 2 218
Sulfate (mg/L) 937 940 920 937 959 928 851 948
Carbonate (mg/L) 0 0 0 0 0 0 0 0
Bicarbonate (mg/L) 1 100 1040 1060 1020 1020 997 1070 1050
Sulfide (mg/L) 22 .4 7.2 10.4 7.2 5.6 11.2 8 7.2
TDS (mg/L) 25 0 0 2500 25 1 0 2500 2 4 8 0 24 7 0 2 5 1 0 2 5 2 0
Ra226 (pCi/L) 28 .3 36 .9 28.5 25.3 25 .8 29 18.7 34 .6
Total Phenolics (mg/L) 0 .13 0.11 0.04 0 .04 0 .07
Benzene (ug/L) 21 3 0.97 0 1.5
Toluene (ug/L) 3 7 4 .7 1.2 0 2
Ethylbenzene (ug/L) 13 2.2 0.6 0 0.91
Xylenes (ug/L) 28 4.7 1.1 0 3 .4
Sulfur (mg/L) 1.86 1.69 1.33

NOTES:

Wetlands growth was more than 50% coverage. The first observations of the diurnal 
changes were recorded. Arrival at 7:00 am revealed the 'milky' appearance of the wetlands. 
By the time the samples were collected at 10:30 am, the wetlands had cleared. By mid
afternoon, mats of 'spongy' bacteria had bubbled to the surface.

Surface flow bacterial growth was astonishing! Near the input, the color was dark green to 
black. This changed to an orange red down the cells. The transition was more rapid on the 
terraced cell than on the planer cell suggesting that the color change could be a species change 
responding to the various levels of dissolved oxygen.

The only problem with the operation of the system was that one of the berms on the planer 
cell had breached. A pumper piled dirt to stop the flow, but this temporary remedy had to be 
permanently repaired. Other than this there were no problems.
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July 30, 1991

Total Flow: 2000 BPD(48 h. Test) Start Time: 10:00am Weather: Clear, light wind, 26°C

Sample Location 1 2 T 2 P 3 T 3 P 4 5 6

Temp. (C) 3 2 24 26 .5 24 .5 26 24 1 9 30
pH 7.3 7.8 7.8 7.9 7.9 7.9 8.1 7.9
Eh (mV) -7 8 .9 79 -92.1 1 71 122 1 74 1 91 151
Conduct, (mmhos/cm) 31 2 5 30 0 0 3 0 2 5 3000 2 9 9 0 29 2 5 2 7 5 0 32 2 5
DO (mg/L) 0.1 4 .3 0.2 9.2 9.2 6.3 4.9 3 .6

Potassium (mg/L) 131 142 135 130 126 133 145
Sodium (mg/L) 304 3 2 5 31 2 322 311 3 1 5 3 3 3
Calcium (mg/L) 333 284 29 9 275 270 2 7 0 271
Magnesium (mg/L) 108 113 110 112 109 110 118
Barium (mg/L) <.01 <.0.1 . <0.1 <0.1 <0.1 <0.1 <0.1
Boron (mg/L) 1.4 1.6 1.5 1.7 1.6 1.6 1.6
Silicon (mg/L) 13.9 15.1 13.9 13.6 12.2 12.9 1 6
Chloride (mg/L) 214 228 220 225 224 2 2 8 237
Sulfate (mg/L) 939 986 955 990 981 1010 1 050
Carbonate (mg/L) 0 0 0 0 0 0 0
Bicarbonate (mg/L) 1050 896 968 841 846 8 3 9 8 8 3
Sulfide (mg/L) 24 .8 20 31 .2 12.8 7.2 6.4 8
TDS (mg/L) 25 0 0 2450 24 5 0 2420 2 4 0 0 2 4 0 0 2 5 4 0
Ra226 (pCi/L) 2 7 .6 19.5 22.1 20 .9 20 .4 15.4 9.6
Total Phenolics (mg/L) 0 .03 0.01
Benzene (ug/L) 1 7 0 5.3 0
Toluene (ug/L) 27 0 6.2 0
Ethylbenzene (ug/L) 1 0 0 3.5 0
Xylenes (ug/L) 21 0 8 0
Sulfur (mg/L) 3 .14 1.46

NOTES:

No samples were collected at location 6 because original plans for the intensive study 
were to only investigate the performance of the system. However, we decided that this did 
not make sense, and this location was put back into the study after 7/31.

We observed that the 'milky' color that we saw in the wetlands was actually coming in 
from the surface flow cells. As the water started to clear, it entered the wetland in a 
noticeable plume, suggesting that the diurnal changes were occurring in the surface flow cells 
but were noticeable in the deeper water in the wetlands.

Bacterial populations decreased proportionally with the flow. Nonetheless, there 
remained well established bacterial mats. Observed the purple and green bacteria growing 
below the surface layer of dark green bacteria.

Counted 18 Killdeer, 13 Cow birds, and one lonely Wilson's Phalarope.
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July 31, 1991

rotal Flow: 2000 BPD t72h. testl Start Time: 10:00am Weather: Clear, wind 5-8moh.

Sample Location 1 2 T 2 P 3 T 3 P 4 5 6

Temp. (C) 33 27 27.5 26 .5 27 25 .5 20 31
pH 7.1 7.6 7.6 7.7 7.7 7.9 7.8 7.7
Eh (mv) -91.1 55 .2 -7 7 .8 171.5 149.9 174 129 152
Conduct, (umhos/cm) 3325 2975 30 2 5 2975 2950 2 9 0 0 27 0 0 32 5 0
DO (mg/L) 0.2 4.4 0.1 8.2 9.4 6.7 5 .2 3 .8

Potassium (mg/L) 135 141 136 147 142 140 149
Sodium (mg/L) 31 1 321 313 328 325 326 337
Calcium (mg/L) 328 283 297 266 257 257 267
Magnesium (mg/L) 1 1 1 112 1 11 114 1 12 113 119
Barium (mg/L) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Boron (mg/L) 1.5 1.5 1.5 1.7 1.7 1.6 1.6
Silicon (mg/L) 14.6 15.3 14.3 13.6 12.2 12.4 14.4
Chloride (mg/L) 215 225 225 218 228 225 2 3 9
Sulfate (mg/L) 910 998 982 942 992 991 1070
Carbonate (mg/L) 0 0 0 0 0 0 0
Bicarbonate (mg/L) 1050 889 953 824 81 0 798 85 2
Sulfide (mg/L) 28 8.8 14.4 10.4 6.4 9.6 10.4
TDS (mg/L) 2490 24 5 0 2 4 5 0 2440 23 9 0 2 4 0 0 2 7 7 0
Ra226 (pCi/L) 34.1 18.7 24.1 20.4 20.5 16.8 12.3
Total Phenolics (mg/L) 0.04 0
Benzene (ug/L) 1 7 0 4.8 0
Toluene (ug/L) 27 0 5.6 0
Ethylbenzene (ug/L) 9.9 0 3 0
Xylenes (ug/L) 21 0 6.5 0
Sulfur (mg/L) 1 .58

NOTES:

No samples were collected at location 6 because original plans for the intensive study 
were to only investigate the performance of the system. However, we decided that this did 
not make sense, and this location was put back into the study after 7/31.

Visually there was little difference between the growth patterns at 48 hours and those 
observed here at 72hours. This suggests that 72 hours is enough equilibration time.

Observed Killdeer, Cowbirds, Red-winged blackbirds, Wilson's Phalarope, and lots of blue 
dragonflies.

Changed flow to 4000 BPD at the end of the day.
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Aug 2, 1991

Total Flow: 4000 BPD(48h. test) Start Time: 10:00am Weather: Cloudy, wind 3-5 mph, 17°C

Sample Location 1 2 T  2 P  3 T  3 P  4 5 6

Temp. (C) 33 22 .5 26 22.5 22.5 22 .5 1 6 30 .5
pH 7.1 7.6 7.5 7.6 7.6 7.7 7 .7 7.6
Eh (mv) -9 3 .7 74.1 -4 8 .4 131 70 147 134 135
Conduct, (umhos/cm) 33 5 0 2950 30 2 5 29 5 0 29 5 0 28 2 5 23 5 0 3175
DO (mg/L) 0.2 5.4 2.5 7.2 8.4 6.2 5 4.5

Potassium (mg/L) 170 145 133 138 123 1 08 108 107
Sodium (mg/L) 339 309 319 304 301 300 30 0 288
Calcium (mg/L) 2 6 5 29 6 314 291 279 2 8 0 30 8 328
Magnesium (mg/L) 112 1 08 1 1 1 109 1 09 112 113 1 09
Barium (mg/L) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Boron (mg/L) 1.5 1.6 1.6 1.6 1.6 1.6 1.6 1.6
Silicon (mg/L) 13.8 14.3 14.8 14.6 13.5 1 4 15.7 14.5
Chloride (mg/L) 221 213 215 315 201 214 211 208
Sulfate (mg/L) 908 933 955 941 880 928 900 913
Carbonate (mg/L) 0 0 0 0 0 0 0 0
Bicarbonate (mg/L) 929 960 1010 920 906 887 1020 1040
Sulfide (mg/L) 29 .6 8 .8 30 .4 8.8 10.4 1 2 14.4 1 6
TDS (mg/L) 2 3 4 0 24 4 0 24 5 0 2430 26 7 0 2 4 0 0 2 4 8 0 25 2 0
Ra226 (pCi/L) 42 .2 25 .4 26 .7 25.3 26.3 20 .6 15.8 31 .4
Total Phenolics (ug/L) 50 8 0 100
Benzene (ug/L) 24 0.7 7.1 0
Toluene (ug/L) 44 1.3 9.4 0
Ethylbenzene (ug/L) 1 5 0 3.7 0
Xylenes (ug/L) 32 1.5 9.2 0
Sulfur (mg/L) 2 .27

NOTES:

The cool, cloudy, conditions seemed to be reflected in the field measurements, the 
connection channel was very 'milky' and did not clear as  quickly as  it did on sunny days. Still, 
clear water filled the wetlands to the third meander by 12:30 pm.

At this higher flow, the dark green to black bacteria covered more of the surface flow 
cells. The transition to orange was on the third terrace on the terraced cell and did not appear 
until the soil cell on the planer side of the system. The white bacteria in the connection channel 
was becoming well established on may of the rocks and the soil on the edges of the channel.
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Aug 2, 1991 (PM)

Total Flow: 4000 BPD(60h. test) Start Time: 10:00pm Weather: dark, mild breeze, 14°C

Sample Location 1 2 T  2 P  3 T  3 P  4 5 6

Temp. (C) 35 20 35 1 8 35 1 8 1 9 30
PH 7.7 7.8 7.7 7.9 7.7 8 7.9 7.8
Eh (mv) -9 7 .9 -4 2 -1 2 9 8 -1 2 9 39 108 63
Conduct, (umhos/cm) 3400 2600 32 7 5 2400 3 3 5 0 2425 24 5 0 31 0 0
DO (mg/L) 0.2 3.1 0.2 5.2 0.2 5 .2 5 .9 3.2

Potassium (mg/L) 132 128 139 129 107 134 110 97
Sodium (mg/L) 309 303 3 1 0 316 30 2 314 30 3 284
Calcium (mg/L) 310 311 315 322 302 3 1 2 277 328
Magnesium (mg/L) 1 10 110 1 10 114 112 1 11 114 109
Barium (mg/L) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Boron (mg/L) 1.5 1.6 1.5 1.6 1.6 1.6 1.7 1.5
Silicon (mg/L) 14.2 14.6 14.4 15.5 1 5 14.9 13.2 13.9
Chloride (mg/L) 212 210 215 206 210 203 2 1 7 201
Sulfate (mg/L) 906 897 923 876 888 859 973 901
Carbonate (mg/L) 0 0 0 0 0 0 0 0
Bicarbonate (mg/L) 977 1060 1 060 1050 1010 1020 864 1 050
Sulfide (mg/L) 48 12 24 .8 1 6 11.2 11.2 14.4 23 .5
TDS (mg/L) 2420 2460 24 6 0 2480 24 2 0 24 5 0 24 7 0 2 4 9 0
Ra226 (pCi/L) 30 .7 23 .4 29 .2 23.5 23 .5 27 .3 14 29 .5
Total Phenolics (ug/L) 1 00 60 80
Benzene (ug/L) 28 2.4 8.3 0.94
Toluene (ug/L) 46 3.9 1 3 1.7
Ethylbenzene (ug/L) 1 8 1.3 5.6 0
Xylenes (ug/L) 37 3.1 12 1.2
Sulfur (mg/L) 3 .48

NOTES:

As predicted, everything in the system was 'milky' confirming that this cloudy-clear- 
cloudy cycle was a diurnal change within the system.

HACH kid sulfide tests showed that there was much less removal at night than during the 
day. By the distribution box, sulfide levels were back to levels that were equivalent to those 
during the day. The connection channel was full of white bacteria (now known to be Beggiatoa ). 
This led to the correct hypothesis that these bacteria functioned independently of the sunlight.

Lots of insects and field mice!
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Aug 3, 1991

Total Flow: 4000 BPD(72h. test) Start Time: 10:00am W ea th e r : Clear, wind 2-4 mph, 160C 

Sample Location 1 2 T  2P  3 T  3 P  4 5 6

Temp. (C) 34 28 29 27 27 27 17 32
pH 7.4 7.3 7.4 7.4 7.4 7.7 7.7 7.6
Eh (mv) -101 36 -6 5 .5 121 73.7 132 1 05 72
Conduct, (umhos/cm) 30 2 5 2975 3025 2950 2925 29 0 0 25 2 5 32 2 5
DO (mg/L) 0.2 4.8 0.2 6.7 7.8 5 .9 5.9 3.3

Potassium (mg/L) 130 136 120 126 146 131 95 1 03
Sodium (mg/L) 308 317 296 316 320 306 284 288
Calcium (mg/L) 3 2 9 2 9 9 301 293 28 0 28 0 3 0 9 33 5
Magnesium (mg/L) 1 10 111 1 08 113 112 1 11 113 110
Barium (mg/L) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Boron (mg/L) 1.5 1.5 1.5 1.6 1.6 1.7 1.5 1.5
Silicon (mg/L) 13.7 1 5 14 14.5 13.3 13.3 14.5 1 4
Chloride (mg/L) 21 1 214 21 1 213 235 213 21 4 197
Sulfate (mg/L) 923 931 914 945 1010 922 89 3 85 9
Carbonate (mg/L) 0 0 0 0 0 0 0 0
Bicarbonate (mg/L) 1030 936 995 925 892 889 944 1070
Sulfide (mg/L) 29 .6 10.4 11.2 14.4 10.4 23 .2 22 .4 26 .4
TDS (mg/L) 2 4 8 0 2430 2440 2440 24 2 0 24 1 0 24 6 0 25 2 0
Ra226 (pCi/L) 35 .4 26 .7 25.1 25.6 20.7 21.6 15.4 36 .9
Total Phenolics (mg/L) 80 70 70
Benzene (ug/L) 29 1.8 8.4 0
Toluene (ug/L) 51 3.9 1 3 0
Ethylbenzene (ug/L) 1 7 1.1 5.3 0
Xylenes (ug/L) 31 3.1 1 3 0
Sulfur (mg/L) 3 .29

NOTES:

There was a noticeable change in bacterial growth. Unlike at 2000 BPD, 72 hours may not 
have been sufficient equilibration time.

At the end of sampling, we changed the flow to 8000 BPD and shut-in the wetlands. 
Therefore, the data for location 5 on this date represents a time equal to zero of the wetlands 
shut-in. Because of the shut-in, we used the by-pass channel. Even at this high flow, it 
functioned as designed.
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Aug 5, 1991

Total Flow: 8000 BPD(48h. test) Start Time: 10:00am Weather: Partly cloudy, calm, 230c

Sample Location 1 2 T 2 P 3 T 3 P 4 5 6

Temp. (C) 34 29 31 .5 27.5 27 .5 17.5 20 30
pH 7.1 7.6 7.6 7.7 7.7 7.8 7.9 7.8
Eh (mv) -9 6 .4 -6 -9 0 79 1 6 147.7 155.7 83 .9
Conduct, (umhos/cm) 33 0 0 3 0 2 5 31 5 0 3000 3000 25 2 5 2 8 0 0 3 1 7 5
DO (mg/L) 0.2 5.1 0.1 7 7.1 6.7 6.5 3 .8

Potassium (mg/L) 132 117 99 1 32 134 1 20 167 119
Sodium (mg/L) 309 304 293 313 316 306 35 4 31 0
Calcium (mg/L) 33 0 308 318 301 298 29 4 2 8 4 3 2 6
Magnesium (mg/L) 1 1 1 112 1 11 1 11 112 112 125 113
Barium (mg/L) 0 0 0 0 0 0 0 0
Boron (mg/L) 1.4 1.4 1.4 1.5 1.6 1.5 1.6 1.5
Silicon (mg/L) 14.3 14.9 14.4 14.5 1 4 13.7 13.5 13.9
Chloride (mg/L) 219 214 216 228 223 217 23 4 220
Sulfate (mg/L) 958 918 916 992 964 926 1030 981
Carbonate (mg/L) 0 0 0 0 0 0 0 0
Bicarbonate (mg/L) 1 060 997 1010 959 965 945 952 1040
Sulfide (mg/L) 43 .2 1 2 19.2 10.4 14.4 10.4 11.2 1 1.2
TDS (mg/L) 24 9 0 2 4 6 0 2 4 5 0 2450 2370 2 4 3 0 26 0 0 25 1 0
Ra226 (pCi/L) 33 .8 31 .3 34 27.8 24 .4 30 .9 12.3 33 .3
Total Phenolics (mg/L) 0
Benzene (ug/L) 27 1.3 12 0
Toluene (ug/L) 48 1.9 18 0
Ethylbenzene (ug/L) 1 6 1.8 7.6 0
Xylenes (ug/L) 38 5 1 9 0
Sulfur (mg/L) 1.62

NOTES:

The wetlands had been shut-in for 48 hours. Therefore, the water running through the 
system is separate from the water in the wetlands, hence the brackets around the data.

The volume of bacterial growth at this high flow was impressive. For the first time, the 
dirt cells were covered with bacterial. The white bacteria in the connection channel was more 
abundant than at any previous flow.

Wetlands water was clear to brown, and the most noticeable change was the 'swampy' 
smell as  the result of the stagnant water. Many of the red larval worms that were previously 
thriving in the wetlands, were dead.

A pair of Redtail hawks was circling above for most of the day
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Aug 5, 1991 (PM)

Total Flow: 8000 BPD(60h. test) Start Time: 10:00pm Weather: dark, wind >10mph, 160C

Sample Location 1 2 T 2 P 3 T 3 P 4 5 6

Temp. (C) 33 .5 19.5 25 1 8 1 9 1 6 15.5 28
pH 7.5 7.7 7.8 7.9 7.8 7 .9 7.9 7.8
Eh (mv) -1 27 -9 7 -1 28 -5 9 -7 9 1 07 45 -1 8

Potassium (mg/L) 131 123 114 128 133 1 11 131
Sodium (mg/L) 309 131 305 315 315 305 314
Calcium (mg/L) 3 2 6 331 308 324 306 31 2 327
Magnesium (mg/L) 110 1 13 112 114 112 114 112
Barium (mg/L) 0 0 0 0 0 0 0
Boron (mg/L) 1.5 1.5 1.5 1.5 1.5 1.4 1.4
Silicon (mg/L) 13.8 14.8 1 5 1 5 14.9 14.9 14.5
Chloride (mg/L) 2 0 8 222 218 222 217 221 221
Sulfate (mg/L) 903 925 924 920 901 910 966
Carbonate (mg/L) 0 0 0 0 0 0 0
Bicarbonate (mg/L) 1 030 1050 1010 1090 1040 1050 1050
Sulfide (mg/L) 33 .6 1 2 24 21.6 1 6 10.4 8
TDS (mg/L) 2 4 5 0 24 6 0 2 4 4 0 2500 24 4 0 2 4 4 0 25 1 0
Ra226 (pCi/L) 41.1 31 .9 39 .5 31.2 28 .9 28 .6 34 .8
Benzene (ug/L) 25 1.7 1 3 0
Toluene (ug/L) 44 3 1 9 0
Ethylbenzene (ug/L) 1 5 2 .2 8 0
Xylenes (ug/L) 36 6.1 20 0
Sulfur (mg/L) 0 .65

NOTES:

A major rain and hail storm caused our premature departure. This is the reason for the 
lack of conductivity and dissolved oxygen data.

The wetlands had been shut-in for 60 hours. Because of the storm, no sample other than 
sulfur were collected. The low sulfur value in the middle of the night, supports that the diurnal 
changes were actually occurring on the surface flow cells. The wetlands water was rather 
clear.
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Aug 6, 1991

72 hour wetlands shut-in test

Potassium (mg/L) 153
Sodium (mg/L) 353
Calcium (mg/L) 28 0
Magnesium (mg/L) 129
Barium (mg/L) 0
Boron (mg/L) 1.5
Silicon (mg/L) 13.1
Chloride (mg/L) 2 3 3
Sulfate (mg/L) 1110
Carbonate (mg/L) 0
Bicarbonate (mg/L) 922
Sulfide (mg/L) 11.2
TDS (mg/L) 2 6 2 0
Total Phenolics (mg/L) 0
Ra226 (pCi/L) 13.1

NOTES:

We arrived at the field to find that the entire system had been inundated with oil. The 
intense winds from the previous nights storm had blown all of the surface oil and grease on the 
skimming pond to the general area of our siphon tube. The oil accumulated and eventually sank 
to a  level where we sucked a great deal into the system. Therefore, no samples were collected 
for 8000 BPD 72 hour test.

Because the wetlands was shut-in, it was isolated from this problem and we were able to 
collect samples for the 72 hour point of the shut-in experiment.
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Sept. 8, 1991

Total Flow: 4000 BPD(30d. test) Start Time: 10:00am Weather: Rain, calm, 14°C

Sample Location 1 2 T 2 P  3 T  3 P  4 5 6

Temp. (C) 28 1 9 22 17.5 1 8 16.5 1 4 25
pH 6.9 7.1 7.1 7.2 7.2 7.3 7.3 7.3
Eh -1 53 9.5 -1 60 23 .5 33 .5 67 .8 1 15 76.4
Conduct, (umhos/cm) 25 2 5 25 7 5 23 5 0 22 0 0 2175 2 1 2 5 1925 23 2 5
DO (mg/L) 0.8 2.8 0.8 4 2.9 4.1 5.1 3.1

Potassium (mg/L) 120 127 118 135 130 120 116 129
Sodium (mg/L) 301 307 3 0 6 315 31 0 291 291 30 8
Calcium (mg/L) 34 9 325 344 320 32 3 314 29 9 3 4 7
Magnesium (mg/L) 1 09 1 09 1 11 1 11 110 1 04 1 05 1 11
Chloride (mg/L) 201 205 201 221 223 203 209 223
Sulfate (mg/L) 8 4 5 899 843 946 942 866 876 94 9
Carbonate (mg/L) 0 0 0 0 0 0 0 0
Bicarbonate (mg/L) 1200 1 120 1140 1 040 1070 997 991 1120
Sulfide (mg/L) 42 .4 18.4 24.8 15.2 15.2 14.4 12 15.2
TDS (mg/L) 2 4 8 0 24 5 0 2 5 0 0 2410 2 410 2 3 5 0 22 2 0 2 5 1 0
Ra226 (pCi/L) 19.7 21 .9 25 21 .8 25 25 .7 18.5 2 8 .9
Benzene (ug/L) 59 3 .2 23 0 8 .7
Toluene (ug/L) 1 02 4.8 3 6 0 1 3
Ethylbenzene (ug/L) 40 2.3 13 0 4 .5
Xylenes (ug/L) 74 5.9 3 0 0 12
Oil & Grease 3 0
Total Phenolics (mg/L) 0 . f 3 0 .13 0.15 0 .09 0 .08 0.1

NOTES:

Barium, silicon, and boron were removed from the sampling routine because they 
consistently showed little change. Because of the oil inundation event on Aug. 6, oil and 
grease was added to the routine.

Wetlands vegetation covered 80-90% of the wetlands surface. For the first season of 
growth, we were impressed by the volume.

The bacterial mats on the surface flow cells were equally well established. Thick mats 
(2 - 5cm) covered all four of the cells. The color transition previously observed was still 
apparent, as  was the vertical transition of surface cyanobacteria with underlying purple and 
greens. The colorless (white) Beggiatoa had spread from the connection channel to being 
present on the lower portions of the surface flow cells.
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Total Flow: 6000 BPD 

Sample Location

Nov.

Start Time: 2:30pm 

1 2 T 2 P

2, 1991

Weather: 

3 T

Clear, 

3 P

calm,

4

and cold! 

5

i o

Temp. (C) 28 16.5 23 1 5 1 6 1 5 6.5 22 .5
pH 6.7 6.8 6.9 7 7 7.1 7.1 7.1
Eh (mv) -1 63 -45.1 -1 9 4 .2 44.6 10.1 37 .9 107.5 -1 0 .9
Conduct, (umhos/cm) 1450 1600 1700 1600 1600 1575 1350 1600
DO (mg/L) 1.1 3 .9 1.3 5.8 4.7 5.3 7.8 2 .4

Potassium (mg/L) 112 1 08 1 08 1 1 1 117 1 08
Sodium (mg/L) 2 9 6 291 292 29 4 2 8 8 296
Calcium (mg/L) 360 341 343 341 3 2 3 3 5 9
Magnesium (mg/L) 112 1 10 1 11 1 1 1 110 1 13
Chloride (mg/L) 204 200 204 205 1 92 204
Sulfate (mg/L) 839 895 915 919 849 916
Carbonate (mg/L) 0 0 0 0 0 0
Bicarbonate (mg/L) 1240 1 120 1070 1080 1050 1 150
Sulfide (mg/L) 28 7.2 6.4 6 .4 12.8 13.6
TDS (mg/L) 2 5 8 0 2 5 4 0 2560 2 5 7 0 2 5 1 0 2 6 0 0
Ra226 (pCi/L) 25 .8 21 .8 27.8 30 .2 29 .5 28.1
Total Phenolics (mg/L) 0 .15 0 .14 0.12 0 .07 0.1
Benzene (ug/L) 52 13 5.6 8 .9
Toluene (ug/L) 90 24 9.7 1 5
Ethylbenzene (ug/L) 32 9.5 4.1 5.9
Xylenes (ug/L) 66 21 1 1 1 3
Oil & Grease 3

NOTES:

During our fall meeting with Marathon, we decided that the construction problems 
associated with the planer cell created a highly disadvantaged situation because much of the 
water seemed to be running in the tire tracks created by the backhoe. We removed this side of 
the system from the study.

This data represents the first winter situation. The temperature was -12°F in Meeteese, 
so was easily -20°F at the field the night before. Despite the extreme cold, the bacterial 
populations appeared much as they did during the summer. Some minor sheets of ice covered 
the calm sections of the wetlands, but more than 85% remained free water surface. One of the 
pumpers observed complete ice coverage once in late October.

The integrity of the system upheld in the cold conditions. Water was passing through 
without any obvious problems due to freezing.
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J a n .  13 , 1992

Total Flow: 6000 BPD Start Time: 4 :45pm Weather: cloudy,, dusk, cold (-40C)

Sample Location 1 2 T 2 P 3 T 3 P 4 5 6

Temp. (C) 27 1 8 21 1 5 1 6 1 5 9 20
pH 7.2 7.3 7.4 7.5 7.5 7 .5 7 .6 7 .6
Eh -1 8 2 -121 -1 92 -6 7 - 64 -3 9 107 38
Conduct, (umhos/cm) 1600 1825 1850 1725 1700 1675 1550 1725
DO (mg/L) 1.4 2.2 1.2 3.8 3 4.8 8 .3 4.3

Potassium (mg/L) 142 139 159 144 150 163 148 122
Sodium (mg/L) 315 314 333 322 327 326 3 1 0 287
Calcium (mg/L) 34 7 331 31 2 3 1 0 315 3 0 9 28 4 3 4 0
Magnesium (mg/L) 113 113 117 1 15 1 15 115 115 115
Chloride (mg/L) 204 206 205 20 0 208 208 20 5 209
Sulfate (mg/L) 851 875 886 861 89 9 891 898 901
Carbonate (mg/L) 0 0 0 0 0 0 0 0
Bicarbonate (mg/L) 1230 1140 1150 1080 1110 1100 989 1 120
Sulfide (mg/L) 4 0 20.8 26 .4 20.8 21 .6 19.2 21.6 21 .6
TDS (mg/L) 25 7 0 2 5 3 0 2 5 4 0 25 0 0 25 2 0 2 5 1 0 2 4 7 0 25 7 0
Ra226 (pCi/L) 39 .9 38 37 .6 36.2 34 .4 36 .9 33 .7 37 .5
Total Phenolics (mg/L) 0.11 0.1 0.1
Benzene (ug/L) 23 5.2 1 1 2.5 2.1
Toluene (ug/L) 37 8.5 18 3.8 3
Ethylbenzene (ug/L) 1 5 3.6 6.8 1.8 1.4
Xylenes (ug/L) 32 8.4 1 7 3.8 3.1
Oil & Grease 1

NOTES:

Because this was the longest period of time without disrupting the flow, the bacterial mats 
were the most well developed as compared to all other sampling events. Thick mats of dark 
green to black covering purple and green were covering all four surface flow cells. The white 
bacteria in the connection channel was thriving.

Because of this bacteria, little scale was apparent on the surface flow cells. Rather, the 
most obvious scale was in the outlet channel of the wetlands. Since the last test in early 
November, accumulations upwards of two inches of scale had grown on some of these rock in 
the channel. In addition, a tumbleweed that had fallen into the channel just below the outlet dam 
had softball sized clumps of scale precipitated on the branches.

The wetlands remains 'milky' because the sum never reaches an intensity sufficient to 
allow the bacteria to remove the sulfur from the water.
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Jan. 17, 1992

Total Flow: 4000 BPDf72h.test1 Start Time: 2:00pm W eather : cloudy, slight wind, -5

Sample Location 1 2 T 2 P 3 T 3 P 4 5 6

Temp. (C) 24 .5 10.5 1 5 7 9 8 1.5 20
pH 7.2 7.3 7.3 7.4 7.4 7.4 7 .5 7.4
Eh -1 44 28 -3 8 68 68.2 73 118 67
Conduct, (umhos/cm) 1600 1600 1625 1475 1475 1425 1325 1700
DO (mg/L) 1 6.8 4.1 8.7 7.9 8.6 10.6 5.4

Potassium (mg/L) 128 144 125 136 148 124 116 139
Sodium (mg/L) 29 9 318 308 312 30 9 3 0 2 2 9 7 314
Calcium (mg/L) 340 298 319 304 310 299 295 32 7
Magnesium (mg/L) 113 112 116 116 116 114 116 114
Chloride (mg/L) 196 203 206 206 202 205 202 206
Sulfate (mg/L) 861 885 894 902 890 8 9 2 879 91 5
Carbonate (mg/L) 0 0 0 0 0 0 0 0
Bicarbonate (mg/L) 1 140 1040 1070 1020 1040 1 120 1000 1 1 00
Sulfide (mg/L) 32 .8 21 .6 20.8 17.6 17.6 17.6 21 .6 1 7.6
TDS (mg/L) 2 5 4 0 2480 2 4 8 0 2480 2 5 0 0 24 7 0 24 2 0 25 1 0
Ra226 (pCi/L) 25 .4 22 .5 25 .9 29.1 21 .9 24 .2 22 .2 24 .6
Total Phenolics (mg/L) 0 .13 0.12 0.12 0.13
Benzene (ug/L) 21 2.9 7.4 1.1 3
Toluene (ug/L) 38 4 .3 9.5 1.5 4.8
Ethylbenzene (ug/L) 12 1.8 3.7 0 .65 1.9
Xylenes (ug/L) 28 5.2 9.3 1.8 4.8

NOTES:

Very little observable difference in the system as compared to 1/13/92. 30-40% of the 
soil cells are frozen and the last channel of the wetlands is frozen. Still, the effluent is making 
it through the system without any trouble.

The frozen sections of the soil cells has given rise to a great deal of frost heaving. This is 
upwards of six inches in some locations and most certainly will create the need for additional 
grading in the spring of 1992.
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Jan. 23, 1992

Total Flow: 2000 BPD (4d. test) Starting Time: 2:30pm W eather: Clear, calm, -8°C

Sample Location 1 2 T 2 P 3 T 3 P 4 5 6

Temp. (C) 22 .5 8 1 1 6 7 6 1 1 9
PH 7.3 7.3 7.3 7.4 7.4 7.4 7.4 7 .4
Eh (mv) -1 56 86 77 90 1 00 1 08 127 74
Conduct, (umhos/cm) 1825 1575 1600 1500 1500 1475 1425 1725
DO (mg/L) 1.4 7.6 7.5 8.5 8.1 8.9 10.4 5.9

Potassium (mg/L) 130 130 145 134 122 138 159 131
Sodium (mg/L) 30 2 3 0 9 315 311 306 3 0 9 32 3 30 4
Calcium (mg/L) 33 8 308 316 295 30 4 294 29 2 3 2 9
Magnesium (mg/L) 1 1 1 116 116 116 116 113 117 113
Chloride (mg/L) 205 212 21 6 210 208 209 21 6 210
Sulfate (mg/L) 823 924 906 920 915 915 89 0 87 5
Carbonate (mg/L) 0 0 0 0 0 0 0 0
Bicarbonate (mg/L) 1 180 1040 1080 983 1020 994 1000 1100
Sulfide (mg/L) 16.8 13.6 12 11.2 15.2 4.8 9.6 10.4
TDS (mg/L) 2 5 4 0 2 5 1 0 2530 2470 25 1 0 24 8 0 2 4 6 0 25 6 0
Ra226 (pCi/L) 2 5 .3 27 27 .6 24.7 28.3 25 .3 23 .9 22 .4
Total Phenolics (mg/L) 0.12 0 .09 0 .09 0.11
Benzene (ug/L)- 27 2 .4 1 1 0.54 5.9
Toluene (ug/L) 36 2.1 7.5 0.91 6.1
Ethylbenzene (ug/L) 14 1.2 4 .2 0 2 .4
Xylenes (ug/L) 25 1.8 5 .3 1 4 .5
Phosphate 0 .77 0.8 0 .89 0.84 0.87 0.8 0.68 0.78

NOTES:

After discovering that a phosphatic ester has been added to the water as  a scale inhibitor for 
the duration of the study, phosphate analysis Was added to the sample routine.

These were the last data collected during the study. At this point the system was holding-up 
well under the winter conditions. Because the water entering the system is warm, the 
bacterial appear to be thriving even under the harsh winter conditions.
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APPENDIX B

Precision and Accuracy Data and Analysis
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Calcium Recovery Data

n Pr Pr
1 98 9604
2 98 9604
3 94 8836
4 97 9409
5 98 9604
6 98 9604
7 99 9801
8 94 8836
9 95 9025

10 100 10000

n n 2
IPr = 971 l pr = 94,323

f - 9 7 . 1  Sd= 2.1

^  + Sd = 97.1 + 2.1

70% of the recoveiy data fall 
within this range

n Pr Pr
1 100 10000
2 103 10609
3 99 9801
4 103 10609
5 100 10000
6 106 11236
7 108 11664
8 106 11236
9 101 10201

10 105 11025

Sulfate Recovery Data

Zpr = 1031 £ pr2 = 106,376
1 1

"E =103.1 Sd = 3.0r

± s d = 103.1 ±  3.0

80% of the recovery data fall 
within this range
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n Pr Pr
1 110 12100
2 99 9801
3 104 10816
4 91 8281
5 95 9025
6 90 8100
7 105 11025
8 99 9801
9 105 11025

10 111 12321

Sulfide Recovery Data

£ pr = 1009 Zpr2 = 102,295

■r  =100.9 s d=7’4r

± Sd =100.9 ±7.4

60% of the recovery data fall 
within this range

Total Phenolics Recovery Data

n Pr Pr
1 92 8464
2 91 8281
3 98 9604
4 107 11449
5 99 9801
6 112 12544

ZPr =599 Zpr = 60,143

~E =99.8 Sd = 8.3r

^  ±  Sd = 99.8 ±8.3

67% of the recovery data fall
within this range
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n Pr Pr
1 132 17424
2 101 10201
3 94.9 9006

Benzene Recovery Data

£pr =327.9 ZPr2 = 36,631

"R = 109.3 Sd = 19.9r
± Sd =109.3 ±19,9

67% of the recovery data fall 
within this range

n Pr Pr
1 119 14161
2 96.7 9350.9
3 97.9 9584.4

Toluene Recovery Data

ZPr =313.6 lP r =33,096

"R =104.5 s d = 12.5r
± Sd =104.5 +12.5

67% of the recovery data fall
within this range
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Ethylbenzene Recovery Data

n Pr P /
1 103 10609
2 91.9 8445.6
3 97.5 9506.3

ZPr =292.4 £pr =28,561

=97.5 Sd = 5.5

±  Sd =97.5 + 5.5

67% of the recovery data fall 
within this range

n Pr Pr
1 99 9801
2 94.8 8987
3 92.3 8519.3

Xylene Recovery Data

ZPr =286.1 ZPr2=27,307

"R =95.4 s d=3.4r
± Sd =95.4 ±  3.4

67% of the recovery data fall
within this range
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Precision Analysis Utilizing the "I" Statistic

Calcium Bicarbonate
value duplicate I value duplicate I
266 mg/
279 *
328
330
325
343
309
271

265 mg/ 
280 'I
327 
330
328 
344 
307 
271

.0019

.0018

.0015
0
.0046
.0015
.0033
0

824 mg/ 
906 4  
1040 
1060 
1120 
1070 
1100 
883

824 mg/ 
907 ^  
1040 
1060 
1110 
1080 
1110 
883

0
.0006
0
0
.0045
.0047
.0045
0

I ave. = .0018 I ave. = .0018

Sulfate Sulfide
value duplicate I value duplicate I
942 mg/ 
880 ^ 
913 
958 
899 
915 
891 
1050

1030 mg/ 
921 * 
901 
958 
868 
911 
862 
1060

.0446

.0228

.0066
0
.0175
.0022
.0165
.0047

10.4 mg/
10.4 *  
16.0
43.2
18.4
6.4
19.2 
8.0

9.6 mg/
9.6 *  
16.8 
43.2
17.6 
6.4 
20 
8.8

.040

.040

.025
0
.020
0
.020
.050

I ave. = .0144 I ave. = .024
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APPENDIX C

X-ray Diffraction Patterns
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Organics Analysis Data Sheet 
(Page 1>

Laboratory Nrne: UESTERH RESEARCH IHSI 
Lab Sanple 10: )tt0003::0e 
Sanple Matrix: DRIER 
Data release Authorized by:

! Sanple Kane !
1 UOfl-1/21/91-1-21

Case Ho.: Marathon Oil/Mike Quick 
Batch Nunber: 4929 
ACN Hunber : 38516 
Oate Sanple Received: 1/22/91

Uolatile Conpotmds 
Concentration: Mediun (Circle One )
Date Extracted:
Date Analyzed: 01/25/91 15:01 
Conc/Dil factor: 1 pH : ~
Percent Moisture: (Not Oecanted)

C.R.S. dig/P or ug/Kg C.B.S. <<jg/por ug/Kg
Hunber (Circle One) Nunber (Circle One)

74-87-3 Chloronethane 10. U 7 -87-5 1,2-Oichloropropane 5. U
74-83-9 Brononethane 10. U 10061-02-6 Trans-1,3-0ichloropropene 5. U
75-01-4 Uinyl Chloride 10. U 79-01-6 Irichloroethene 5. U
75-00-3 Chloroethane 10. 0 124-48-1 Oibronochloronethane 5. U
75-09-2 Methylene Chloride 5. 11 79-00-5 1,1,2-Trichloroethane 5. 11

-*>67-54-1 Acetone 710. 71-43-2 Benzene 27.
75-15-0 Carbon Oisulfide 5. IJ 10061-01-5 cis-1,3-Dichloropropene 5. U
75-35-4 1,1-0ichloroethene 5. U
75-34-3 1,1-Dichloroethane 5. U 75-25-2 Bronofom 5. U

156-60-5 1,2-Oichloroethane 5. 0 108-10-1 4-flethyl-2-Pentanone 10. U
67-66-3 Chloroforn S. U 591-78-6 2-Hexanone 10. U

107-02-2 1,2-Oichloroethane 5. 11 127-18-4 Tetrachloroethene 5. U
78-93-3 2-Butanone 20. 79-34-5 1,1,2,2-T etrachloroethane 5. U
71-55-6 1,1,1-Trichloroethane 5. 11 108-88-3 Toluene 44.
56-23-6 Carbon Tetrachloride 5. U 108-98-7 Chlorobenzene 5. U

108-05-4 Uinyl Acetate 10. U 100-41-4 Ethylbenzene 15.
75-27-4 Bronodichloronethane 5. U 100-42-5 Styrene

Total Xylenes
5. U 

36.
Data Reporting Qualifiers 

for reporting results to EPA the following results qualifiers are 
explaining results are encouraged. However the definition of each

used. Additional flags or footnotes 
flag nust be explicit.

Ualue - I f  the result is a value greater than or equal to C - 
the detection lin it, report the value.

U - Indicates conpound was analyzed for but not detected.
Report the nininun detection lin it for the sanple with 
the U (e.g. 10U) based on necessary concentration/dil- B * 
ution action (This is not necessarily the instrunent 
detection lin it). The footnote should read: IKonpound 
was analyzed for but not detected. The nunber is the 
nininun attainable detection lin it for the sanple. Other -

This flag applies to pesticide paraneters where 
the identification has been confimed by 6C/MS. 
Single conponent pesticides >* 10 ng/uL in the 
final extract should be confimed by 6C/MS.
This flag is used when the analyte is found in 
the blank as well as a sanple. I t  indicates 
possible/probable blank contanination and warns 
data the user to take appropriate action.
Other specific flags and footnotes nay be
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Organics Analysis Data Sheet 
(Page 1)

Laboratory Hate: UESTERN RESEARCH IMS!
Lab Sanple ID: >110001::OB 
Sanple Matrix: UflTfR Q / / ,
Data release Authorized by: ___

i Sanple Hane !
! U0A-1/21/91-H!
♦— ——   ♦

Case Ho.: Marathon Gil/Mike Quick 
Batch Hunber: 1929 
ACH Hunber : 38515 
Date Sanple Received: 1/22/91

Uolatile Conpounds 
Concentration: (tow) Hediun (Circle One )
Date Extracted:
Oate Analyzed: 01/25/91 13:05 
Conc/Dil factor: 5 pH : —
Percent Moisture: (Hot Decanted)

C.A.S. ((Sg/por ug/Kg C.R.S. Jjg/por ug/Kg 
(Tlrcle One)Hunber (Circle One) Nunber

71-87-3 Chloronethane 50. U 7 -87-5 1,2-0ichloropropane 25. U
71-83-9 Brononethane 50. U 10061-02-6 Trans-1,3-0ichloropropene 25. U
75-01-1 Uinyl Chloride 50. U 79-01-6 Trichloroethene 25. U
75-00-3 Chloroethane 50. U 121-18-1 Dibronochloronethane 25. U
75-09-2 Methylene Chloride 11. J 79-00-5 1,1,2-Trichloroethane 25. U
67-61-1 Acetone 630. 7M3-2 Benzene 19. J
75-15-0 Carbon Disulfide 25. 0 10061-01-5 cis-1,3-0ichloropropene 25. U
75-35-1 1,1-0ichloroethene 25. I)
75-39-3 1,1-Oichloroethane 25. U 75-25-2 Bronoforn 25. U

156-60-5 1,2-Oichloroethane 25. U 108-10-1 H1ethyl-2-Pentanone 50. U
67-66-3 Chlorofom 25. U 591-78-6 2-Hexanone 50. U

107-02-2 1,2-Oichloroethane 25. U 127-18-1 Tetrachloroethene 25. U
78-93-3 2-6utanone 50. U 79-31-5 1,1,2,2-Tetrachloroethane 25. U
71-55-6 1,1,1-Trichi or oethane 25. U 108-88-3 Toluene 37.
56-23-b Carbon Tetrachloride 25. U 108-90-7 Chlorobenzene 25. U

108-05-1 Uinyl Rcetate SO. 0 100-11-9 Ethylbenzene 9. J
75-27-1 Bronodichloronethane 25. U 100-12-5 Styrene

Total Xylenes
25. 0 
16. J

Data Reporting Qualifiers 
for reporting results to EPA the following results qualifiers are 
explaining results are encouraged. However the definition of each

used. Additional flags or footnotes 
flag nust be explicit.

U

Ualue - If the result is a value greater than or equal to C 
the detection lin it, report the ualue.
Indicates conpound was analyzed for but not detected.
Report the nininun detection lin it for the sanple with 
the U (e.g. 10U) based on necessary concentration/dil- 8 
ution action (This is not necessarily the instrunent 
detection lin it) . The footnote should read: U-Conpound 
was analyzed for but not detected. The nunber is the 
nininun attainable detection lin it for the sanple. Other

This flag applies to pesticide paraneters where 
the identification has been confimed by GC/HS. 
Single conponent pesticides >= 10 ng/uL in the 
final extract should be confimed by GC/HS.
This flog is used when the analyte is found in 
the blank as well as a sanple. I t  indicates 
possible/probable blank contanination and warns 
data the user to take appropriate action.
Other specific flags and footnotes nay be
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Organics Analysis Data Sheet 
(Page 1)

Laboratory Nate: UESTERN RESEARCH INST
Lab Sanple 10: X10002::DB
Satple flatrix: ITflTER 0 J j)
Data rjjease Authorized by: } y  r

Sanple Hane !
UOB-1/21/91-1-1!

Case No.: Marathon Oil/Hike Quick 
Batch Nunber: 1929 
RCN Nunber : 38515 
Oate Sanple Received: 1/22/91

Volatile Canpounds 
Concentration: (tow) Hediun (Circle One )
Oate Extracted:
Oate Analyzed: 01/25/91 11:16 
Conc/Dil factor: 1 pH : --
Percent Hoisture: (Not Decanted)

C.A.S.
Nunber

Cug/IW ug/Kg 
(Circle One)

C.A.S.
Nunber

L ^ t) or ug/Kg 
(Circle One)

71-87-3 Chloronethane 10. U 7 -87-5 1,2-Dichloropropane 5. U
71-83-9 Brononethane 10. U 10061-02-6 Trans-1,3-Dichloropropene 5. U
75-01-1 Uinyl Chloride 10. U 79-01-6 Trichloroethene 5. U
75-00-3 Chloroethane 10. U 121-18-1 Dibronochloronethane 5. U
75-09-2 Hethylene Chloride 5. U 79-00-5 1,1,2-Trichloroethane 5. U
67-61-1 Acetone 860. 71-13-2 Benzene 26.
75-15-0 Carbon Oisulfide 5. U 10061-01-5 cis-1,3-Di chloropropene 5. U
75-35-1 1,1-Oichloroethene 5. U
75-31-3 1,1-0ichloroethane 5. U 75-25-2 Bronofom 5. U

156-60-5 1,2-Oichloroethane 5. (1 108-10-1 1-flethyl-2-Pentanone 10. U
67-66-3 Chlorofom 5. U 591-78-6 2-Hexanone 10. U

107-02-2 1,2-Oichloroethane 5. II 127-18-1 Tetrachloroethene 5. U
78-93-3 2-Butanone 10. U 79-31-5 1,1,2,2-1etrachloroethane 5. U
71-55-6 1,1,1-Irichloroethane 5. U 108-88-3 Toluene 10.
56-23-6 Carbon Tetrachloride 5. U 108-90-7 Chlorobenzene 5. ii

108-05-1 Uinyl Acetate to. U 100-11-1 Ethylbenzene 13.
75-27-1 Branodichloronethane S. U 100-12-5 Styrene 5. U

Total Xylenes 32.
Data Reporting Qualifiers

For reporting results to EPA the following results qualifiers are used. Additional flags or footnotes 
explaining results are encouraged. However the definition of each flag nust be explicit.

Ualue * I f  the result is a value greater than or equal to C - This flag applies to pesticide paraneters where
the detection lin it, report the value. the identification has been confimed by 6C/HS.

U * Indicates conpound was analyzed for but not detected. Single conponent pesticides >= 10 ng/ul in the
Report the nininun detection lin it for the sanple with final extract should be confimed by 6C/HS.
the (I (e.g. 10(1) based on necessary concentration/dil- 6 - This flag is used when the analyte is found in 
ution action (This is not necessarily the instrunent the blank as well as a sanple. It indicates
detection lin it). The footnote should read: U-Conpound possible/probable blank contanination and warns
was analyzed for but not detected. The nunber is the data the user to take appropriate action,
nininun attainable detection lin it for the sanple. Other - Other specific flags and footnotes nay be
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Lab Note : UESTERH RESERRCH IHST ! Sanple Nunber
Case Ho : HRRHTH0N OIL ! BNR-1/21/91-W!

0R6RNICS ANALYSIS ORTH SHEET * ♦------------------ <
(Page 2)

Senivolaiile Conpounds

Concentration: Lou
Oate Extracted: 01/23/91
Oate Analyzed: 910130 02:1? 
Conc/Oil factor: 1.00000
Percent Moisture: 0.0

6PC Cleanup _  Yes XX Ho
Separatory Funnel Extraction _  Yes 

Continuous Liquid-Liquid Extraction _  Yes

C.R.S
Nunber UG/L

C.R.S.
Hunber UG/L

108-95-2 Phenol 10 u
11MH bis(2-Chloroethyl)ether 10 u
9S-57-8 2-Chlorophenol 10 u

541-73-1 1,3-Dichlorobenzene 10 u
106-46-7 1,4-0ichlorobenzene 10 u
100-51-6 Benzyl Alcohol 10 u
95-50-1 1,2-0ichlorobenzene 10 u
95-48-7 2-Hethvlphenol 33

39638-32-9 bi s(2-chloroisopropy1>Ether 10 u
106-44-5 4H1ethylphenol 53
621-64-7 Hitroso-Oi-irPropylanine 10 0
67-72-1 Hexachloroethane 10 u
98-95-3 Nitrobenzene 10 u
78-59-1 Isophorone 10 u
88-75-5 2-Hitrophenol 10 u

^05-67-9 2,4-Dinethylpbenol 290
65-B5-0 Benzoic Reid 50 0

111-91-1 bis(2-Chloroethoxy)nethane 10 u
120-83-2 2,4-Oichlorophenol 10 u
120-82-1 1,2,4-Trichlorobenzene 10 u
91-20-3 Haphthalene 10

106-47-8 4-Chloroaniline 10 u
87-68-3 Hexachlorobutadiene 10 u
59-50-7 4-Chloro-3-f1ethylphenol 10 u
91-57-6 2-flethylnaphthalene 6 J
77-47-4 Hexachlorocydopentadiene 10 li
88-06-2 2,4,6-Irichlorophenol 10 u
95-95-4 2,4,5-Trichlorophenol 50 0
91-58-7 Z-Chloronaphthalene 10 0
88-74-4 2-Hitroaniline 50 0

131-11-3 Oinethylphthalate 10 0
208-96-8 Rcenaphthylene 10 u

99-09-2 3-Nitroaniline 50 u
83-32-9 flcenaphthene 10 u
51-28-5 2,4-Oinitrophenol 50 u

100-02-7 4-Hitrophenol 50 u
132-64-9 Dibenzofuran 10 u
121-14-2 2,4-Dinitrotoluene 10 u
606-20-2 2,6-Dinitrotoluene 10 u
84-66-2 Oiethylpbthalate 10 u

7005-72-3 4-Chlorophenyl-phenylether 10 u
86-73-7 fluorene 10 u

100-01-6 4-Hitroaniline 50 u
534-52-1 4,6-Oini tro-2-nethylphenol 10 u
86-30-6 N-Nitrososdiphenylanine (1) 50 u

101-55-3 4-8ronopbenyl-phenylether 10 u
118-74-1 Hexachlorobenzene 10 u
87-86-5 Pentachlorophenol 50 u
85-0,1-8 Phenanthrene 10 u

120-12-7 Anthracene 10 u
84-74-2 Di-n-Butylphthalate 10 u

206-44-0 fluoranthene 10 u
129-00-0 Pyrene 10 u
85-68-7 Butylbenzylphthalate 10 u
91-94-1 3,3*-0ichlorobenzidine 20 u
56-55-3 Benzo(a)Rnthracene 10 u

117-81-7 bis(2-£thylhexyl)Phthalate 10 I)
218-01-9 Chrysene 10 u
117-84-0 Oi-n-Octylphthalate 10 0
205-99-2 Benzo(b)fluoranthene 10 u
207-08-9 Benzo(k)fluoranthene 10 u
50-32-8 Benzo(a)Pyrene 10 u

193-39-5 Indenod ,2,3-cd)Pyrene 10 u
53-70-3 Oibenz(a,h)Anthracene 10 u

191-24-2 Benzo(g,h,i)Perylene 10 u
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Lab Nane : UESTERH RESEARCH IKST ! Sanple Nunber i
Case No : HRRftTHON OIL I 8NA-1/21/9H-2

QR6RNICS flHRLYSIS DHTfl SHEET ♦------------------ ♦
(Page 2)

Senivolatile Conpounds

Concentration: Lou
Oate Extracted: 01/23/91
Oate Analyzed: 910130 03:20 
Conc/Oil factor: 1.00000
Percent Noisture: 0.0

GPC Cleanup _Yes XX No 
Separatory Funnel Extraction _  Yes 

Continuous Liquid-Liquid Extraction _  Yes

C.fl.S
Nunber UG/L

C.fl.S.
Nunber UG/L

108-95-2 Phenol 10 U
111-11-1 bis(2-Chloroethyl)ether 10 U
95-57-8 2-Chlorophenol 10 U

511-73-1 1,3-0ichlorobenzene 10 U
106-%-? 1,1-Oichlorobenzene 10 U
100-51-6 Benzyl Alcohol 10 ii
95-50-1 1,2-Dichlorobenzene 10 ti
95-18-7 2-fiethylphenol 29

39638-32-9 bis(2-chloroisopropyl)Ether 10 U
106-11-5 Hlethylphenol 17
621-61-7 N-Nitroso-Oi-trfropylanine 10 U
67-72-1 Hexachloroethane 10 U
98-95-3 Nitrobenzene 10 U
78-59-1 Isopborone 10 0
88-75-5 2-Hitrophenol 10 U

105-67-9 2,1-Oinethylphenol 310
65-85-0 Benzoic Reid 50 U

111-91-1 bis(2-Chloroethoxy)nethane 10 11
120-83-2 2,1-Oichlorophenol 10 U
120-82-1 1,2,1-Trichlorobenzene 10 u
91-20-3 Naphthalene 9 J

106-17-8 1-Chloroaniline 10 u
87-68-3 Hexachlorobutadiene 10 u
59-50-7 1-Chloro-3-flethylphenol 10 u
91-57-6 2-(tethylnaphthalene 6 J
77-17-1 Hexachlorocyclopentadiene 10 11
88-06-2 2,1,6-Trichlorophenol 10 0
95-95-1 2,1,5-Irichlorophenol 50 u
91-58-7 2-Chloronaphthalene 10 0
88-71-1 2-Nitroaniline 50 u

131-11-3 Oinethylphthalate 10 u
208-96-8 flcenaphthylene 10 u

99-09-2 3-Nitroaniline 50 U
83-32-9 Rcenaphthene 10 u
51-28-5 2,1-Oini trophenol 50 U

100-02-7 t-Nitrophenol 50 u
132-61-9 Oibenzofuran 10 u
121-11-2 2,1-Oinitrotoluene 10 u
606-20-2 2,6-Oinitrotoluene 10 u
81-66-2 Oiethylphthalate 10 u

7005-72-3 1-Chlorophenyl-phenylether 10 u
86-73-7 fluorene 10 u

100-01-6 1-Mitroaniline 50 u
531-52-1 1,6-Dinitro-2-nethylphenol 10 u
86-30-6 N-Nitrososdiphenylanine (1) 50 u

101-55-3 1-Bronophenyl-phenylether 10 u
118-71-1 Hexachlorobenzene 10 u
87-86-5 Pentachlorophenol 50 U
85-01-8 Phenanthrene 10 u

120-12-7 Anthracene 10 u
m -71-2 Oi-n-Butylphthalate 10 u
206-H-0 fluoranthene 10 u
129-00-0 Pyrene 10 U
85-68-7 Butylbenzylphthalate 10 u
91-91-1 3,3’ -Oichlorobenzidine 20 u
56-55-3 Benzo(a)flnthracene 10 u

117-81-7 bis(2-Ethylhexyl>Phthalate 10 u
218-01-9 Chrysene 10 u
117-81-0 Oi-n-Octylphthalate 10 u
205-99-2 Benzo<b)fluoranthene 10 u
207-08-9 Benzo(k)fluoranthene 10 u
50-32-8 Benzo(a)Pyrene 10 (J

193-39-5 Indenod ,2,3-cd>Pyrene 10 u
53-70-3 Bibenz(a,h>Rnthracene 10 (1

191-21-2 Benzo(gth,i)Perylene 10 u



T-4057 171

APPENDIX E

TOXSTAT Computer Printouts
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