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ABSTRACT

Microbiologically influenced corrosion (MIC) has been identified
as a serious problem in a number of industries including power
generation, chemical, pulp and paper, gas transmission, and
shipbuilding. The National Association of Corrosion Engineers (NACE)
estimates that MIC contributes several billion dollars in costs to

industry each year.

The MIC phenomenon is complex and has been observed in sea
water, brackish water, fresh water, petroleum products, and even in
some deionized water systems. Materials such as carbon steels, low-
alloy steels, stainless steels, copper-nickel alloys, and high nickel

alloys have been shown to be susceptible to MIC.

The purpose of this study was to determine the basic mechanisms
by which MIC attacks austenitic stainless steel weldments (AISI
types 304L and 316L) and to determine potential postweld
treatments that may mitigate MIC. In order to study these effects,
two field test sites were chosen: (1) the Tennessee River in
Knoxville, Tennessee, where MIC has been shown to be a problem for
the Tennessee Valley Authority (TVA) fossil and nuclear plants; and
(2) the Guadalupe River in Victoria, Texas, where MIC of stainless

steel weldments has occurred in a Dupont Chemical Facility.
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The methodology employed in this study consisted of utilizing test
cells containing thirteen welded stainless steel coupons with various
postweld treatments and conducting electrochemical measurements
as a function of time to determine if and when MIC occurred. A 2-
1/2 inch diameter stainless steel pipe string consisting of welds with
treatments similar to those in the test cells also was set up to

evaluate MIC in an actual pipe weld configuration.

Two sets of test cells were installed at the Tennessee River site,
one in April 1992 and the second in August 1992. Both sets were
disassembled in September of 1993 and none of the test coupons
revealed any MIC. The test coupons in one of the four cells
demonstrated low open-circuit potentials. These low potentials were
contributed to a depletion of available oxygen on the surface of the
test coupons. Visual observations of that cell revealed a thick coating
of slime adhered to the coupon surfaces. Microbial analysis on the
surfaces of the coupons revealed the presence of sulfate reducing
bacteria (SRBs), anaerobic bacteria and aerobic bacteria. Microbial
assays performed on samples from each of the cells identified a
consortia of bacteria thought to be conducive to MIC. Possible
reasons why no MIC was observed in the test cells as opposed to
piping systems in the TVA plants are: (1) the cathode to anode area
ratio on the coupon surface once it was covered with biofilm may
have been insufficient to set up an oxygen-concentration corrosion

cell; (2) the kinetics of MIC are not well established and the time for
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the corrosion process to occur may have been insufficient; (3) the
water temperature of the Tennessee River varied throughout the
year from 14 to 25° C, as opposed to water inside plant piping that
may sit stagnant at temperatures in excess of 32°C for long periods of
time thus enabling the bacteria to grow more rapidly and the
corrosion process to occur more quickly; and (4) the probability of
obtaining all the critical parameters necessary for MIC to occur on 13
linear inches of weld in a test cell is far less than that in a plant with
thousands of linear feet of weld metal. If a certain oxide film,
crevice, microstructure, flow rate, water chemistry, etc., is necessary
to promote MIC, the probability of having the precise parameters
occur coincidentally with a reduced size weldment is low. A more
detailed discussion of these findings is found in the conclusion of this

report.

The Tennessee River pipe string assembly, installed in August of
1992, was also disassembled in September of 1993 and no MIC was
observed. The pipe contained a layer of sediment (approximately
one inch deep) which contained Asiatic clams and a wide consortia of
bacteria. No explanation other than those mentioned above could

contribute to the reason there was no MIC.

Similar test coupons and pipe string have been field exposed on
the Guadalupe River in Victoria Texas since March of 1993. To date,

there have been no indications of MIC from the electrochemical
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measurements or visual inspections on either the coupons in the test

cells or the pipe weldments. These test samples will be field exposed

for one year or until MIC occurs.



CHAPTER

I. INTRODUCTION
A. Bacteria Types

B. Corrosion Mechanisms

C Biological Sampling

D. Preventative Measures

E Electrochemical Corrosion Fundamentals

II. EXPERIMENTAL PROCEDURES
A. Pipe Fabrication

B. Test Coupons

C Test Cells

D Pipe String

E Electrochemical Measurements

F. Microbiological Test Methodology
III. EXPERIMENTAL SETUP

IV. EXPERIMENTAL RESULTS

B. Guadalupe River Results

TABLE OF CONTENTS

--------------------

oooooooooooooooooooooooooo

.............
...........
.......................
.....................
.....................
---------------------
...................

-------------------

V. DISCUSSION AND CONCLUSIONS
VI. FUTURE WORK
VII. LIST OF REFERENCES



x1i

TABLE OF CONTENTS (CONTINUED)

CHAPTER PAGE
APPENDICES ... ...c ittt iiet it ineeaaeineenaenn 51
APPENDIX A. Tables .. .........oiitiiiiiiiiiiiii i, 52
APPENDIX B. Figures ....... ..ottt iennnnnnn.. 60
APPENDIX C. 12" Pipe Weld Information . . .................. 190
APPENDIX D. 2 1/2" Pipe Weld Information ................. 198
APPENDIX E. Microbial Assay Reports ...................... 203
APPENDIX F. Knoxville Utilities Board (KUB) Water

Chemistry Analysis ............... . oo, 215
APPENDIX G. Tennessee Valley Authority (TVA)

Water Chemistry Analysis .................... 219

VIT A i i i it e e 228



TABLE

Table 1.

Table

Table

Table

Table

Table

Table

2.

xii
LIST OF TABLES
PAGE
Initial Test Pipe Welds for MIC TN River .............. 53
Initial Test Pipe/Coupon Welds for MIC Investigations
TeNnesSee ...ttt ittt 54
Welded Test/Coupons for MIC Investigations
Guadalupe River ............ .. .. i, 55
DATE, TIME, and OPEN-CELL POTENTIALS (mV vs. sat.
Ag/AgCl) for Cell 1 ... ... . . i, 56
. DATE, TIME, and OPEN-CELL POTENTIALS (mV vs. sat.
Ag/AgCl) for Cell 2 ...... ... .. i 57
Chemical Analysis of Tennessee River Water ........... 58

. Chemical Analysis of Guadalupe River Water . . . . . ... ... 59



FIGURE

Figure

Figure

Figure

Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure

10.

11.

xiii

LIST OF FIGURES

PAGE
Diagrammatic representation of active, corrosion-
causing bacterial consortia development on a metal
SUMfACE. ......iiiiiii ittt ittt 61
AC impedance methods demonstrating (a) the
simplest electrical circuit model and (b) a Bode
impedance plot (Bode 1945). ...................... 62
Representative test coupon after removal from 12 inch
03§ PP 63
Schematic diagram of test coupon. .................. 63
Two MIC test cells ready for installation. ............ 64
Closeup of test coupon. ............ccovviinennnnnn. 64

Pipe test string on the Tennessee River using PVC
couplers and the stainless steel pipe weldments. ..... 65

Map showing Tennessee River, Fort Loudon
Reservoir and approximate location of test site. ...... 66

Boat house and Tennessee River location where test
were performed. ........... ... . . i i, 67

Schematic diagram showing layout of test cells and
pipe string on the Tennessee River. ................. 68

Photo of the entire MIC test setup on the Tennessee
28 7 69



FIGURE

xiv

PAGE

Figure 12. Photo of test cells and their location inside the wooden

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

13.

14.

17.

18.

20.

CTALE. & ittt ittt et iee e eeeeennsonossenssanenonnas 70

Coupons 1-22 and 1-23 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. ......................... 71

Coupons 2-16 and 2-17 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. ......................... 72

. Coupons 3-19 and 3-22 demonstrating final surface

prep prior to testing. Material type, filler metal, and
treatment listed on photo. ......................... 73

. Coupons 4-3 and 4-4 demonstrating final surface

prep prior to testing. Material type, filler metal, and
treatment listed on photo. ......................... 74

Coupons 5-5 and 5-6 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. ......................... 75

Coupons 6-4 and 6-5 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. ......................... 76

. Coupons 7-7 and 7-8 demonstrating final surface

prep prior to testing. Material type, filler metal, and
treatment listed on photo. ......................... 77

Coupons 8-18 and 8-19 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. ......................... 78




FIGURE

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

PAGE

Coupons 9-36 and 9-37 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. ................ ... ... ... 79

Coupons 11-8 and 11-9 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. .................. ... ... 80

Coupons 12-19 and 12-20 demonstrating final
surface prep prior to testing. Material type, filler
metal, and treatment listed on photo. ............... 81

Coupons 13-10 and 13-11 demonstrating final
surface prep prior to testing. Material type, filler
metal, and treatment listed on photo. ............... 82

Coupons 14-1 and 14-2 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. ................ ... ... ... 83
Photo of MIC pipe string on the Tennessee River ... .. 84

Schematic listing stainless welds and their
respective location in the Tennessee River pipeweld
teSt SHIIMg. ... ittt ittt it e 85

Map showing Guadalupe River, Victoria, Texas and
approximate location of test site. ................... 86

Photograph of the fire station pump house at a
Dupont Plant in Victoria, Texas. .................... 87

Photograph of the MIC test setup inside the fire
station pump house. ............. ... .. i i, 87




Xvi
FIGURE PAGE

Figure 31. Coupons 1-33 and 1-34 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. ............. ... ... .0 88

Figure 32. Coupons 2-26 and 2-27 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. ................. .. ..., 89

Figure 33. Coupons 3-17 and 3-18 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. ............... ... .. ... 90

Figure 34. Coupons 4-5 and 4-6 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. .................. ... ... 91

Figure 35. Coupons 5-17 and 5-18 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. ......................... 92

Figure 36. Coupons 6B-4-7 and 6B-4-8 demonstrating final
surface prep prior to testing. Material type, filler
metal, and treatment listed on photo. ............... 93

Figure 37. Coupons 7B-4-9 and 7B-4-10 demonstrating final
surface prep prior to testing. Material type, filler
metal, and treatment listed on photo. ............... 94

Figure 38. Coupons 8-20 and 8-21 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. ......................... 95

Figure 39. Coupons 9B-4-11 and 9B-5-19 demonstrating final
surface prep prior to testing. Material type, filler
metal, and treatment listed on photo. ............... 96




FIGURE

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

Xvii
PAGE

Coupons 11-10 and 11-11 demonstrating final
surface prep prior to testing. Material type, filler
metal, and treatment listed on photo. ............... 97

Coupons 12-7 and 12-8 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo. ................ .. ... ..., 98

Coupons 13B-5-20 and 13B-5-21 demonstrating
final surface prep prior to testing. Material type,
filler metal, and treatment listed on photo. ...... ... 99

Coupons 14B-5-22 and 14B-5-23 demonstrating
final surface prep prior to testing. Material type,
filler metal, and treatment listed on photo. ......... 100

Schematic listing stainless weldments and their
respective location in the Guadalupe River pipe test
] 1 ¢ 1 11 101

Schematic diagram of test coupons showing area of
corrosion product. .............ceiiiiiiiiiiianaan., 102

Coupons 1-17 and 1-18 after being placed in the
Tennessee River Water for a year and a half. ....... 103

Coupons 2-13 and 2-14 after being placed in the
Tennessee River Water for a year and a half ........ 104

Coupons 3-25 and 3-26 after being placed in the
Tennessee River Water for a year and a half ........ 105

Coupons 4-1 and 4-2 after being placed in the
Tennessee River Water for a year and a half ........ 106



FIGURE

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

50

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Xviii

PAGE
Coupons 5-7 and 5-8 after being placed in the
Tennessee River Water for a year and a half. ....... 107
Coupons 6-15 and 6-16 after being placed in the
Tennessee River Water for a year and a half. ....... 108
Coupons 7-12 and 7-13 after being placed in the
Tennessee River Water for a year and a half. ....... 109
Coupons 8-15 and 8-6 after being placed in the
Tennessee River Water for a year and a half. ....... 110
Coupons 9-1 and 9-38 after being placed in the
Tennessee River Water for a year and a half. ....... 111
Coupons 11-6 and 11-7 after being placed in the
Tennessee River Water for a year and a half. ....... 112
Coupons 12-9 and 12-10 after being placed in the
Tennessee River Water for a year and a half. ....... 113
Coupons 13-12 and 13-13 after being placed in the
Tennessee River Water for a year and a half. ....... 114
Coupons 14-37 and 14-38 after being placed in the
Tennessee River Water for a year and a half. ....... 115
Representative photo of the biofilm located on the
test coupons. Photo includes diatoms, corrosion
product, etc. (20um) ......... ... ... .. i, 116

Photo demonstrating biofilm from test samples.
Photo includes diatoms, corrosion product, etc.
(I0um) ... i i e e it e 116



FIGURE

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

61.

62.

63.

64.

65.

66.

67.

69.

70.

X1ix
PAGE

Open-Circuit Potentials vs Time while exposed to
Tennessee River Water for Coupons 1-22 and 1-23 .. 117

Electrochemical impedance spectroscopy results at
the end of the exposure time in the Tennessee River
Water for Coupons 1-22 and 1-23. ................ 118

Electrochemical noise results at the end of the
exposure in the Tennessee River Water for Coupons
1-22 and 1-23. ... ... . e i e 119

Open-Circuit Potentials vs Time while exposed to
Tennessee River Water for Coupons 2-16 and 2-17 .. 120

Electrochemical impedance spectroscopy results at
the end of the exposure time in the Tennessee River
Water for Coupons 2-16 and 2-17. ................ 121

Electrochemical noise results at the end of the
exposure in the Tennessee River Water for Coupons
2-16 and 2-17. ... ... .. e e 122

Open-Circuit Potentials vs Time while exposed to
Tennessee River Water for Coupons 3-19 and 3-22 ..123

. Electrochemical impedance spectroscopy results at

the end of the exposure time in the Tennessee River
Water for Coupons 3-19 and 3-22. ................ 124

Electrochemical noise results at the end of the
exposure in the Tennessee River Water for Coupons
3-19 and 3-22 ... ... e, 125

Open-Circuit Potentials vs Time while exposed to
Tennessee River Water for Coupons 4-3 and 4-4. ....126




XX

FIGURE PAGE

Figure 71. Electrochemical impedance spectroscopy results at
the end of the exposure time in the Tennessee River
Water for Coupons 4-3 and 4-4. .................. 127

Figure 72. Electrochemical noise results at the end of the
exposure in the Tennessee River Water for Coupons
4-3 and 4-4. ... e 128

Figure 73. Open-Circuit Potentials vs Time while exposed to
Tennessee River Water for Coupons 5-5 and 5-6. ... 129

Figure 74. Electrochemical impedance spectroscopy results at
the end of the exposure time in the Tennessee River
Water for Coupons 5-5 and 5-6. .................. 130

Figure 75. Electrochemical noise results at the end of the
exposure in the Tennessee River Water for Coupons
5-5and 5-6. ... e 131

Figure 76. Open-Circuit Potentials vs Time while exposed to
Tennessee River Water for Coupons 6-4 and 6-5. ... 132

Figure 77. Electrochemical impedance spectroscopy results at
the end of the exposure time in the Tennessee River
Water for Coupons 6-4 and 6-5. .................. 133

Figure 78. Electrochemical noise results at the end of the
exposure in the Tennessee River Water for Coupons

6-4 and 6-5. ....... ... .. 134

Figure 79. Open-Circuit Potentials vs Time while exposed to
Tennessee River Water for Coupons 7-7 and 7-8. ... 135



xxi

FIGURE PAGE
Figure 80. Electrochemical impedance spectroscopy results at

the end of the exposure time in the Tennessee River

Water for Coupons 7-7 and 7-8. .................. 136
Figure 81. Electrochemical noise results at the end of the

exposure in the Tennessee River Water for Coupons

7-7 and 7-8. ... e e e 137

Figure 82. Open-Circuit Potentials vs Time while exposed to
Tennessee River Water for Coupons 8-18 and 8-19. 138

Figure 83. Electrochemical impedance spectroscopy results at
the end of the exposure time in the Tennessee River
Water for Coupons 8-18 and 8-19. ............... 139

Figure 84. Electrochemical noise results at the end of the
exposure in the Tennessee River Water for Coupons
8-18 and 8-19. ....... ... ... i 140

Figure 85. Open-Circuit Potentials vs Time while exposed to
Tennessee River Water for Coupons 9-36 and
S 1 PP 141

Figure 86. Electrochemical impedance spectroscopy results at
the end of the exposure time in the Tennessee River
Water for Coupons 9-36 and 9-37. ............... 142

Figure 87. Electrochemical noise results at the end of the
exposure in the Tennessee River Water for Coupons
9-36 and 9-37 ....... ... e 143

Figure 88. Open-Circuit Potentials vs Time while exposed to
Tennessee River Water for Coupons 11-8 and
8 144




FIGURE

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

89

90.

91.

92.

93.

94.

95.

96.

97.

xxii
PAGE

Electrochemical impedance spectroscopy results at
the end of the exposure time in the Tennessee River
Water for Coupons 11-8 and 11-9. ............... 145

Electrochemical noise results at the end of the
exposure in the Tennessee River Water for Coupons
11-8 and 11-9. ...... .. i 146

Open-Circuit Potentials vs Time while exposed to
Tennessee River Water for Coupons 12-19 and
12-20. o e e e e 147

Electrochemical impedance spectroscopy results at
the end of the exposure time in the Tennessee River
Water for Coupons 12-19 and 12-20. .............. 148

Electrochemical noise results at the end of the
exposure in the Tennessee River Water for Coupons
12-19 and 12-20. ........ . .. i 149

Open-Circuit Potentials vs Time while exposed to
Tennessee River Water for Coupons 13-10 and
13-10 e e e e 150

Electrochemical impedance spectroscopy results at
the end of the exposure time in the Tennessee
River Water for Coupons 13-10 and 13-11. ........ 151

Electrochemical noise results at the end of the
exposure in the Tennessee River Water for Coupons
13-10 and 13-11. ... ... ... e 152

Open-Circuit Potentials vs Time while exposed to
Tennessee River Water for Coupons 14-1 and
14-2. e e e 153



FIGURE

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

XxXxiii
PAGE

Electrochemical impedance spectroscopy results at
the end of the exposure time in the Tennessee
River Water for Coupons 14-1 and 14-2, .......... 154

Electrochemical noise results at the end of the
exposure in the Tennessee River Water for Coupons
14-1 and 14-2. ... ... .. i i 155

Open-Circuit Potentials vs Time while exposed to
Tennessee River Water for the Reference Platinum
Electrodes in Cells 1 and 2. .............ccov.... 156

Photo demonstrating the different biofilm
appearances between Cell #1 (bottom) and Cell #2
(top) at the entrance point to the cells. ........... 157

Photo demonstrating the different biofilm
appearances between Cell #1 (bottom) and Cell #2
(top) at the mid point of the cells. ............... 158

Photo demonstrating the different biofilm
appearances between Cell #1 (bottom) and Cell #2
(top) at the exit point of the cells. ............... 159

Coupons 1-22 and 1-23 after being placed in the
Tennessee River Water for a year. ............... 160

Coupons 2-16 and 2-17 after being placed in the
Tennessee River Water for a year. ............... 161

Coupons 3-19 and 3-22 after being placed in the
Tennessee River Water for a year. ............... 162

Coupons 4-3 and 4-4 after being placed in the
Tennessee River Water for a year. ............... 163




Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Coupons 5-5 and 5-6 after being placed in the
Tennessee River Water for a year. ............... 164

Coupons 6-4 and 6-5 after being placed in the
Tennessee River Water for a year. ............... 165

Coupons 7-7 and 7-8 after being placed in the
Tennessee River Water for a year. ............... 166

Coupons 8-18 and 8-19 after being placed in the
Tennessee River Water for a year. ............. .. 167

Coupons 9-36 and 9-37 after being placed in the
Tennessee River Water for a year. ............... 168

Coupons 11-8 and 11-9 after being placed in the
Tennessee River Water for a year. ............... 169

Coupons 12-19 and 12-20 after being placed in the
Tennessee River Water for a year. ............... 170

Coupons 13-10 and 13-11 after being placed in the
Tennessee River Water for a year. ............... 171

Coupons 14-1 and 14-2 after being placed in the
Tennessee River Water for a year. ............... 172

Photo demonstrating the difference in the

appearance of the platinum reference electrodes
from Cell #1 (left) and Cell #2 (right) ............ 173

Schematic of the pipe string assembly installed at
the Tennessee River Site. ....................... 174




FIGURE

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

119.

120.

121.

122.

123.

124.

125.

126.

127.

XXV

PAGE
Photo demonstrating sediment and Asiatic clams
from the pipe string test on the Tennessee River. .. 175
Open-Circuit Potentials vs Time while exposed to
Guadalupe River Water for Coupons 1-33 and
7 e 176
Open-Circuit Potentials vs Time while expoéed to
Guadalupe River Water for Coupons 2-26 and
7 2 177
Open-Circuit Potentials vs Time while exposed to
Guadalupe River Water for Coupons 3-17 and
K T . 178
Open-Circuit Potentials vs Time while exposed to
Guadalupe River Water for Coupons 4-5 and 4-6. .. 179

Open-Circuit Potentials vs Time while exposed to
Guadalupe River Water for Coupons 5-17 and

518, e e i e 180
Open-Circuit Potentials vs Time while exposed to
Guadalupe River Water for Coupons 6B-4-7 and

6B-4-8. ... e i i 181

Open-Circuit Potentials vs Time while exposed to
Guadalupe River Water for Coupons 7B-4-9 and
TB-410. ... i i e 182

Open-Circuit Potentials vs Time while exposed to
Guadalupe River Water for Coupons 8-20 and 8-21.



XXvi

FIGURE PAGE

Figure 128. Open-Circuit Potentials vs Time while exposed to
Guadalupe River Water for Coupons 9B-4-11 and
OB-510. ..t ittt e 184

Figure 129. Open-Circuit Potentials vs Time while exposed to
Guadalupe River Water for Coupons 11-10 and
15 1 P 185

Figure 130. Open-Circuit Potentials vs Time while exposed to
Guadalupe River Water for Coupons 12-7 and
12-8. i e i e e e e 186

Figure 131. Open-Circuit Potentials vs Time while exposed to
Guadalupe River Water for Coupons 13B-5-20 and
I13B5-21. ittt e e 187

Figure 132. Open-Circuit Potentials vs Time while exposed to
Guadalupe River Water for Coupons 14B-5-22 and
14B5-23. .. i e e 188

Figure 133. Schematic of pipe string assembly installed at the
Guadalupe River Site. ............... ... ... .. ... 189



I. INTRODUCTION

Corrosion is one of the most costly problems facing industry
today. There are several types of corrosion that are well understood
and some which are not well characterized. The phenomenon of MIC
just recently has been readily accepted as one of the mechanisms
whereby corrosion of metallic materials can be initiated or
accelerated. The recognition of this phenomenon has spurred
numerous investigations both in microbiology and engineering
disciplines. This section will summarize some recent findings and
identify: (1) the types of bacteria and their postulated role in
corrosion; (2) some of the postulated theories for this corrosion;

(3) mechanisms for the identification of bacteria related to corrosion;
(4) methods for prevention; and (5) electrochemical measurement

techniques.

A. BACTERIA TYPES

Microbiological organisms, or microbes as they are more
commonly known, may be classified in four general groups: (1)
bacteria, (2) fungi, (3) algae, and (4) yeasts. These groups broadly
represent all of the flora and fauna of the microbiological world.!
Certain species from all these groups are known to influence
corrosion of metals.2 In most cases, the corrosion is highly localized

and may be difficult to monitor or detect prior to serious damage.




From a corrosion standpoint there are six general classifications of

corrosion initiating microbes:

Acid Producers - Some microbes can oxidize sulfur compounds
to sulfuric acid; a pH as low as two has been recorded where sulfur
oxidizing microbes are active. Others may produce organic acids
from organic compounds. An example of this type bacteria is an

aerobic sulfur bacteria, Thiobacillus thiooxidans.

Mold Growers - These are primarily fungi. Examples of the
aerobic spore forming bacteria are Bacillus mycoides and other
Bacillus species. These mold and spore formers add to slime

problems.

Slime Formers - Certain algae, yeasts, bacteria, and fungi fit
this class. The deposits they form create oxygen concentration cells
and foul equipment. Several examples of slime forming bacteria are
Aerobacter aerogenous, Flavobacterium, Proteus vulgans,
Pseudomonas aerginosa, Serratia, and Alcaligenes. These slime
formers may produce green, yellow, pink, grey, or brown slime on

metal surfaces.

Hydrocarbon Feeders - Virtually all microbes feed on

hydrocarbons, but those of specific concern to corrosion disbond or

destroy organic coatings and linings.



Sulfate Reducers - Perhaps the most publicized class of

corrosive microbes, they reduce sulfates to sulfides and depolarize
cathodic sites on metal surfaces by consuming hydrogen. An
example of the anaerobic sulfate-reducing bacteria is Desulfovibrio

desulfuricans.

Metal Ion Concentrators/Oxidizers - Iron and manganese
bacteria are important examples of this class. They generally form
thick, bulky deposits which create concentration cells and/or harbor
other corrosive microbes. Examples of these types are iron bacteria

such as Crenothrix, Lepothrix, and Gallionella.3.4

The bacteria mentioned above are commonly found throughout
the soils and waters in the United States. Their concentrations may
vary but most are able to adapt to the surrounding environment. A
brief description of the postulated mechanisms of corrosion related
attack for each bacterial category and their interrelationships to each

other is detailed under the corrosion mechanisms section.

B. CORROSJON MECHANISMS

Most corrosion of metals associated with bacteria begins with
the formation of a biofilm by a slime former. This film provides a
protective coating by acting as an oxygen scavenger for sulfate
reducing bacteria.> This is the slime formers primary role in the

corrosion of metallics.6 This role should not be taken lightly



however, without the control of these slime formers it may not be

possible to control those bacteria growing under the slime layer

causing the corrosion damage.

The sulfate reducers referenced earlier are the most prominent
bacteria influencing corrosion in today’s industry.? They are known,
or their by-products are known, to influence attack on just about
every metallic material with the exception of titanium.8 These
bacteria use the sulfate ion as an oxidizing agent for the assimilation
of organic matter. Most strains also contain the enzyme
hydrogenase, which further catalyzes the reduction of sulfate by
hydrogen. They also use high levels of iron in their cell structure
and are prevalent in iron rich environments. Sulfide reduced from
sulfate reacts with available hydrogen and iron ions to form
hydrogen sulfides and iron sulfides. The tie up of hydrogen ions
leaves an excess of hydroxyl ions which produces an alkaline
environment. These bacteria generally thrive in pH ranges of 5 - 9.5.
Sulfate reducers are purely anaerobic but are commonly found in
highly aerated waters and soils. In order to survive in an
oxygenated environment, they coexist with oxygen scavengers like
the slime formers mentioned above.9 While the mechanisms of
corrosion by these bacteria are not fully agreed upon, four different
mechanisms may occur: 1) Local generation of sulfuric acid which is

corrosive; 2) an extreme oxygen differential cell due to strongly
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anaerobic conditions; 3) a favoring of the kinetics of metal dissolution
due to tying up of metal ions at the surface as insoluble sulfides;
and (4) cathodic depolarization by the hydrogenase induced reaction

of hydrogen with sulfates.10

The acid producers, such as Thiobacillus oxidize sulfides to
sulfates producing sulfuric acid. They are known to oxidize ferrous
ions to ferric ions. These ferric ions are positively charged and draw
chlorides from the water or soils thus producing a highly corrosive
ferric chloride. In bulk solutions with less than 1 ppm chloride as
high as 1000 ppm have been noted in localized areas beneath the
biofilm.11 The formation of the aforementioned compounds results

in a highly acidic environment with a pH of approximately 1.0.

The metal ion concentrators/oxidizers, such as Gallionella, have
unique corrosive tendencies. These bacteria are aerobes but prefer a
limited amount of oxygen. They are commonly found in well waters
and river basins. These organisms are kidney-shaped and exude
metal hydrate in the form of twisted ribbons of filament pairs.12
They also tend to concentrate chlorides, with the result that deposits
are rich in ferric and manganic chlorides. These chloride solutions
act as weak hydrochloric acid which is highly aggressive to austenitic
stainless steels and causes general corrosion of carbon steels.13
These bacteria under ambient conditions have caused catastrophic

through wall penetrations in weldments and heat-affected zones in




stainless piping and vessels within a matter of weeks.14 A general
schematic demonstrating the interaction of all the different bacteria
is shown in Figure 1* taken from an article in Materials Performance

by Costerton, Greesy and Jones.?

C. BIOLOGICAL SAMPLING

Typical areas where bacteria related corrosion occurs are
industrial cooling water systems, oil and gas pipe lines, waste water
treatment systems, underground storage tanks, Oor many processes
which contain small amounts of moisture.15 In the detection of
bacteria in industrial process or cooling waters, a mistake is
commonly made to only sample the bacteria in the bulk water. This
type of sampling only detects planktonic bacteria and can be quite
misleading in characterizing the total corrosive bacteria inhabiting
the system.16 It is much more reliable to sample for sessile bacteria,
those bacteria which are attached to the pipe wall or are trapped
under a biofilm. The discussions above on the interaction of the
different bacteria and how they may support one another are related

to surface effects, and do not readily occur in the bulk water solution.

There are several sampling techniques for determining sessile
bacteria counts. One of the more common instruments is the Robbins
Device. This device allows the detection of sessile and planktonic

bacteria in the process stream under true process conditions. There

*

All tables and figures can be found in Appendices A and B, respectively.




are several other inexpensive sampling kits on the market today.
However, it is recommended that a microbiologist be involved, at

least periodically, in the evaluation and testing.

D. PREVENTATIVE MEASURES

Methods for the prevention and control of bacteria induced
corrosion vary widely but consist principally of one of the following:
(1) a change to materials of construction resistant to MIC; (2) a
change to a new source of water that is free from harmful bacteria;
or (3) control of the bacteria. The first two methods are not usually
economically feasible for pre-existing plants. For plants which are in
the design stages, serious consideration should be given to the first
two methods. In active plants in which there is a suspicion of MIC
damage or MIC damage has already occurred, the preferred method
is usually to control the bacteria. This can be accomplished by a
number of chemical treatment schemes which depend on the design
of the system, the bacteria present, the process fluid, and if the
system is discharged per a National Pollutant Discharge Elimination

System (NPDES) permit. The various chemical treatment systems are

too numerous to list here but can be readily found in the literature.

A brief introduction to a complex problem reveals that only a
few of the various types of corrosion influencing bacteria have been
identified and their attack mechanisms proposed. Considerable

effort is currently going on in the field of microbiologically




influenced corrosion and more is needed to fully understand the
relationship between biofilms and metallic corrosion. The remaining
portion of this report is focused on understanding how this
mechanism occurs on AISI 304L and 316L austenitic stainless steel
weldments, and how various treatments of the metal surface may

mitigate attack.

E. ELECTROCHEMICAL CORROSION FUNDAMENTALS

As denoted earlier microbial films with varied composition and
thickness develop on metal surfaces in contact with aqueous
environments. The microorganisms residing within these biofilms
cause metabolic reactions which can promote or impede the
biodeterioration of metals. All confirmed cases of MIC on austenitic
stainless steels have been localized, with particular occurrences at
weldments or heat-affected zones. MIC is no different than other
forms of metallic corrosion and the techniques used to study it are
electrochemically derived. Three factors are generally important in
localized attack of a stainless steel: (1) differential aeration; (2)
cathode/anode surface area ratio; and (3) pH changes at anodic and
cathodic sites. In many abiotic environments, diffusion of oxygen to
the metal surface will be the rate-controlling step in the corrosion

process.17

Corrosion is defined as the destructive attack of a metal by

chemical or electrochemical reaction with its environment. MIC is a




phenomenon where the microbes assist in setting up the
environment necessary to induce corrosion. Any metal surface is
considered a composite of electrodes electrically short circuited
through the body of the metal itself and as long as moisture is not
present corrosion is not observed. But upon exposure to an aqueous
environment local-action cells are able to function by converting the
metal to corrosion products. These areas of electrical charge are
known as either a cathode (+ positive local electrode) or an anode

(- negative local electrode). The variation in the two surface areas

creates a flow of current (i.e., electrons) thus resulting in corrosion.

RROSION POTENTIAL AND ELE MICAL POLARIZATION
The open-circuit corrosion potential, Ecorr, is the potential at
steady state during which the anodic reaction (metal dissolution) is
proceeding at the same rate as the cathodic reaction (usually oxygen
or hydrogen reduction) in a given environment. The measurement of
the corrosion potential requires a stable reference electrode, an
electrometer or voltmeter with high input impedance, and in most

cases an appropriate recording device.l8

The corrosion potential is a function of many variables, such as
the metal itself, the composition of the electrolyte, the pH value, etc.
Thus it provides the least electrochemical information on the

corrosion process. The measurement of the corrosion potential alone

cannot account for the corrosion mechanisms without other
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electrochemical information. With respect to active materials (no
passive films), the corrosion potential does not usually change much
with time because it is unlikely that the environment will polarize
the material far away from the corrosion potential. However, with
respect to passive materials, the corrosion potential sometimes can
give direct information as to whether the materials are in the active
or passive state. Significant changes in potential can occur because a
small corrosion current can polarize the materials out of their initial

state.

Another electrochemical potential measurement that might be
useful is a measurement of the reduction-oxidation (redox) potential
of the environment. The redox potential is that potential associated
with the equilibrium oxidation and reduction of oxygen, hydrogen or
other redox species in a corrosive environment. This is usually
measured on an inert electrode such as platinum. It could be used as
an indicator of the corrosivity of the environment, and in most cases
it can provide the extent of change in oxygen concentration and pH

value of the environment, provided proper calibration is made.

Electrochemical polarization is a method capable of providing
an overview of the types of reactions which occur for a given
corrosion system, such as charge transfer or diffusion controlled
reactions, passivity, transpassivity and localized corrosion

phenomena. It is a kinetic measurement whereby the electrode
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under study is polarized in either the anodic or cathodic direction by
application of an external current. The kinetic behaviors of expected
or predicted reactions can be studied since the potential and external
current are definitely functions of the electrochemical reactions.
Other characteristics of materials also can be obtained from
electrochemical polarization curves, such as pitting potential,
protection potential, susceptibility to localized corrosion, etc. The
polarization technique, however, needs to scan the potential to a
large extent, which leads to progressive modification of the surface
conditions of the material, thus not lending itself to be a useful

method for MIC studies.

IMPEDANCE SPi PY

Electrochemical impedance spectroscopy (EIS) is a new
powerful technique which was introduced in corrosion applications in
recent years. The power of EIS lies in the fact that it is essentially a
steady-state technique that is capable of accessing relaxation
phenomena covering a wide range of relaxation times. The steady-
state character provides a means of attaining corrosion rate data
without destroying interfacial equilibrium, while the study of
relaxation permits a method for investigating interfacial reaction

mechanisms.19. 20, 21
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EI AMENTAL.

EIS is an ac method for evaluating corrosion rates unlike those
methods discussed earlier that are all dc derived. AC methods, like
EIS, are only capable of measuring those processes fast enough to
occur during the alternation of the electric field. The impedance of
an electrode is measured over a wide range of frequencies (from a
few mHz to several kHz) which provides information on the various

processes occurring between the metal and the electrolyte.

The general approach of EIS is to apply an electrical stimulus (a
known voltage or current) to the electrodes and observe the
response (the resulting current or voltage). The system must satisfy

the following conditions:

Causality - The response of the system is due to the

perturbation applied and does not contain significant components

from sporadic sources.

Linearity - The perturbation/response of the system is
described by a set of linear differential laws, or the system satisfies

the superposition principle.

Stability - The system is stable in the sense that the properties

of the system are time-invariant.
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EIS ME

Basically, EIS measurements can be classified into two different
techniques, i.e., in either frequency domain or time domain.
Frequency domain impedance measurements are carried out using a
small-amplitude sinusoidal excitation with frequency as the
independent variable. A phase-sensitive detector (or lock-in
amplifier) is a device that compares two sinusoidal signals to yield an
output that can be used to obtain the phase difference between the
signals and the ratio of peak amplitudes. Alternatively, the
perturbation and response may be recorded in the time domain with
time as the independent variable, and the impedance as a function of
frequency can then be extracted by time-to-frequency conversion
techniques such as Laplace or Fourier transformation. For instance,
the Fast Fourier Transform (FFT) technique uses a computer
algorithm to make a mixture of excitation waveforms of varying
frequencies and then it is applied to the test system simultaneously.
After the response is obtained, a Fourier transform operation is
performed on this waveform to resolve it into discrete frequency

data.

EIS APPLICATIONS TQ THE CORROSION OF MATERIALS
Interfacial impedance is usually presented as an equivalent
electrical system approximating the real system. Figure 2(a) is an

equivalent circuit for a bare metal electrode surface (i.e. stainless

steel test coupon) on which a reaction occurs (i.e. MIC) and is
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represented as a reaction resistance in parallel with a double layer

capacitance in series with a solution resistance.

The most accurate method of plotting the impedance over a
wide range of frequencies is the Bode plot. For the equivalent circuit
described in Figure 2(a), assuming the solution resistance between
the corrosion specimen and reference electrode (R;) to be negligible,
the Bode plot consists of two frequency domains. At low frequencies,
log Z is a line with slope zero with log Z corresponding to log Rp,
where R is the polarization resistance. At high frequencies, log Z is a
straight line with a slope of -1; when this line is extrapolated to a
phase angle of zero, the intersection is -log C, where C is the double-
layer capacitance. The region between the two lines is curved and
corresponds to the time constant of the circuit. Figure 2(b) illustrates
a typical impedance plot as a solid line (curve 1). Changes in the
polarization resistance (Rp) and capacitance (C) will result in the
following curve shifts: increase C (curve 2); increase Ry (curve 3);

and increase Rp and decrease C (curve 4).

From the Bode plot the polarization resistance (Rp), solution
resistance (R;), and the double layer capacitance (C) can be
determined. These values can then be applied to the Stern-Geary

equation which provides a direct relationship between the steady

state corrosion current and the polarization resistance:




15

BaBc 1

i = -
corr  2.303(Ba + Pc) RP

Where the Ba is the Tafel constant for the anodic reaction and Pc s

the Tafel constant for the cathodic reaction.

Polarization resistance as related to EIS was proposed by
Mansfield to be given by the difference of the measured impedance
in high and low frequencies due to the natures of capacitive,

psuedoinductive and diffusional impedance:

Rp = 2(jw) - zZ2(jw)
w—0 W=—yo00

Polarization resistance by EIS measurement was compared
with other electrochemical techniques such as small amplitude cyclic
voltametry and potential step. The results showed it to be in good

agreement.

The measurement of corrosion rate is not the only application
of EIS as a powerful tool used in corrosion science. Many advances

have been made in developing EIS for the analysis of electrochemical

reaction mechanism of corroding systems. Since current in general is
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a function of potential and concentration of species, which is related
to the perturbation through a transfer function, theoretically,
measurement of the transfer function or impedance over a wide
frequency range is able to provide a great deal of kinetic information

on the electrochemical reaction process.22

The use of EIS in MIC studies is further complicated by the
addition of biofilms, nodules, etc. that have different resistive and
capacitive components. These additional factors must be added to
the simple circuit shown in Figure 2(a) to utilize this technique for
MIC studies. In practice there are problems associated with utilizing
ac impedance techniques to study MIC. The only measurement
leading to the determination of the metal corrosion rate is the charge
transfer resistance, all of the other values obtained from this
technique are related to the reaction rates between the electrode and
the electrolyte. Thus a technique known as electrochemical noise

may be a more useful technique in the study of MIC.

AL NOISE

Electrochemical noise methods for the study of corrosion can be
traced back to the work of Iverson in 1968.23 This technique
involves measuring the open-circuit potential fluctuations between a
reference electrode and the working electrode. Studies of potential

fluctuations under open-circuit conditions indicate that the standard

deviation of the noise is related to the corrosion rate. In the
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frequency domain, the form of the noise spectra can give information
on the nature of attack and differentiate between uniform and
localized corrosion. It has been demonstrated by several researchers
that this technique can provide useful information about the
corrosion process at the working electrode face. Several postulated
mechanisms for observing potential fluctuations are: (1) minute
transient changes in electrical charge on the electrode produced as a
result of cathodic and anodic reactions during the corrosion process;
(2) change in the cathode/anode surface ratios; (3) spontaneous
breakdown of a passive film and slow repassivation of the surface;
(4) gaseous hydrogen evolution.24¢ As described this technique may
be able to provide useful information on the kinetics of microbial

attack.
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II. EXPERIMENTAL PROCEDURES

A. PIPE FABRICATION
AISI Types 304L and 316L, 12-inch schedule 10 piping was

used in the preparation of weldments for these tests. Four different
butt welds in both 304L and 316L pipes, representative of the type
of butt welds from piping shops using current industrial practices for
stainless steel pipe were fabricated. The material certification and
chemical analysis for the pipe and the welding materials are listed in

Appendix C.

Since the pipe internal diameter (ID) surface characteristics are
important variables in MIC susceptibility, several variations in
surface conditions and postweld treatments were included. The weld
number, piping material, filler metal, fit up, penetration, preliminary
postweld treatments and remarks on the pipe welds for the
investigation are presented in Table 1. The base materials, filler
metals and weld preparations were chosen to simulate the most
commonly found weldments in industrial applications. Variables
such as fitup, various type of filler materials, no filler material,
incomplete penetration to simulate a crevice condition, and no purge
to simulate heavy oxide were all included in this study to distinguish

their role in the occurrence of MIC. Postweld treatments, beyond the

aforementioned fitup and welding variables, such as pickling,
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electropolishing, grinding, and solution annealing were also chosen to

provide a wide array of weldments for this study.

B. TEST COUPONS

Test samples were removed from the 12-inch pipe weldments
with care being exercised to assure the ID surface integrity was
preserved. A representative coupon, shown in Figure 3, is
approximately 1-inch wide by 2 1/2-inches long, parallel and
orthogonal respectively to the actual weldment. Prior to placing the
coupons in the test cell, the edges were sealed with two coats of
Amercoat 400 epoxy paint. The paint was applied to the edges and as
a 1/8 inch wide strip around the face of the coupon as shown in the
schematic diagram in Figure 4. The purpose of the coating was to
decrease the likelihood of producing a crevice between the edge of
the coupon and the test cell. Two small diameter stainless steel
wires were spot welded to the back of the coupons on opposite ends
away from the weld. These wires served as electrical contacts to the

sample for subsequent electrochemical measurements.

C. TEST CELLS

After the coupons had been treated, coated, and the wires
attached, they were mounted in the test cell apparatus shown in
Figure 5. The test cell consisted of a rectangular acrylic plastic box
approximately 42 inches long, 4 inches wide, and 1 3/4 inches high.

A halogen-free silicone rubber was used to seal the coupons in the
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cell. The sample face was mounted approximately flush with the

bottom of the cell as shown in Figure 6.

Two quarter-inch stainless steel tubes attached at each end of
the cells permitted flow through the cell and across the coupons. A
needle valve, placed on the inlet side of the cell, accurately controlled
the flow rate. A lid was fabricated for the test cells which
incorporated a platinum reference electrode at one end and glass
vials centered above each coupon which contained the silver/silver-
chloride reference electrode used in measuring the open-circuit
corrosion potentials of the coupons. Figure 5 shows a photograph of

two final cell configurations ready for testing.

D. PIPE STRING

A length of 2 1/2 inch diameter AISI type 304L pipe was
sectioned into several 6-inch pieces. These pipe pieces were then gas
tungsten arc welded using 308L filler material. Material
certifications and information pertaining to the pipe are listed in
Appendix D. Various treatments similar to those utilized for the test
coupons were performed on the welded pipe sections. These pipe
sections were then joined into a continuous length of pipe using
polyvinyl chloride (PVC) couplers as shown Figure 7. These couplers
allowed the system to closely simulate a continuous welded pipe
while electrochemically separating each weldment. The pipe and

couplers were joined mechanically without a sealer; thus allowing for
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removal of a single pipe section without destroying MIC nodules or
affecting other weldments in the pipe string. This pipe string was

installed in parallel with the test cells.

E. ELECTROCHEMICAL MEASUREMENTS

Open-circuit corrosion potential measurements were taken
periodically on each sample during the exposure period. A portable
field electrometer, Model 672 (Jenco, Taiwan), was used to record the
open-circuit corrosion potentials. The electrometer was set to (mV)
output and the black (-) lead was attached to a silver/silver-chloride
reference electrode which was inserted into the glass vial (shown in
Figure 6) containing a 10 percent potassium chloride solution. The
glass vial contained a porous vycor filter which allowed the flow of
current but negligible transfer of solution. The red lead (+) was
attached to the stainless steel wire on the back of the sample. The
open-circuit potential difference between the coupon surface and the
reference (silver/silver-chloride) electrode was recorded. These data
points were then converted to the standard hydrogen reference

electrode (SHE) scale and used for graphical presentation.

Electrochemical impedance spectroscopy (EIS) was used to
study kinetics of the corrosion process. The system consisted of an
EG&G 5208 Lock-In Amplifier, EG&G 273 Potentiostat and a
computer. The lock-in amplifier generated sinusoidal wave

frequencies from 5 Hz to 100 kHz. The computer used an EG&G Fast
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Fourier Transform technique to produce the low-frequency range
which was added and sent to the corrosion cell through the
potentiostat. Due to the fact that the tests were set up in the field,
the EIS data were recorded only at a single point in time, just prior to
completion of the exposure. These reading can provide an indication

of whether the stainless steel coupons were actively corroding.

Electrochemical noise data were also obtained on each sample
at the end of the exposure. The noise data provided an indication of
the fluctuations of electrochemical potential at the surface of the

sample which can be related to the corrosion process.

F. MICROBIOLOGICAL TEST METHODOLOGY

Several microbiological analyses were performed. Separate

techniques were used to determine bacteria in the bulk water as well

as on the metal surfaces. Reports provided by the Center for

provided in Appendix E, including the methods employed in

determining the biological populations.

Bulk water samples were taken at the Tennessee River site on
May 29, 1992, from the outlet of a cell. These samples were
analyzed for total bacterial count and for the presence of SRB. The

|
|
Environmental Biotechnology (CEB), University of Tennessee, are
following methods were used:
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Acridine Orange Direct Counts: Bacteria in the water samples

were stained with acridine orange to obtain total bacterial counts. A

fluorescent microscope was used to count the bacteria after samples

were washed through a 0.2 micron black PC membrane filter.

Sulfate-Reducing Bacteria (SRB): One ml of each water sample

was added to 9 mls of an SRB culture medium under nitrogen gas,
and a dilution series was carried out to 10-6 to test for the presence
of sulfate-reducing bacteria. Positive results are obtained when test
tube contents turn black from the reduction of sulfates to sulfides.
The culture medium for the detection of SRB was as follows: sodium
acetate, 2.8 g/L; sodium lactate (60% sol.), 2.9 g/L; yeast extract, 1.0
g/L; ascorbic acid, 0.1 g/L; MgSO4 * 7H,0, 0.5 g/L; Na;SOy4, 0.5 g/L;
K>HPOy4, 0.5g/L; NH4Cl, 0.5 g/L; FeSO4 * 7H,0, 0.1 g/L; NaCl, 7.0 g/L;
sodium thioglycolate, 0.1 g/L.

Two principal methods were used for determining bacteria on
the sample surfaces and on the sediment located in the cells: (1)
culturing bacteria in an active medium and then based on solution
color or direct counts, an indication of the bacteria level can be
obtained; or (2) a technique called the Phospho-Lipid Fatty Acid
(PLFA) analysis which was developed by Dr. David White at the CEB.

An explanation of the latter technique is as follows:
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All living organisms contain lipids or fats with different
chemical structures as follows: Polar lipids (charge carrying, for
example a carboxyl group), sterols, and lastly phospho-lipids. The
latter group are those which are the most interesting in MIC studies
at the present as there are certain PLFA which are indicative of
certain types of metabolism and can therefore be used to
differentiate different physiological groups of organisms. Two of the
lowest levels of differentiation in "animal" cells are prokaryotic and
eukaryotic cells. The former being bacteria which have no cell wall,
just a cell membrane, and the latter being all higher organisms
including man which have a cell wall, cell organelles, and a cell
nucleus. The bacteria are further sub-divided into Gram negative
and positive, based on the cell membranes. Gram positive have a
double cell membrane and are able to retain the Gram stain
consisting of a complex of iodine and crystal violet. Each group is
then divided into Genera, such as Pseudomonas, Vibrio, Bacillus, etc.
and these are subdivided into species. PLFA analysis can often
identify bacteria down to the genera level although this is not always
true. The ratio of certain fatty acids has been shown to be indicative
of microbial stress. This ratio gives an indication of whether a
bacterial population is demanding a food source or other conditions
vital to their existence (i.e., dissolved oxygen, pH, organic

hydrocarbons, lack of dissolved oxygen, etc.).
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IV. EXPERIMENTAL SETUP

A. TENNESSEE RIVER TESTS

The specific test site in the Tennessee River was at mile marker
627.1 on the north shore of Fort Loudon Reservoir (Tennessee River),
as shown in Figure 8. This location is on the main river channel
where there is a continuous current and freshly supplied water. The
Tennessee River is known to contain bacteria which are conducive to
MIC. Several miles south of the specific test site MIC has occurred in
stainless steel cooling water piping in various Tennessee Valley
Authority power plants. Several biological assays on both nodules
and the river water have been performed to characterize the
bacteria at these locations and show sulfate reducing, iron oxidizing,
and iron reducing bacteria. Chloride levels as high as 1000 ppm
have been documented inside MIC nodules when only small amounts

(<10 ppm) were found in the river water.

The test were performed in a boat house extending out over
the river as shown in Figure 9. The river water was supplied by a
submersible pump approximately 15 feet from the shoreline, and
depending on the lake elevation, anywhere from 4 to 10 feet in
depth. The pump rested on the bottom of the lake on a silty mud
base. The pump capacity was a 1000 gallons per hour, well beyond
the capacity necessary for this study. The schematic diagram shown

in Figure 10 demonstrates the experimental setup. PVC pipe was
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coupled to the pump and the water was supplied to a header
containing three valves. Each valve supplied flow to one of three
different experiments: original cells (April 92), new cells (August
92), and the pipe string (August 92). Excess water was spilled
directly back into the lake through the exit valve. Figure 11 is a
photo showing the entire setup inside the boat house on the

Tennessee River.

Flow from valves number 1 and 2 supplied the two sets of cells
which were setup on April 27, 1992, and August 24, 1992,
respectively. Originally, a filter was placed in-line between valve 1
and those cells. The filter size was 5 microns, capable of removing
large particles and sediments from the water. This filter was
removed in October 1992 in order to increase the probability of
biological activity occurring inside the cells. The flow rate was set at
one ml/minute which created nearly stagnant flow conditions. The
cells were mounted inside a wooden container, as shown in Figure
11, in order to prevent any natural light from impinging directly on
the cells. This was done to simulate dark conditions to which a pipe
interior wall would be subjected. The wooden container employed a
hinged lid that provided access for visual inspections and
electrochemical potential measurements. Figure 12 is a photo of the

test cells inside the wooden crate.
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Both sets of test cells contained coupons with treatments
described in Table 2. Some coupons were removed directly from the
12-inch pipe described in Section II, Part A, and installed in the cells
and some received further postweld treatments as described in Table
2. Figures 13 through 25 are photographs of the actual test coupons
in their final treatment prior to installation in the Tennessee River

test cells.

Flow from valve number three provided the pipe string water
as shown in Figure 26. The flow in the pipe was set at approximately
2 gpm which results in a flow rate of less than one-foot per second.
Figure 27 is a schematic listing the pipeweld treatments and their

location within the pipe string.

B. GUADALUPE RIVER TESTS

The specific test site for the Guadalupe River evaluation was
the fire station pump house located on the cooling water basin for
the Dupont Chemical Plant located in Victoria, Texas. The Guadalupe
River is located in the southern portion of Texas near the Gulf Coast
as shown in Figure 28. The cooling water basin consists of water that
has been used for cooling in the plant and direct makeup from the
river. This study was prompted because Dupont had experienced
MIC problems in stainless steel tanks and piping systems in the

recent past.
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Figure 29 is a photograph of the fire station pump house and
the cooling water basin chosen for the MIC study on the Guadalupe
River. The test consisted of setting up test cells and pipe segments
similar to those described for the Tennessee River study. The water
was obtained from a small line on a main fire protection header.
Figure 30 shows the location of the test cells and pipe string inside

the fire station pump house.

At the request of the Dupont engineers and the Nickel
Development Institute, the postweld treatments performed on some
of the coupons (described in Table 3) are different from those used
in the Tennessee River tests. The reason for the changes in postweld
treatments, were to try some methods that could be directly applied
in the field without the serious environmental concerns created by
certain acid treatments (i.e., HNO3/HF). Treatments such as sand
blasting; heat treating at 600°F for 30 minutes; solution annealing
and water quenching; pickling with a 25 percent Oakite Liquacid
(Oakite Products, Inc., Berkly Heights, New Jersey) solution at 140°F
for 30 minutes; and pickling with a 20 percent HNO; and 0.25
percent Polyterge (Industrial Colloids and Chemical Co., Knoxville,
Tennessee) surfactant at 140°F for 30 minutes replaced some of the
standard welds used in the Tennessee River tests. Figures 31.
through 43 are photographs of the actual test coupons in their final

treatment prior to installation in the Guadalupe River test cells.
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The pipe string was attached to the header as shown in Figure
30. A schematic diagram showing the weld treatments and their
location within the pipe string is shown in Figure 44. The pipe welds
received the same treatments as described for the coupons used in

the Guadalupe River tests.
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V. EXPERIMENTAL RESULTS

A. TENNESSEFE RIVER RESULTS

The following experimental results are provided in three
separate sections: (1) the original test cells (April 92), (2) new test

cells (August 92), and (3) the pipe string (August 92).

ORIGINAL TEST CELLS (APRIL 92)

The original test cells were installed at the Tennessee River site
on April 27, 1992. Open-circuit corrosion potential measurements
were made on the samples for one month. The initial results seemed
to indicate that active corrosion was taking place. From previous
testing in the laboratory and at other sites, it was known that all
coupons should not be actively corroding in such a short time period.
The open-circuit potential results from the coupons for the two cells
are shown in Tables 4 and 5. Typically, when new test cells are
installed the welded coupons will have a negative open-circuit
corrosion potential until the formation of a passive film characteristic
of the environment. This normally occurs during the first week after
installation and the open-circuit corrosion potentials will then
increase to the positive range. Visual inspection of the coupon
surfaces were performed and indications were that small reddish
corrosion deposits were forming on the ends of the test coupons
away from the weld and the heat affected zone. The deposits were

forming on the edges of the samples directly above the locations
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where the wires for measuring the corrosion potential were attached

to the coupon as depicted in the Figure 45.

Further investigation into this corrosion revealed that carbon
steel wires had been attached to the back of the coupons and were
corroding from contact with the liquid leaking from inside the cells.
A corrosion product was then building up on the surface of the
stainless steel coupon. This could be attributed to the fact that the
silicone rubber used for mounting the coupons did not completely
prevent against water reaching the wires attached to the back of the
coupons. At this point, the open-circuit corrosion potential
measurements were stopped and new test cells were manufactured.
The carbon steel wires were clipped within 1/8 inch of the back of
the sample and the cells allowed to continue in the river water for
visual inspection only. With time, a layer of silt approximately 1/8
inch deep formed on the coupons and it was impossible to determine
their actual surface condition during the remainder of the test.

There were no through wall leaks in any of the coupons and no
obvious nodules on any of the surfaces at the location of the weld or

heat-affected zone.

Shortly after the start of the corrosion tests, bulk-water
microbiological and chemical analyses were performed. The
microbiological analysis determined that the bulk water samples

contained 1.65 x 105 cells/ml total bacterial counts and between 102
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and 103 cells/ml Sulfate-Reducing Bacteria (SRB). This provided an
indication that the potential for MIC existed at the test location.

The test cells were dismantled on September 20, 1993.
Microbiological samples were taken from the sediment located on top
of the coupons and directly from the surface of some coupons. In
order to view the presence of any tubercles, the cells were lightly
rinsed with lake water and then photographed. Some of the coupons
had surface stains but there was no evidence of tubercles or
corrosion associated with MIC as shown in Figures 46 through 58.
The samples were removed from the acrylic cells and placed in
sterilized jars containing lake water or in a glutaraldehyde solution
(to enhance observing selected samples in the scanning electron
microscope). The samples were taken to the laboratory for more
detailed inspections. The samples were ultrasonically treated in a
mild nitric acid solution and cleaned by light brushing. The samples
were examined with a steromicroscope and no evidence of any
pitting or MIC damage was present. The microbiological analysis
from the sediment and the coupon surfaces revealed the presence of
SRBs and other consortia of bacteria as listed in Appendix E. The
direct counts performed on the coupons from the original test cells
revealed bacteria populations of 100 cfu/ml of SRBs, 1,000 cfu/ml
other anaerobic bacteria such as Desulforibrio’s, and an over growth
of the aerobic bacteria Actinomycete which masked the presence of

other aerobic bacteria conducive to MIC. The PLFA taken on coupons
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from the two cells revealed fatty acids that are indicative of sulfate

reducers, diatoms, and possibly Pseudomonas.

The samples that were chosen for scanning electron microscopy
were preserved using the following technique: The samples were
immediately removed from the cell after being photographed and
placed in a sterilized bottle containing a solution of 3%
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) overnight.
The following day the samples were given three one hour washes in
cacodylate buffer followed by five separate one hour washes in 30%,
50%, 70%, 90% and 99.9% methyl alcohol. The samples were then air
dried and placed in a sample bottle until examining in the SEM.

The samples fixed in the above manner were sputter coated
with gold and viewed in the scanning electron microscope. A variety
of different diatoms, spores, corrosion products, debris, etc. were
noted on each sample. The presence of many diatoms was also
indicated in the first PLFA performed on filtered water from the test
cells. A total of six samples from the original and new test cells were
examined. Photomicrographs indicative of all the coupon surfaces

observed from both sets of cells are shown in Figures 59 and 60.

A water chemistry analysis was performed at the test site on
May 29, 1992, (as shown in Table 6). Water chemistry analyses

were also obtained by other organizations on the Tennessee River at
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locations above and below the test site. Appendix F contains the
results of the river water chemical analysis performed at the
Knoxville Utilities Board Waste Water Treatment Plant located 15
miles upstream from the test site. The Tennessee Valley Authority
(TVA) also collects water chemistry data on the Tennessee River one
mile down stream from the test site. This information is collected as
a function of depth and is provided in Appendix G. The chemical
analysis confirmed that the nutrients considered to be associated
with the growth of bacteria responsible for MIC were present.
However, the chloride levels in the Tennessee River are quite low

which may have a direct link to MIC on austenitic stainless steel.
|

NEW TEST CELLS (AUGUST 92)

Following the carbon steel wire difficulty with the original test
cells, new cells were fabricated and identically treated stainless steel
coupons were installed. The wire used for measuring the open-
circuit corrosion potential was changed to type 304 stainless steel to
ensure that no detrimental corrosion of the wire would occur. The
new test cells were installed on August 24, 1992. Open-circuit
corrosion potential measurements were taken from that date until
the cells were dismantled on September 23, 1993. The open-circuit
corrosion potential, EIS, and electrochemical noise data are given in
Figures 61 through 99 for these two cells. The open-circuit corrosion
potentials for the two platinum reference electrodes are shown in

Figure 100. Note that the open-circuit corrosion potential curves
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plotted in Figures 61 through 100 look essentially identical due to
the axis range on the plots. The open-circuit potential measurements
recorded on any given day usually varied +/- 50 mV which cannot
be easily distinguished on the plots. The two new cells are denoted

as Cell 1 and Cell 2 for the remainder of this discussion.

Because a substantial difference was noted in the appearance
of the biofilm and sediment between the two new cells as shown in
Figures 101 through 103, microbiological sampling was performed on
July 27, 1993. The data listed in Appendix E confirmed that there
was a difference in the biological consortia between the two new
cells. Cell number 1 was denoted as brown (BR) and cell number 2
was denoted as black (BL) in the CEB report due to the appearance of
the different biofilms. The results from cell number 1 (BR) analysis
indicated an older microbial population consisting of SRB's,
actinomyces, and other gram positive bacteria. Cell number 2 (BL)
analysis was indicative of a highly stressed microbial community
probably due to nutrient deprivation. Cell number 2 (BL) contained
a higher population of Desulfovibrio species, which may account for
the solution inside the cells being black. SRB's and numerous gram

negative and gram positive bacteria were found in cell number 2

(BL).

Additional microbiological analyses and dismantling of the cells

followed the same methodology as described for the original cells.
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The biological results from coupons for both cells exhibited similar
results. The SRBs ranged from 102 to 103 cfu/ml, other anaerobic
bacteria ranged from 103 to 104 cfu/ml, and the aerobic bacteria
cultures were overgrown with Actinomycete bacteria masking the
populations of those conducive to MIC. Photographs of the coupons
and the platinum reference electrodes taken just prior to removal

from the cells are shown in Figures 104 through 117.

Although it was unable to distinguish particular strains of
bacteria from work on the scanning electron microscope we were
able to confirm a substantial biofilm as evidenced from the

photomicrographs in Figures 59 and 60.

The open-circuit corrosion potentials, EIS, and electrochemical
noise data, recorded for the two cells are provided in Figures 61
through 100. Coupons from both cells demonstrated open-circuit
potentials in the range of +450mV to 700mV (standard hydrogen
electrode, SHE) until April 1993 when a significant decrease was
observed in cell number 2. This decrease occurred quickly and can
be contributed to the formation of a biofilm different from that of
cell number 1 as discussed earlier. The bacteria were able to deplete
the oxygen level at the surface of the coupon thus causing a 700mV
SHE drop in the open-circuit potentials on all coupons and the
platinum reference electrode in cell number 2 indicating a change in

the biofilm and/or solution.
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Due to the arrangement of the four test cells inside the wooden
crate, it was necessary to temporarily disconnect the two cells
(August 1992) to remove the original cells (April 1992). By doing so,
the biofilm in cell number 2 which had shown negative open-circuit
potentials was disturbed and when the test cell was reconnected the
open-circuit potentials had returned to the +600mV SHE range. This
could be contributed to the fact that the solution inside the test cell
was stirred during the temporary disconnection process allowing
oxygen to diffuse back to the surface of the coupon. Both cells,
number 1 and 2, remained in the +600mV to 800mV SHE range until

they were dismantled.

The EIS and electrochemical noise data were taken on
September 18 and 19, 1993. Unfortunately, this was after the cells
were temporally disconnected and both reading positive open-circuit
potentials. Both the EIS and noise data indicated that only passive
corrosion at extremely low rates was taking place on the surfaces of
the coupons. More useful information regarding the accuracy of
these techniques in MIC studies may have been obtained if we were
able to perform the measurements while the open-circuit potentials

in cell number 2 were so low.

PIPE ING (A T 1992
The stainless steel pipe string was originally installed at the

Tennessee River site on August 1, 1992. On January 2, 1993,
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additional welded pipe sections were added. Figure 118 is a
schematic of the entire pipe assembly and shows the order (along the
flow direction) of the various treated pipe segments. An inspection
was performed on the pipe interiors when the loop was disassembled
to add the additional sections. A layer of sediment was observed
along the entire length of the pipe approximately one-half inch deep.
No nodules were observed on the pipe samples but there could
possibly have been some growth under the sediment. The pipe
string assembly was disassembled on September 19, 1993. The
entire pipe string assembly was half full of sediment and Asiatic
clams as shown in Figure 119. Each pipe section was systematically
removed from the string and rinsed with lake water. Once all of the
sediment and clams were washed out, the interior was examined for
the appearance of tubercles or pitting corrosion. However, no
indications were found on any of the pipe sections. Four of the
untreated pipe weldments were sectioned for viewing under the
steromicroscope and no indications of pitting were observed.
Following this inspection, the pipes were cleaned in a 20 percent
nitric acid solution and viewed under the steromicroscope again. No
pitting or MIC corrosion was observed. Two pipe sections, which
were kept submerged in lake water, underwent microbiological
analyses and both confirmed the presence of 102 to 103 cfu/ml SRBs,
104 to 106 cfu/ml anaerobic bacteria, and104 aerobic bacteria similar

to the microbial results obtained from the coupon surfaces.
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B. GUADALUPE RIVER RESULTS

The test cells and pipe string were installed at the Guadalupe
River site on March 22, 1993. Corrosion potential measurements
have been made since this date and are given in Figures 120 through

132.

A chemical analysis was performed on the water from the
Guadalupe River at the fire station pump house and is listed in Table
7. Microbiological assays were also performed and the results are
given in Appendix E. The microbiological analysis confirmed the

presence of a bacteria population which could be conducive to MIC.

There have been no indications either visually or
electrochemically to indicate any MIC activity. The pipe string has
not been disassembled since installation, but there are no through
wall leaks evident at this time. Figure 133 is a schematic of the pipe
test string at the Dupont Plant identifying the order and treatment of
the various welded sections. Both the test cells and pipe string

evaluations are continuing at this time.
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VI. DISCUSSION AND CONCLUSIONS

At the Tennessee River site, the original test cell coupons were
field exposed for 1 1/2 years and no MIC occurred. The second
generation test cells and pipe string were field exposed for 13
months and experienced no MIC. It was anticipated that MIC would
occur on austenitic stainless steel welds in this raw water application.
Since no MIC was observed it was not possible to determine the
behavior of the various weld surface treatments on the prevention of
MIC. There were, however, some interesting results, from both
microbiological and electrochemical aspects that should be relevant

to future studies of MIC.

The open-circuit potential measurements for the coupons from the
second generation cells plotted in Figures 61 through 97 provide
some interesting results. By examining the curves in Figure 61 it can
be seen that on day 240 the corrosion potential significantly
decreased in cell number 2. This same potential drop was noted on
all of the coupons within that cell including the platinum reference
electrode (Figure 100). The decrease in potential was associated with
the formation of a biofilm much different from that in the other cell.
The color of the water in the active cell (cell number 2) turned black
while that in the other cell remained clear with a reddish colored
sediment. No explanation for the difference in the cell biofilms can

be provided as they both received their water supply from the same
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source and had similar flow rates of approximately one ml per
minute. Due to the possibility of the needle valves clogging, thus
causing non-uniform flow, it is likely that the flow rates may have
varied slightly. This flow variation may have been sufficient to
create a difference in biofilm by altering the amount of available

dissolved oxygen in the cells.

After noting this substantial change a microbiological examination
was performed on each of the two cells. The cell with the black
biofilm showed a higher population of SRBs and Desulfovibrio
bacteria compared to the other cell. Both cells had diverse bacterial
communities. The most prominent PLFA detected in both cells was
attributed to anaerobic desaturation that is linked to gram negative

bacteria.

The change in the open-circuit potentials can be related to the
formation of a biofilm which was depleting the available oxygen on
the surface of the coupons. Direct measurements of the dissolved
oxygen content in the bulk water in the cells revealed a level of less
than 2 ppm as compared to 8 ppm in the river. From the
microbiological assays and the dissolved oxygen determination it is
apparent that the microbial population was capable of depleting the

oxygen at the surface of the coupon and allowing the growth of
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anaerobic bacteria (SRBs). This is the condition that most researchers
agree is necessary to create a microbiologically activated corrosion

cell.

Another factor that could account for the lack of active corrosion
is the anode to cathode area ratio available on the coupon surfaces
due to differential oxygen concentration. It is apparent from the
open-circuit potential plots that the biofilm formed rapidly. If the
biofilm encompassed the entire surface of the coupon and depleted
the oxygen at all points there is no oxygen concentration cell
mechanism for enhanced corrosion as opposed to an actual pipe
situation where there probably would be sites which were not
covered by the biofilm thus setting up the cathode to anode areas

necessary to drive the corrosion process.

It was necessary to move the second generation test cells when
the original test cells were dismantled. This was accomplished on
day 380 of the field exposure. It is to be noted from the open-circuit
corrosion potentials measured the day after reinstalling the second
generation cells in the box that the potentials shifted positive, an
increase of roughly 700mV (SHE). This can be explained by the
agitation of the sediment of the cells created during their movement
and the disturbance of the biofilm which allowed the oxygen level to
increase at the surface of the coupons. Note that all coupons behaved

identically including the platinum reference electrode. After this
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occurrence the cells remained stable and were dismantled before the
biofilm reformed to obstruct the oxygen availability and cause the
corrosion potential to decrease. Thus the EIS and electrochemical
noise data taken were recorded when the samples were in the high-
potential range resulting in little information being gathered related

to the action of the preexisting biofilm.

As evidence from the water chemistry data shown in Appendices
F and G the chloride content of the natural Tennessee River water is
low (<10ppm). At the TVA plants where MIC has been a problem the
water is treated with a sodium hypochlorite solution increasing the
potential for chlorides which may enhance the corrosion processes.
Failure analysis of MIC incident occurring in piping systems of the
TVA plants has shown chloride levels in excess of 1000 ppm. The
addition of the sodium hypochlorite may be the reason that corrosion

occurred inside the plants and none was noted in this study.

There are other factors that may contribute to the reasons why
TVA systems have experienced MIC, yet MIC was not observed in
the present study. First, the length of weld on each coupon was
approximately one inch which totals 13 inches for per test cell. In
the TVA plants there are thousands of feet of welds yet the
occurrence of MIC is random and isolated. Thus, the probability of

the occurrence of proper microstructure/surface condition/
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environment/etc., necessary to cause MIC is not favorable when
trying to perform MIC studies on limited size coupons in the field or
like-wise in the laboratory. A second major factor is time. There is
little insight into the kinetics involved in MIC. Investigations suggest
that under certain conditions through wall leaks due to MIC have
occurred in only a few weeks, and in others, like those sites on the
Tennessee River, through wall leaks took years to appear. With this
in mind it is possible that the conditions conducive to MIC were
present in the test cells but time did not permit the corrosion process
to initiate. Thirdly, the temperature of the Tennessee River water
varies substantially throughout the year as shown in Appendices F
and G. The water used within the TVA plants goes through various
heat exchangers and may sit stagnant at temperatures as high as
90°F thus increasing the kinetics of biological growth and the
enhancement of the corrosion process. If the bacterial activity is
temperature dependent this may be a significant reason why the

field studies demonstrated no corrosive attack.

However, even though the effects of weld surface condition could
not be determined, the aforementioned information can be applied in

future studies. Recommendations for future work are provided in

the next section.
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VII. FUTURE WORK

It is considered that the test method employed in this study is
sufficient to determine if MIC is or is not a problem. However, it is
suggested that a location where all the environmental parameters
(temperature, water chemistry, bacteria populations, etc.,) are known
and where MIC has just been experienced be chosen as the most
appropriate test site. This would allow simulation of the identical
parameters and conditions where MIC has just occurred and increase
the probability of determining the MIC process. To date no one
apparently has been successful in causing MIC of stainless steels to
occur in a laboratory environment without inducing the corrosion
process by unnatural parameters such as an external current. It is
suggested that the majority of the MIC research take place in the
field where the condition of the test closely resemble those of the

natural environment.

The test cells and pipe string on the Guadalupe River will be
assessed after 1 year in a manner similar to those on the Tennessee
River. Plans are to disassemble the test once there is an indication
from the open-circuit potential data that corrosion is occurring. It
maybe necessary to transfer the test cells intact to the University of

Tennessee for additional electrochemical measurements and other

analysis at that time. By maintaining the test cells in place long




term (i.e. pitting corrosion is confirmed) some of the questions

remaining from the Tennessee River study may be answered.
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TABLE 1
Initial Test Pipe Welds for MIC Investigations
Tennessee River
Pipe Filler Gap
Weld { Material Metal (in.) Penetration Pipe Remarks
Treatment
1 304L 308L 3/32 Full None Reference or
Base Case
2 304L 308L 3/32 Full Pickle ID Surface
Surface Studies
3 304L 308L 3/32 Full Electropolish Surface
ID Surface Studies
4 304L 308L 3/32 Full 1900° F Effect of Heat
Solution Temperature
Anneal Water
Quench
Full Grind off Surface
Reinforcement Studies
Full None Filler Material
Evaluation
Full Remove ID Surface
Purge after Studies
Root Pass
Full Fuse Root Surface
Pass Studies
Incomplete None Evaluate Effect
of Creviced ID
Full No ID Purge Surface
Studies
Full None Reference or
Base Case
Full Fuse Root Surface
Pass Studies
Incomplete None Evaluate Effect
of Creviced ID
Full Remove ID Surface
Purge after Studies
Root Pass
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Initial Test Pipe/Coupon Welds for MIC Investigations
Tennessee River

Pipe Filler
Weld Material Metal Gap(in.) Penetration Pipe/Coupon Treatment

1 304L 308L 3/32 Full None

2 304L 308L 3/32 Full _ Pickle ID Surface

3 304L 308L 3/32 Full Electropolish ID Surface

4 304L 308L 3/32 Full 1900°F Solution Anneal
Water Quench

5 304L 308L 3/32 Full Grind off
Reinforcement

6 304L 316L 3/32 Full None

7 304L 304L 3/32 Full Remove ID Purge after Root
Pass

8 304L None None Full Fuse Root Pass

9 304L None None Incomplete None

11 316L 316L 3/32 Full None

12 316L None None Full Fuse Root Pass

13 316L None None Incomplete None

14 316L 316L 3/32 Full Remove ID Purge after Root

Pass
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Welded Test/Coupons for MIC Investigations

Guadalupe River

Pipe Filler
Weld Material Metal Gap (in.) Penetration Pipe/Coupon Treatment

1 304L 308L 3/32 Full None

2 304L 308L 3/32 Full Pickled HNO;

3 304L 308L 3/32 Full Electropolished

4 304L 308L 3/32 Full 1900°F Solution Annealed
Water Quenched, Pickled
HNO,

5 304L 308L 3/32 Full Ground Grind off
Reinforcement

6 304L 308L 3/32 Full Pickled (20% HNOj;, 0.25%
Surfactent) 140°F, 20 min.

7 304L 308L 3/32 Full 1900°F Solution Annealed
Water Quenched

8 304L 308L None Full Fused Root Pass

9 304L 308L 3/32 Full Grit blasted

11 316L 316L 3/32 Full No treatment

12 316L None None Full Fused Root Pass

13 304L 308L 3/32 Full Pickled (25% Oakite,
140°F, 30 min.)

14 304L 308L 3/32 Full Heat-treated, 600°F,
30 minutes
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TABLE 6

Chemical Analysis of Tennessee River Water

mg/li
S04 Calculated as Sulfur
Sulfide
NOj Calculated as Nitrogen
Chloride
Magnesium
Iron
Manganese
Total Organic Carbon
CO3 Calculated as Carbon
Alkalinity Calculated as CaCO;

<0.02
0.8

19
0.1
<0.05

15
56

58
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TABLE 7

Chemical Analysis of Guadalupe River Water

Chloride
Sulfate
Nitrite
Nitrate
Carbonate
Iron
Aluminum

Silica

Ammonium

Total Hardness
Total Alkalinity
Total Organic Carbon

54ppm (as CaCO3)
49ppm (as CaCOs3)
0.8ppm (as NOy)
2.5ppm (as CaCO3)
16ppm (as CaCO3)
0.15ppm (as Fe)
<0.1ppm (detection limit for test
0.1ppm)

17.3ppm (as Si02)
0.6 (as CaCO3)
232ppm (as CaCO3)
166ppm (as CaCO3)
Have never run.

Dissolved Oxygen - Have not rum, but it’s likely saturated
at atmospheric pressure.
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BULK FLUID OA
- 0 BULK FLUID

Figure 1. Diagrammatic representation of active, corrosion-causing bacterial

consortia development on a metal surface. (A) A thick biofilm
develops where individual bacterial species grow rapidly to develop
microcolonies where conditions best suit their requirements. When
the biofilm attains sufficient thickness to exclude and consume
oxygen, an anaerobic zome develops adjacent to the colonized metal
surface. (B) SRB (black) and other anaerobic species develop simple
microcolonies (right) and complex consortia (left) within which
protons and metal cations may be transported ar trapped to produce
local chemical and physical differences at the metal surface. (C) An
actual corrosion potential is established between specific areas on
the metal surface, and metal is mobilized and deposited as in an
electrochemical corrosion cell. As the corrosion pit deepens, the
corrosion-causing organism come to occupy it. (Materials
Performance, Vol. 27, No. 4, p. 49)
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(a) C
R,
RP
1 . 1 . o
M AL A S|
(b)

LOG Iz)
Phase Angle (deg)

D
o L 1 a L.

1 v T |
LOG frequency (H2Z)

Figure 2. AC impedance methods demonstrating (a) the simplest
electrical circuit model and (b) a Bode impedance plot
(Bode 1945).
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Figure 3. Representative test coupon after removal from 12 inch

pipe.
Contact Wire
Epoxy Coating
Weldment
Heat Affected Zone i’

Contact Wire

/

Figure 4. Schematic diagram of test coupon.



Figure 5.

Figure 6.

Two MIC test cells ready for installation.

Closeup of test coupon.
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Figure 7. Pipe test string on the Tennessee River using PVC
couplers and the stainless steel pipe weldments.
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Figure 8. Map showing Tennessee River, Fort Loudon Reservoir
and approximate location of test site.




Figure 9. Boat house and Tennessee River location where tests
were performed.
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Exit
Vahe
Vaive #1
Valve #2
Ext OWVaive #3
Filter
PVC
Coupler
.. Needle
PVC Piping Vales
Stainless Steel
W | Woeldment
Pump Test
Celis
Exit
Valve
Exit Exit
Exit '

Figure 10. Schematic diagram showing layout of test cells and pipe
string on the Tennessee River.




Figure 11.

Photo of the entire MIC test
River.
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setup on the Tennessee



Figure 12. Photo of test cells and their
crate.

location inside the
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(a)

#1-22 304L/308L,F,No Treatment

(b)

L e

3

A

#1-23 304L/308L,F,No Treatment

Figure 13. Coupons 1-22 and 1-23 demonstrating final surface prep
prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2



(a)

(b)

Figure 14. Coupons 2-16 and 2-17 demonstrating final surface prep
prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2




(a)

(b)

Figure 15.

Coupons 3-19 and 3-22 demonstrating final surface prep
prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

(b)

Figure 16. Coupons 4-3 and 4-4 demonstrating final surface prep
prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2



(a)

(b)

Figure 17. Coupons 5-5 and 5-6 demonstrating final surface prep
prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(b)
L i el : :. 8 £ 3 S g Yin's 3 ;"‘”A:I\ )
Figure 18. Coupons 6-4 and 6-5 demonstrating final surface prep
prior to testing. Material type, filler metal, and

treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

#7-7 304L/300L.I,Purgn ~ Remove
attqr Root Daaa

(b)

#7-8 304L/308L,F,Purge Remove
after Root Pass

Figure 19. Coupons 7 7 and 7- 8 demonstratmg flnal surface prep
prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

I8-18 304L/None,F,Fuse Root Pass

(b)

8-19 304L/None,F,Fuse Root Pass

Figure 20. Coupons 8-18 and 8-19 demonstrating final surface prep
prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2




(a)

-304L/HQnQ,I:30

(b)
#9-37 304L/None,I,No Treatment
Figure 21. Coupons 9-36 and 9-37 demonstrating final surface prep

prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

#11-8 316L/316L,F,No Treatment

(b)

B v

#11-54“516D)5i6ﬁ;§;ﬂdﬂ'Tteafment

Figure 22. Coupons 11-8 and 11-9 demonstrating final surface prep
prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

12-19 316L/None,F,Fuss Root Pass

(b)

#12-20 316L/None,F,Fuss Root Pass

Figure 23. Coupons 12-19 and 12-20 demons—trating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2




g2

(a)
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Figure 24. Coupons 13-10 and 13-11 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2




(a)

(b)

Figure 25.
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#14-1 316L/316L,F,Purge Remove
after Root Pass

#14-2 316L/316L,F,Purge Remove
after Root Pass

Coupons 14-1 and 14-2 demonstrating final surface prep

prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2




Figure 26. Photo of MIC pipe string on the Tennessee River

84
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1 No Purge Second Pass

2 Full Purge Repaired

3 No Purge

4 Pickled, HNO4

5 Square Butt Optimum

6 Sand Blasted

7 Optimum As-Welded

8 Electropolished

9 Full Purge Drop Through

10 As-Welded, 25% Oakite

11 Sdutiqn Annealed, 25% Oakite
12 As-Welded, ASTM A380 Pickle
13 Solution Annealed, ASTM A380 Pickle
14 Solution Annealed, Sand Blasted
15 Solution Annealed

16 Ground Interior

17 Carbon Steel Weld

Figure 27. Schematic listing stainless welds and their respective
location in the Tennessee River pipeweld test string.
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Figure 28. Map showing Guadalupe River, Victoria, Texas and

approximate location of test site.
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Figure 29. Photograph of the fire station pump house at a Dupont
Plant in Victoria, Texas.

¥ 08

Figure 30. Photograph of the MIC test setup inside the fire station
pump house.
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(a)

(b)

Soaande

#1-34 304L/308L, F, No Treatment

BV e TN i SR AR S e

Figure 31. Coupons 1-33 and 1-34 demonstrating final surface prep
prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)
-
4
(b)

Figure 32. Coupons 2-26 and 2-27 demonstrating final surface prep
prior to testing. Material type, filler metal, and |
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2




(a)

(b)

Figure 33.

90

Coupons 3-17 and 3-18 demonstrating final surface prep
prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

(b)

Figure 34. Coupons 4-5 and 4-6 demonstrating final surface prep
prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2




(a)

(b)

Figure 35. Coupons 5-17 and 5-18 demonstrating final surface prep
prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2




(a)
#6B-4-7  304L/308L, F, Treated
(20% HNO3;, .25% Surfactant, H20)
(140°F, 20 Minutes)

(b) |

¥ V - & . X ..‘f &
ST TR T N s e e

#6B-4-8 304L/308L, F, Treated
(20% HNO3, .25% Surfactant, H,O)

(140°F, 20 Minutes)

Figure 36. Coupons 6B-4-7 and 6B-4-8 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2




(a)

(b)

Figure 37.
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#7B-4-9  304L/308L, F, SA, WQ

#7B-4-10 304L/308L, F, SA, WQ

Coupons 7B-4-9 and 7B-4-10 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

\\

{.. A L NS N

G Iy

/¢{8-21 304L/None, Fuse Root Pass

Figure 38. Coupons 8-20 and 8-21 demonstrating final surface prep
prior to testing. Material type, filler metal, and

treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

(b)

Figure 39. Coupons 9B-4-11 and 9B-5-19 demonstrating final
surface prep prior to testing. Material type, filler metal,
and treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

(b) \

#11-11 316L/316L, F, No Treatment

Figure 40. Coupons 11-10 and 11-11 demonstrating final surface
prep prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

1 oS TS T g

#12-7 316L/None, Fuse Root Pass

(b)

#12-8 316L/None, Fuse Root Pass

Figure 41. Coupons 12-7 and 12-8 demonstrating final surface prep
prior to testing. Material type, filler metal, and
treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a) \
#13B-5-20  304L/308L, F, Treated
(25% Oakite, H,O, 140°F, 30 Minutes)
(b)
Figure 42. .éC:POIls 13B-5-20 an 13B-5-21 demonstrating final

surface prep prior to testing. Material type, filler metal,
and treatment listed on photo.

(a) Sample for Cell #1

(b) Sample for Cell #2




(a)

(b)

Figure 43.

#14B-5-22  304L/308L, F, Treated
(Baked 600°F, 30 Minutes)

#14B-5-23  304L/308L, F, Treated
(Baked 600°F, 30 Minutes)

Coupons 14B-5-22 and 14B-5-23 demonstrating final
surface prep prior to testing. Material type, filler metal,
and treatment listed on photo.

(a) Sample for Cell #1 (b) Sample for Cell #2
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12 PVC

Stainless Steel Welkdment As-Welded, No Treatment

Solution Annealed, Pickied HNOg

As-Welded, Oakite Solution

Solution Annealed, Sand Blasted

As-Woeided, Sand Blasted

PVC Coupler =i

Solution Annealed, Qakite Soiution

As-Welded, Electropolished

Solution Annealed, No Treatment

As-Welded, Pickied HNO4/HF

As-Welded, Pickled HNO3

As-Welded, Heavy Oxide

Figure 44. Schematic listing stainless weldments and their
respective location in the Gaudlupe River pipe test string.




Contact Wire

Corrosion Product

Figure 45. Schematic diagram of test coupons showing area of

corrosion product.
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(a)

lﬁl-l? 304L/308L, at Ten
{In Cell 1, 20 Sep 1993)

(b)

#1-18 304L/308L, at Tenn.
(In Cell 2, 20 S&b 1953)

Figure 46. Coupons 1-17 and 1-18 after being placed in the
Tennessee River Water for a year and a half.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

e 304L/308L, at
#2-13 20 Sep 1993)

(In Cell 1,

(b)

#2-14 304L/308L, at Tenn.
(In Cell 2, 20 Hep. 1993)

Figure 47 Coupons 2-13 and 2-14 after being placed in the
Tennessee River Water for a year and a half.

(a) Sample for Cell #1 (b) Sample for Cell #2




(a)

-25  304L/308L, at T
Cell 1, 20 Sep 199

(b)
#3-26 304L/308L, at Tenn.
(In Cell 2, 20 Sep 1993)

Figure 48. Coupons 3-25 and 3-26 after being placed in the
Tennessee River Water for a year and a half.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

#4-1 304L/308L, at Tenn.
{(In Cell 1, 20 Sep 1993)

(b)

#4-2 304L/308L, at Tenn.
(In Cell 2; 3% Sep 1993)

Figure 49. Coupons 4-1 and 4-2 after being placed in the Tennessee
River Water for a year and a half.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

#5-7 304L/308L, at Tenn,
{In Cell 1, 20 Sep 1993)

(b)

"#5.8  304L/308L, at Tenn.
(In Cell 2, 20 Sep 1993)

Figure 50. Coupons 5-7 and 5-8 after being placed in the Tennessee
River Water for a year and a half.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)
§-15 304L/316L, at "TH
fin Cell 1, 20 Sep 13990
4
(b)
#6-16 304L/316L, at Tenn.
{In Cell 2, 200 Bep 1993)
Figure 51.

Coupons 6-15

and 6-16 after being placed in the
Tennessee River Water for a year and a half.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

#7-12 304L/304L, at Tenn.
(In Cell 1, 20 Sep 1993)

(b) ® i
#7-13 304L/304L, at Tenn.

f1n Cell &4 30 Sep 1993)

Figure 52. Coupons 7-12 and 7-13 after being placed in the
Tennessee River Water for a year and a half.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

—y

#8-15 304L/NF,
(In Cell 1, 20 Sep

(b)

304L/NF, at Tenn.
(In cell 2: &N Sep 1993)

Figure 53. Coupons 8-15 and 8-6 after being placed in the
Tennessee River Water for a year and a half.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

#9-1 304L/NF, at Tenn.
{Tn Cell 1, 29 S8 1993)

(b)

#9.38  304L/NF, at Tenn.
i35 cell 32, 20 fep 1993)

Figure 54. Coupons 9-1 and 9-38 after being placed in the
Tennessee River Water for a year and a half.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

#11-6 316L/316L, at Tenn
(In Cell 1, 20 Sep 1993)

(b)

"316L/316L, at Tenn.
(In Cell 2, 20 Sep 1993)

-
-

Figure 55. Coupons 11-6 and 11-7 after being placed in the
Tennessee River Water for a year and a half.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

 #12-9 316L/NF, at Tenn.
(In Cell 1, 20 Sep 1993)

(S A, PR, oAb et

#12-10 316L/NF, Tenn.

{(In Cell 2, 20 Sep 19%3)

Figure 56. Coupons 12-9 and 12-10 after being placed in the
Tennessee River Water for a year and a half.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)
| #13-12 316L/NF, at Tenn.
(In Cell 1, 20 Sep 1993)
(b)
316L/NF, at Tenn.
2; 20 Bep 1993)

Figure 57. Coupons 13-12 and 13-13 after being placed in the
Tennessee River Water for a year and a half.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)
#14-37 316L/316L, at Tenn.
(In Cell 1, 20 Sep 1983)

316L/316L, at Tenn.

#14-38
2, 20 Sep 1993)

(In Cell

Figure 58. Coupons 14-37 and 14-38 after being placed in the
Tennessee River Water for a year and a half.

(a) Sample for Cell #1 (b) Sample for Cell #2




116

EHT= 12.8KY WD~ 6 = mm
20.0um

Figure 59. Representative photo of the biofilm located on the test
coupons. Photo includes diatoms, corrosion product, etc.
(20um)

EHT= 12.8KY  HD= 15 mm #fRG= X 2.35 K PHUIO=
10.0;1]1\ e |

. |
B

Figure 60. Photo demonstrating biofilm from test samples. Photo
includes diatoms, corrosion product, etc. (10um)
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#1—-1 EIS Bode Plot of Tenn. River Field Exposure
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Figure 62. Electrochemical impedance spectroscopy results at the
end of the exposure time in the Tennessee River Water
for Coupons 1-22 and 1-23.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 63. Electrochemical noise results at the end of the exposure

in the Tennessee River Water for Coupons 1-22 and
1-23.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 65. Electrochemical impedance spectroscopy results at the
end of the exposure time in the Tennessee River Water

for Coupons 2-16 and 2-17.

(a) Sample for Cell #1

(b) Sample for Cell #2
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Figure 66. Electrochemical noise results at the end of the exposure
in the Tennessee River Water for Coupons 2-16 and
2-17.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 68. Electrochemical impedance spectroscopy results at the
end of the exposure time in the Tennessee River Water
for Coupons 3-19 and 3-22.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 69. Electrochemical noise results at the end of the exposure
in the Tennessee River Water for Coupons 3-19 and
3-22.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 71. Electrochemical impedance spectroscopy results at the
end of the exposure time in the Tennessee River Water
for Coupons 4-3 and 4-4.

(a) Sample for Cell #1 (b) Sample for Cell #2




128
#1-4 Electrochemical Noise at Open-Circuit Potential
0
—204
~
z
5 —40+
n
~
a
~ —-60+
w
[a]
2
=S —807
[
=
<
—100
-120 T ¥ T T TTTrTry L T TV T e7T] ¥ T LR ERELEER]
10°° 10~ 10~ 1
FREQUENCY (Hz)
#2—4 Electrochemicol Noise at Open-—Circuit Potential
0
_20_
~
T
o —401
n
N
8
~— _60_.
w
o
2
= -804
a
=
<
-100-1
"120 T LI B e B S 0 0 | v T T 1T 1T T T V] T T LI e ¥
10°° 10 2 107" 1

FREQUENCY (Hz)

Figure 72. Electrochemical noise results at the end of the exposure
in the Tennessee River Water for Coupons 4-3 and 4-4.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 74. Electrochemical impedance spectroscopy results at the
end of the exposure time in the Tennessee River Water

for Coupons 5-5 and 5-6.

(a) Sample for Cell #1

(b) Sample for Cell #2
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Figure 75. Electrochemical noise results at the end of the exposure
in the Tennessee River Water for Coupons 5-5 and 5-6.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 77. Electrochemical impedance spectroscopy results at the

end of the exposure time in the Tennessee River Water
for Coupons 6-4 and 6-5.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 78. Electrochemical noise results at the end of the exposure

in the Tennessee River Water for Coupons 6-4 and 6-5.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 80. Electrochemical impedance spectroscopy results at the
end of the exposure time in the Tennessee River Water
for Coupons 7-7 and 7-8.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 81. Electrochemical noise results at the end of the exposure
in the Tennessee River Water for Coupons 7-7 and 7-8.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 83. Electrochemical impedance spectroscopy results at the
end of the exposure time in the Tennessee River Water
for Coupons 8-18 and 8-19.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Electrochemical noise results at the end of the exposure
in the Tennessee River Water for Coupons 8-18 and

8-19.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 86. Electrochemical impedance spectroscopy results at the
end of the exposure time in the Tennessee River Water
for Coupons 9-36 and 9-37.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 87. Electrochemical noise results at the end of the exposure
in the Tennessee River Water for Coupons 9-36 and
9-37.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 89. Electrochemical impedance spectroscopy results at the
end of the exposure time in the Tennessee River Water

for Coupons 11-8 and 11-9.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Electrochemical noise results at the end of the exposure
in the Tennessee River Water for Coupons 11-8 and

11-9.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Electrochemical impedance spectroscopy results at the
end of the exposure time in the Tennessee River Water

for Coupons 12-19 and 12-20.

(a) Sample for Cell #1 (b) Sample for Cell #2




Figure 93.

149

#1-12 Electrochemical Noise at Open—Circuit Potential

0
~204
~
R
5 —404
]
~N
8
~ —-604
(]
O
2
= —804
a
P
<
-~ 1004
—120 T T T T T T T T T I ﬂAva\)Wr-r-r'rr
10 = 10~ 10" L
FREQUENCY (Hz)
|
#2-12 Electrochemical Noise at Open—Circuit Potential
0
-204
~
<
& —40+
(/2]
~
8
~— _60_
w
(]
2
= -804
o
=
<C
- 1004
"120 T T T 1T rryry T LANNND BN G B AR AR A f T SRR ML S N B
10" 10 * 10 1

FREQUENCY (Hz)

Electrochemical noise results at the end of the exposure
in the Tennessee River Water for Coupons 12-19 and
12-20.

(a) Sample for Cell #1 (b) Sample for Cell #2
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#1-13 EIS Bode Plot of Tenn. River Field Exposure
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Figure 95. Electrochemical impedance spectroscopy results at the
end of the exposure time in the Tennessee River Water

for Coupons 13-10 and 13-11.

(a) Sample for Cell #] (b) Sample for Cell #2
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in the Tennessee River Water for Coupons 13-10 and
13-11.

(a) Sample for Cell #1 (b) Sample for Cell #2
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#1-14 EIS Bode Plot of Tenn. River Field Exposure
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Figure 98. Electrochemical impedance spectroscopy results at the
end of the exposure time in the Tennessee River Water

for Coupons 14-1 and 14-2.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 99. Electrochemical noise results at the end of the exposure
in the Tennessee River Water for Coupons 14-1 and
14-2.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 101. Photo demonstrating the different

biofilm appearances

between Cell #1 (botttom) and Cell #2 (top) at the

entrance point to the cells.
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Figure 102. Photo demonstrating the different biofilm appearances
between Cell #1 (bottom) and Cell #2 (top) at the
mid point of the cells.
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Figure 103. Photo demonstrating the different biofilm appearances
between Cell #1 (bottom) and Cell #2 (top) at the exit
point of the cells.
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(a)
S o SO s A SNG4
#1-22 304L/308L, at Tenn.
ik Cell 1, 23 Sep 19953)
(b)

’ at Tenn.
B Call 2, 23 Sep 13993

Figure 104. Coupons 1-22 and 1-23 after being placed in the
Tennessee River Water for a year.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)
. o B ?‘“ﬁ"“,_ i B i
#2-16 304L/308L,
Cell ¥ 4" 23
(b)

B3°17 304L/308L, at Tenn.
fen Cell 2, 23 8sep 1993)

Figure 105. Coupons 2-16 and 2-17 after being placed in the
Tennessee River Water for a year.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

| 304L/308L, at
% Cell 2, 23 Sep

(b)

#3-22 304L/308L,
fEsn Cell 1, 23 8Sep

Figure 106. Coupons 3-19 and 3-22 after being placed in the
Tennessee River Water for a year.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

I Y

#4-3 304L/308L, at Tenn.
B Cell 1, 23 Sep 13993}

(b)

#4-4 304L/308L,
{In Cell 2, 23 Sep 153533

Figure 107. Coupons 4-3 and 4-4 after being placed in the Tennessee
River Water for a year.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

at Tenn.
Sep 1993)

(b)

#5-6 304L/308L, at Tenn.
BN Cell 2, 23 Sep 1993)

Figure 108. Coupons 5-5 and 5-6 after being placed in the Tennessee
River Water for a year.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

 304L/316L,

icell 1, 23 Sep 19%

(b)

-5 1304L/316L, at Tenn.
ell 2, 23 =99 1993)

Figure 109. Coupons 6-4 and 6-5 after being placed in the Tennessee
River Water for a year.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

(b)

 304L/308L, at Tenn.
S Cell 2, 23 Sep 1993)

Figure 110. Coupons 7-7 and 7-8 after being placed in the Tennessee
River Water for a year.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

fé‘-].B 304L/None, at Tenn.

(In Cell 1.

23 Sep 1993)

(b)
#8-19 304L/None, at Tenny %

.

(In Cell 2, 23 Sep 1993)

Figure 111. Coupons 8-18 and 8-19 after being placed in the
Tennessee River Water for a year.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

(b)

304L/None, at Tenn.
23 Sep 1993)

Figure 112. Coupons 9-36 and 9-37 after being placed in the
Tennessee River Water for a year.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

#11-8 316L/316L, at Tenn.
fin Cell 1, 23 Bep 1398

(b)

Tenn.
1993)

Figure 113. Coupons 11-8 and 11-9 after being placed in the
Tennessee River Water for a year.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)
#12-19 316L/None, at Tenn.
In Cell 1, 23 Sep 1993)
¢ N s
~ fd
(b)

#12-20 316L/None, at Tenn.
(In Cell 2, 23 Sep 1993)

Figure 114. Coupons 12-19 and 12-20 after being placed in the
Tennessee River Water for a year.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

'316L/None, | g
23 Sep 1933} =

(b)

F13-11 316L/None, at Ten
(In Cell 2, 23 Sep 1993)

Figure 115. Coupons 13-10 and 13-11 after being placed in the
Tennessee River Water for a year.

(a) Sample for Cell #1 (b) Sample for Cell #2
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(a)

4-1 316L/316L, at Tenn.
In cell 1, 23 Sep 1993)

(b)

#14-2 316L/316L, at Tenn.
(In Cell 2, 23 Sep 1993)

o g

Figure 116. Coupons 14-1 and 14-2 after being placed in the
Tennessee River Water for a year.

(a) Sample for Cell #1 (b) Sample for Cell #2
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Figure 117. Photo demonstrating the difference in the appearance of

the platinum reference electrodes from Cell #1 (left) and
Cell #2 (right)
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1 No Purge Second Pass,
2 Full Purge Repaired

3 No Purge

4 Picided, HNO3

5 Square Butt Optimum
6 Send Blasted

7 Opimum As-Weided

8 Elecropolshed

9 Full Purge Drop Through
10 As-Weided, 25% Oskite

11 Soluion Annealed, 25% Oakite

12 As-Wsided, ASTM A380 Picide

13 Solution Annealed, ASTM A380 Pickle
14 Soluion Annealed, Sand Blasted

15 Solution Arnealed

16 Ground interior

17 Carbon Stesl Weld

Figure 118. Schematic of the pipe string assembly installed at the
Tennessee River Site.




Figure 119. Photo demonstrating sediment and Asiatic clams from
the pipe string test on the Tennessee River.
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Stainiess Steel Weldment

-l

Guadalupe River Site.

As-Welded, No Treatment

Solution Annesled, Pickied HNO4

As-Welded, Oakits Solution

Solution Annealed, Sand Blasted

Figure 133. Schematic of pipe string assembly installed at the
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NiDI

Avery Consulting Associates, Ine. Nickel
117 Winterwood Drive Developmeant
Londonderry, NH 03053 Institute

Tel. (603) 434 2628
FAX (603) 425 2542

To: A. H. Tuthill From: R. E. Avery

Subject: Pipe Welding at Douglas Date: December 7, 1990
Bros. for the MIC Program at
University of Tennessee

cc: REB, JHL, MOP - NiDI
Joseph Danko, Carl Lundin - U.T.
Dan Caputo, CLiff Anderson - Douglas Bros.

Summary of Pipe Welding at Douglas Bros. - On November 28
and 29, Douglas Bros. provided, at no charge, the manpower and
facilities to make 13 butt welds in 12 * diameter schedule 10 pipe.
We are grateful to Dan Caputo, President, Cliff Anderson, Technical
Director, Rudy Kaserman, Shop Superintendent and their two, most
cooperative, welders.

The welds were made manually, under typical shop conditions such
as used for commercial piping systems in water treatment, waste
water treatment and similar plants. The standard practice with
Douglas Bros. is to use a tight butt (no gap) weid joint. However, in-
order to cvaluate a number of variables in the MIC testing program,
it was necessary t0o make most of the welds with a 3/32° gap. Using
the "gap” joint and essentially the same purging practice employed
on & "no gap" joint, possibly explains the ID root pass heat tint on-
some of the welds. See Tables I and Il for a summary of the welding
procedures and comments on each weld.

Welding Details - Additional comments that may be useful to U. T
in sample preparation follows.

1. Marking Identification on the Pipe - One end of each pipe was
marked to indicate the start of the root pass, direction of travel and
8 *T" to locate each tack weld.




2, Joint Preparation - Bevels were made with a hand grinder which is
standard shop practice. The bevel and land were sufficieady uniform
for a manual root but possibly not if automatic root pass welding had
been used. Grinding burrs were removed by a file. The pipe was
quite round and there was a good match on the OD and ID.

3. Fitop and Tacking - Joints were tacked at 7 or 8 locations with an
argon purge flowing during tacking. In root pass welding, 2 3i32°
gap was maintained until the point between the last tack and the
weld start when it closed to about 1/16°.

4. Purging - Standard aluminum disk baffles with rubber gaskets
were used with flow rates of 50 to 60 cfh. Joints were taped and the
tape pulled back in advance of the weld. The purge system was quite
adequate for the "no gap” joint but with a gap, there were varying
degrees of ID heat tint

5. Root Welding - The pipes were rotated on turning rolls so that all
welding was down hand. One welder made ail the Tig root welds. We
tried to add a healthy amount of filler metal but it is hard to
estimate by observing, how much of the root pass came from filler
metal. There was no welding done to the inside root, e.g., to correct

any rough spots.

6.. Filler Metals - The Tig filler metal was furnished by Téledyne
McKay, a copy of their test report is attached. We purchased Type
308L and 316L, 3/32" diameter, Sandvik Spray Arc covered
electrodes for the fill passes. However, Douglas Bros. 1/8" diameter
Sandvik Spray Arc was substituted to save time on all welds except
numbers 9 and 13.

7. Photographs - A number of 35 mm slide photos were taken of the
ID roots and general views of .the welding. However, the ID shots
were taken from the end of the pipe and U. T. will be able to take
better pictures to record the root appearance once the pipes are cut
longitudinally.
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TABLE I

Comments on Welding of Initial Test Pipe Welds for MIC Investigation

Weld
P

Comments on Welding and Weld Appearance

1

Base Case Weld - ID heat tint varying from 3/4 to 1 1/4"
wide in 30% of circumference. 70% fairly free for ID
oxide. This weld and all others except No. 9 and 13 were
filled with 1 pass of 1/8" covered electrodes.

2-5

ID roots were all similar to weld 1, with some areas of more
pronounced heat tint.

316L root and fill filler metal. Root weld metal appeared to
have had less oxide than 1-5 made with 308L.

Purge removed after root pass to give oxidized root. Dark,
fairly heavy but tight oxide formed on the weld. No
"sugar” oxide.

Tight butt, no filler metal added on root pass. ID quite free
of heat tint.

Light butt. Land increased and weld travel increased to
give lack of fusion. Obtained lack of fusion except at some
tacks. Very little heat tint. Fill weld made with 3/32" dia.
electrode.

10

Weld not made because of insufficient material.

11

Root appearance similar to weld 6 also made with 316L.
filler metal.

12

Same heat tint, typical of most 304L welds.

13

14

Root appearance like weld 9.

Modified procedure by removing purge in making the last
1/4 of the root pass plus all of the fill pass. Root section
with not purge had crusty, "sugary” oxide. Other portion
similar weld 7.
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Trent Tube

A Onvmon o CAscHNS MoMRss Con *

SHIPPING NOTICE

TRENT TUBE
cannoLLTon et 95
2188 CHURCH ST,

EAST TROY, W1 $3129

WF& DATHRATING & INTRY DATE AAARKS Jatii ORDER NO.
mm;-' v 22090 n 32T3-51348-0
TUTBLAR ' ' 7 YV DOUPGRE Y | c
UTHILL ASSOCIATES. INC. 3 DOUGLAS BROTHERS
L RIVERSIDE INDUSTRIAL PWKY
1039 RIVERSIDE STREET
YA 24060 PORTLAND. ME 04104
10 240 9 SHIPPING NOTICE
08 P
v TEMAS: 35-%-00 FEET 12,833
2750 180 M 1000007 4 130 T | 24. 33 107p0wd NET 318
2 108 10 - FT RML 1o pCcs 1.
ULL FINISHED ANMEALED & PICKLED U ) eomeo |GROSS 32as
RENTWELD STAINLESS PIPE s, Boxes 1
STM A312 ASME S5A312 9/20/90 wanm Complete Shipment
16L o — 9/24 /90 rosam B/L MC-40065-01
DATE eS-SEP-90
CAROL INA PPD
HERT # 910229
Source: C303113
PACKING TALLY
BDL LaT » PIECES FOOTAGE GROSS TARE NET HEAT #
1 1 12.833 328 10 315 910229
TOTAL 1 12.833 32s 10 318
REPORT OF TESTS
CHEMICAL ANALYSIS
HEAT W c MIN P S SI NI CR Mo cu N co.
210229 .014 1,69 .032 .018 .51 10.1S5 16.32 2.07 .50 .033 .15’
Mechanical and NDE Tests
t t 3 3
HERT # FLAN FLAT FLAR RFLT RBND BEND EDDY UT- XRAY DYPN HYDRO AIR
910229 oK 350
RMS CORROSIO
HEAT ¥ LOT #- TENSILE YIELD <SLON HARDNS. ID 0D GRAIN TEST VALUE
910229 83,600 48,100 49 X
We- Hervreby Cort’ifz This Report To Be True and Correct
According To The Records in Possesion of this Corporation.
TRENT TUBE VISION - CRUCIBLE MATERIALS CORPORATION
Signeds ] i- 6' Dateds 9:75-'74




TRENT TUSE
. - p
KX c Trent Tube SHIPPING NOTICE caRoLLTON PLaRk 9
:“

2188 CHURCH ST,
A Dwson of Cascites Momsae Cop EAST TAOY, M1 83120
anmn OATHRATING Ia ENIRY OATY MARLS Wou-uo.
SMOLE l 92090 l al 7T3-51547-0
"YfUtBLAR ¥ Y Y V¥ DCUPORB ' | c
UTHILL ASSOCIATES, INC. s DOUGLAS BROTHERS
PO BOX 204 ! RIVERSIDE INDUSTRIAL PWKY
; 1039 RIVERSIDE STREET
VA 24060 PORTLAND. ME 04104
10 240 9 SHIPPING NOTICE
08 3#
T W0 FEET 10.583
2750 '180 M 100000 2 130 ¥ | 24.371090ad NET 250
2 108 10 - FT RML 117\ ey PCS 1.
S WELDED ANMNEALED & PICKLED U8 :)  ecep | GROSS 260
RENTWELD STAINLESS PIPE o, Boxes 1
STM A312 ASME SA312 3/20/30 waom Complete Shipment
04L&~ 9/24/ 30 romnes B/7L WC-40065-02
MARKED *FOR MIC TEST PROGRAM AT UT™ DATE 2%-SEP-90
TAGs ATTN: MR. CLIFF ANDERSON CAROL INA PPD

HEAT W 910427
Source: C(C303112

PACKING TALLY

BDL LOT # PIECES FOOTAGE GROSS TARE NET HEAT »
1 1 10.35483 260 10 230 910427
TATAL 1 10.583 260 10 230

REPORT OF TESTS

CHEMICAL ANALYSIS
HEAT # c MN P S SI NI CR MO cu N - co-
9210427 -014 1.68 .032 .01t .59 8.78 18.38 .28 277 07 .12

Mechanical and NDE Tests

HEAT # FLAN FLAT FLAR RFLT RBND BEND EDDY UT~ XRAY DYPN HYDRO - RIR
210427 oK 350
RNS CORROSIO
HEAT ¥ LOT % TENSILE YIELD €ELON HARDNS. ID 0D GRAIN TEST VALUE
210427 83, 300 42,800 S50 %
REMARKS
WEBERE SN

TAB:s ATTN: MR. CLIFF ANDERSON

We Hereby Certify This Report Te Be True and Caorrect
According To The Records in ggsson.on of this Corporation.

TRENT TUBE DIYISION - CRUCIBLE MATERIALS CORPORATION
Signed: / 7,% Dateds _ 9-25-9¢0
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TELEDYNE MCKAY
~ P. 0. BOX 1509 .
MATERIAL TEST REPORT YORK, PA. 17405-1569 DATE: 09/25/90

R&D CUST. ORDER ¢ N/C SAMPLE
SAMPLE ACCOUNT MARKED FOR... .

856 GRANTLEY RD. PO BOX 1509 MCKAY ORDER NO.... 37715-61
YORK, PA 17405-1509 DATE SHIPPED...... 09/25/90

MATERIAL DESCRI#TION AND SPECIFICATIONS

ITEM WEIGHT SIZE CLASSIFICATION MCKAY DESIGNATION
o1 20 3732 ER3o8L BARE WIRE 308L

02 20 3/32 ER3f4L RARE WIRE 316L
ITEM HEAT NO. LOT NO. BATCH NO. SPECIFICATION

3] PB932 2502956 AWS AS5.9-81; ASME SFAS.9
02 26568 2704445 _ AWS AS.9-81; ASME SFAS.9

ACTUAL CHEMISTRY:

ITEM c NN P s ST CR NI. N0 N CB.
o1 :610  1.730  .020 .009 .430 19.840 9.700 .190 .044 .010
02 019 1.700  .018 .002 .500 19.170 12.790 2.180 .047 .016

ITEM v cu H20 Tr AR co AS SN SB W.-
o1 .190
02 .110

FERRITE(S) :

ITEN WRC DELONG SCHAEFFLER
o9 12.5
a2 , 7.3

~

WE HEREBY CERTIFY THAT THE ABOVE PRODUCT HAS BEEN
CLASSIFIED IN ACCORDANCE WITH THE LISTED SPECIFICATIONS
AND CONFORMS TO ALL APPLICABLE REQUIREMENTS THEREOF.

A Tes

AUTHORIZED SIGNATURE
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WALTER R. RENTON
AMSRCE'S Loscer )
Saninse Stwet Porg SRISTOL METALS, INC.

n.od:u,u” Amuta%buﬂwhv&ﬂﬂunsmdﬁbhy

Srisol, Tennessee 37621 P. 0. Box 1529

Tol.: 615 / 9894700 . O.

claiax 8: Sristol, Tennessee 37621-1589
Telaln 13/ 968-205 Phone 615-068-2181
TWX 51
FAX 8150683208

’

June 25, 1992

Tuthill Associates, Inc.
P. 0. Box 204
Blacksburg, Virginia 24060

Re: Heat No. 710232 - 2-1/2" Sch. 10s Type 304L
ATTENTION: wMp. Arthur H. Tuthill
Oear Arthur,

Enclosed are three (3) copies of the sbove tast report
you requested from Joe vis fax of June 23. Should you
need additional information for your test program, pleasse
let mae know.

I have slso enclosed my business card for your records.
My specific responsibility is to market and develop
sdditional Special alloys - (duplex, nickel, ete.) and
I am sure st aome future date we will have edditional
contscte,

W'tw oyrs,

Welter R. Renton
Product Manager - Speciasl Alloys

WRR:jlc
Enel. 3
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BRISTOL METALS INC.
MILL TEST REPORT
BPRISTOL METALS INC CUST NO: 10700014
TO: F O BOX 1589 ] JOB NO: I742H
BRISTOL TN PO NO: MTR'S
37620 . DATE: 06/24/92
HEAT NO. ' ITEM DESCRIFTION
710232 2 4/2° PIPE SCH 10S 304L ASTM A312-91B/ASME SA312,WELDED
| HEAT NO. | c 1 MN i P 1 s 1 s 1 NI 1 CR {
| 1 | l ] l | {
| 716232 | .010 | 61.700 | .03 | L0412 | .57 | e8.700 | 18.370 |
i | 1 l \ 1 | |
| HEAT NO. ] i cu ] co | N2 ] TENSILE | YIELD |
| — e 1 | | 1 !
.1 710232 | 6.28 | .28 | .14 | .067 | 85,680 } 38,400 1
| { | | l ) | | {
HEAT NO. HARDNESS ELONGATION BEND FLATTENING  TENSION
70232 RB83 $0.60 % NA oK oK
FLANGE FLARE EDDY CURRENT HYDRO

NA NA NA 1606, PS1

ANNEALED AT

1956 DEG. F. RADIOGRAPHIC

AND WATER EXAMINATION
HEAT NO. QUENCHED COMPLETED
710232 YES NA

WE CERTIFY THIS REPORT TO BE
TRUE AND ACCURATE, ACCORDING
TO OUR RECORDS ON FILE. BRISTOL METALS INC.

- -
- %spassemmwe




C=8 LAD NO.:

ABB

ASEA BROWN SOVERI

CHENICAL ANALTSIS REPORT

p31087

201

DESCAIPTION: University of Tennesse - Dept. of Naterials 8cieace
Type 2041 3tainless Tubing (LPO-13223)

Carbon 0.017
Nanganese 1.28
Phosphozrus 0.029
Sulfor 0.012
Silicen 0.60
¥icksl .72
Chromium 18.28
Nolybdenum o0.28
Vanadium - 0.06
Columbium - 0.01
ritanium . 0.02
Cabalt 0.23
Copper 0.28

* Aluminos - 0.006
Soroa <0.002
Xierogen 0.066

o
REFOATED 22 :
July 22, 1992
ABB C-E Power Products Manufacturing
. ? 19194 7800040
Cartzemen ngresnsyg, nc 119 M}m 2000 m N
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TUTHILL ASSOCIATES INC.
P.0. BOX 204
2903 WAKEFIELD DRIVE
BLACKSBURG, VA 24060
Tet (70) 953-2625 Fax: (703) 953-26%

Jan. 9, 1991
Report: NIDI RD 90-6 Jan. 8, 1991 Meeting at UT

Present: Ors. Ray Buchanan, Joe Danko, Nlck Dowiing, Eugen tansbury
and Jean Guezennec and Kameei! Al-ejel (weiding) and Ping LI*(Corrosion)
from UT, and A. H. Tuthti| representing NID!.

Status: Weided pipe sections have been received from Oougtas Brothers
and characterizatlion studies have been compieted.
Base plate type 304L: Few inciustons well distributed 3 GS'
Type 316L: Few Inciusions weil distributed 8 GS
I ight banding In directlon of rotling
Weilds: 304L ana 316L with ano without filler
sound normail structure.
Ferrite number 304L -0-, LONg. weld 1.75, Butt weid 1
J18L 0.25-0.5, Long. wetd 1, butt weid 8.5
Hardness 304L 81.3 RB
J18L 78.7 RB

) Electrochemical cell design for laboratory and concurrent
Tennessee River water tests under ifow to no flow conditions -« com-
pleted,ready for fabrication. Actual site for Tennessee Rliver water

tests under active investigation., Criteria avold excessive algae forma-
tlon.

Arizona Test site: Or. Oanko will meet with APS week oOf Jan.
14, Dr. Dowling agreed to a target date of Feb. 5, 1991 for !nstalla-
tion of test cell to mesh with AMT's Denver visit on Feb. 4, 199%. This
Is a tight schedule but may be possible.

Buchanan wiill proceed with fabrication of electrochemicalt
test cell and Initial trial runs with a target date of Feb. 15; 1991
for starting Initlal taboratory test. Buchanan and Dowiing will selsct
Tennessee Rliver water test site with target date for start of test of
Feb. 22, 1991,

Lungin and Al-jel wil! start cutting specimens from 12°%
welded pips to meet these target dates.

Glliin f- Tl
Arthur H. Tuthlill
Consuitant to NIDI

cec UT

NID!

EPRI

Advisory Group
Fite: RUTMIC2
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THE UNIVERSITY OF TENNESSEE
KNOXVILLE
Censer for Environmental Biosechnology
Univegsity of Tennessee/ Oak Ridge National Laborstoey
10515 Research Drive, Suite 300
Knaxcwille, TN 37932-2575
(615) 974-8030
July 28, 1993 FAX (615) 974-8086
To: Peter Angell

From: D. Ringeiberg <
Re: Lake Loudon Samples (LLBL and LLBR)

The two sampies showed a considerable difference in the amount of PLFA each contained
when normalized to the gram weight extracted. Sampile BR contained 2.5 times more PLFA
than sample BL.

The two samples showed similar community structures (rig.1) based on a comparison of
the relative percentages of specific groups of PLFA (described earlier). There appeared to be
subtle differences in the levels of terminally branched saturates and polyenoics.

(Of course, without replication, there is no way to determine if the differences are significant.
Assuming the samples to be representative of the place they came from and that the place is
homogenous with respect to community structure (PLFA distribution) the differences may be
related to either microbial or eukaryotic community shifts.)

Figs.2 and 3 illustrate a comparison of the individual PLFA making up the total presented in
fig.1 for the terminally branched and poiyencic PLFA, respectively. Higher percentages of
i15:0, al5:0 and al6:0 were observed in sample BR while sample BL showed a greater
percentage of al7:0. iand al5:0 are major PLFA in the ceil membranes of a number of gram
positive bacteria but are also found in SRB's and actinomyces. al7:0 is also commonly found
in gram positives and is 2 prominent (5-8%) PLFA in some Desutfovibrio species. Sampie BL
also showed a higher percentage of i17:1w7¢ which is also indicative of Desulfovibrio’s.

The PLFA profiles, on whole, showed a diverse bacterial community. The two most
prominent PLFA detected were 16:1w7c and 18:1w7¢c which are both terminal points in
anaerobic desaturation, a fatty acid biosynthetic pathway utilized by numerous gram negative
bacteria.

Fig.3 illustrates the polyenoic distribution between the two samples. Sample BL
contained higher percentages of all of the polyenoics detected indicating a greater eukaryotic
input. What the source of the input is can’t be determined from the limited amount of data
obtained here.

The two samples aiso showed differencss in the levels of stress ratios. Higher
cyclopropyl to monoenoic ratios were observed in sampie BR (greater biomass) suggesting an
“older® microbial population was present and higher trans/cis ratios were observed in sample
BL (lower biomass) suggesting the microbial community in this sample was either exposed to
a xenobiotic or nutrient deprivation. Of course, their could be other eavironmental factors
involved.




Lake Loudon Filter PLFA Analysss

July Z7, 1993

PLFA 8L BR
Normai Saturates (NSats)
140 0.50 140
150 088 0.82
18:0 1588 19.19
170 224 082
18:0 as? 22
2090 139 0.48

TOTAL 24.88 2498
Monosnoics (Monos)
16:1w7¢ 1581 23862
168:1wTt k¥ g 1.09
16:1wSe 417 438
17:1wéc 087 0.49
cyi7:0 173 4.70
18:1wdc 578 338
18:1w7¢c 14.73 1288
18:1w7t 137 0.4
18:1wSc/phytol 453 192
beig:1 0.73 0.72
cy19:0 138 158

TOTAL 54.18 5491

Terminaily Branched Saturates (TerBRSats)

it4:0 021 04S
1150 218 4.9
2180 2 24
1160 1.49 153
216:0/9¢ 1.49 11
1170 120 121
airo 230 138

TOTAL 1108 1338
Polysnoics (Polys)
18 3w6/18:2 0680 0.47
182w8 1.54 074
18:3w3 0.12 0.00
20:4ws kX)) 128
20:5w3 153 1.18

TOTAL 650 38
Branched Monoencics (BrMonos)
117:1w7¢ 1.7 0.80
Mid-chain Branched Saturatss (MidBrSats)
10me18:0 180 151
10me18% 088 0.30

TOTAL 248 150
Total Mola% 100 100
Blomass Estimates

3528 162549

Nutritonai Status

oY17:0M8:iwic CXY) 0

cy19:0M18:1w70 0.09 0.12
181w Vi8: w70 o (.
18:tw7V18:1w7c 0.00 0.04




Lake Loudon PLFA Analyses

Community Structure
60
50
40
g
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Lake Loudon PLFA Analyses
Terminally Branched Saturates
5
4
3
®
8
]
z -
2
1
0 _i._
i14:0 i15:0 a15:0 i160  al6:0/9¢ 170 a17:0
PLFA

M (COer
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Lake Loudon PLFA Analyses

. Polyenoics
25
2
5
s 1.5
=
1
05
0 I
18:3w6/18:2 18:2w6 18:3w3 20:4w6 20:5w3
PLFA
Mle. [Ter
Lake Loudon PLFA Analyses
Nutritional Status
025
02
0.15
2
8
0.1
0.0
0

cyl7/lc cy19/7c 167t/c 187t/c
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THE UNIVERSITY OF TENNESSEE
KNOXVILLE
Center for Environmeneal Biosechnology
University of Tennessee/ Oak Ridge National Laborstory
10515 Research Drive.:Suice 300
Knaxwile, TN 37932-25‘313
June 22, 1993 (615) 974-80.
To: Peter Angell FAX (615) 974-8086
From:
Re:

Lake Loudon Filter PLFA Analyses

Three sets of filters exposed to Lake Loudon waters were extracted for PLFA content.
One filter was labelled LLA422a, one was labelled LLA22b and the other was a combination of
three filters with no label which was given the name "Combo®. Sample LL422b showed no
detectable PLFA and as a result has been omitted from the discussions below. The resuits of
the analyses are expressed in Table 1 and Figure 1.

Table 1 lists the individual PLFA detected per sampie grouped according to structure sk
expressed as 2 molar percentage. At the bottom of the table are two boxes: one containing
biomass estimates as total recovered PLFA as pmol/sample (since no known volume of water
filtered was available) and the other containing specific ratios of PLFA known to be related to
microbial nutritional status. Biomass levels were coasiderably higher in the Combo sample
likely due to there being three filters extracted versus only one filter for the L1422 sample.
Liule information regarding microbial nutritional status could be deduced from the data due to
the lack of detection of cyclopropyl and trans faity acids in the LL42a sample. The combo
sample showed 2 high (>0.1) 16:1w7U7¢ ratio as well as a considerable amount of cy19:0
(6.68%) both of which (if from 2 microbial source) would indicate stressed organisms.

The PLFA profiles obtained from each sample were significanily different (fig 1). Levels
of monoenoics and polyenoics were higher in the combo sample while saturates (both normal
and mid-chain branched) were higher in the L142a sample. The prorile obuined for sample
Combo indicates a strong eukaryotic presence. 43% of the profile was made up of 16:1wi3t
(photosynthesis), 18:1w9¢ (precursor for polyenoic formation) and polyenoics. The likely input
of these PLFA would be Diatoms (20:4w6 and 20:5w3). The only indication of bacteria in the
sample was the presence of the 16 carbon monoenoics and cy19:0. If these fatty acids are from
a bacterial source (16:1w7c is aiso synthesized by Diatoms), they would indicate the presence
of gram negative type organism like a Bstudomonas. Sample LL42a contained no detectable
polyenoics or 16:1w13t but did contain a series of 14, 16,18 and 20 carbon monoenoics which
may have originated from a inicrobial source ( specifically 16:1w7c and 18:1w7c). This sample
also contained mid-chain branched saturates which are known 10 be synthesized by certain sail
microorganisms. However, the lack of terminally branched saturates in association with the
mid-chain branched saturates raises the possibility of “contamination® probably from the filter
or the handling process (see note at the bottom of table 1). To eliminate this possibility, filter
blanks could be run through the assay.

Let me know if you have any questioas or if you require any additional information.




Lake Loudon Fiiter Samples

PLFA Analyses

PLFA ECL LL422a Combo
Monoenocics (Monos)
14:1w7¢ 13880 0.67 (]
168:1w7¢c 15729 3.08 2.89
16:1wTt 15802 [+] 4.86
16:1wS¢ 15829 4] 3.55
16:1widt 15920 0 7.89
cy17:0 16811 0.54 0
18:1w9¢c 17692 3.77 16.34
18:1w7¢ 17783 232 0
cy19:0 18821 0 6.8
20:1w7¢c 19760 1.38 0
Total 11.74 42.20
Normat Saturates (NSats)
16:0 16000 11.84 10.33
18:0 18000 13.41 14.54
20:0 20000 6.33 4.84
210 21000 0 4.96
220 22000 12.82 (]
23:0 23000 7.18 0
240 24000 13.18 ]
Total 64.71 34.67
Mid-Chain Branched Saturates (MidBrSats)
bn7:0 17052 299 0
10me18:0 18397 0 428
br18:0 2.62 0
be20:0 4.98 o
br21:0a 3.84 0
br21:0d 544 0
br24:0 3.67 0
Totad 23.55 428
Potyenoics (Polys)

18:2w6 17584 0 4.67
20:4w6 19132 0 8.17
20:5w3 19186 0 6.01
Totad 0 18.85
Total Mole % 100.00 100.00
Blomass Estimates

PLFA/sample 110 6734

Nutritional Status

cy17:0/16:1w7c 0.18 0

cytS:/i8:1w7c 0 o

16:1w7Vi8:1w7¢c 0 1.68

Nots: Both filters wers very wet and stuck to the foil.

Buffer was used to wash the foll.
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lake Loudon Filter Samples
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(675} 9798018 Feau (515 9788086 =

October 6, 1993

Dear Gary,

Here is a report on the cuinuring of the bacteria from the coupons exposed at Lake Loudon,
two coupons were collected from each ceil. In order to obtain enough biomas for the PLFA these
were combined giving resuits for each cell. The biomas was extracted from four 1.32 cm® areas per
coupon. The total extractant (phosphate buffer) used was 10 mi. The extraction was carried out by
somicating with three one second blasts, twice per spot.

The extracted materiai was serial ten fold diluted to 10 in phosphate buffer. These dilutions
were then plated out on % strength nutrient agar using the Miles and Misera technique (6 x 20 ul
drops per dilution). One set of these plates was incubated at 25 °C aerobically another was
incubated at the same temperature in an anaerobic jar degassed with 2 Gaspak. SRB were
eoumerated using the MPN technique and "BP" medium, incubation again was at 25 °C. :

The tube samples were swabbed (approx | cmr’) in the area of a tubercule and resuspended in
10 mi of phosphate buffer, which was then diluted and plated as described above.

The celis were designated the following mumbers ceill - ceill.] & cell2 - cell2.1 for those
removed on the first day and celll.2 & cell2.2 for those removed on the second day.

Sampie aerobic 'ANA amerobic 4NA MPN (SRB)
ceill.1 (S) oG 8.3 x10e2 no growth
celil.l (8) oG No growth 10e2

cell 2.1 (1) oG 5 x10e3 10e2

cell 2.1 (2) 0G 4 x 10c4 10e2

cell 1.2 (64) 0G No growth

cell 1.2 (8-18) oG 6 x 10e3 10e2

cell 2.2 (9-31) oG S x 10e3 10e3

cell 2.2 (12-20) oG 3 x 10e3 10e2
large tube 5 x10c4 4 x 1004 10e2
small 5.2 x 10e4 3 x 10e6 10e2
large ube (NoP) 4.7 x"10e4 4 x 1004 10e3

OGMphmmfapmyovmwbymAMcmmmwmmyfomdhwih
etc and are currently the source of much interest due to their ability to produce antibiotics.




Center for Environmental Biotechnology
University of Tennessee/Oak Ridge National Laboratory
10515 Research Drive, Suite 300
Knoxville, TN 37932-2567
615-974-8030
FAX 615-974-8086

October 7, 1993

Lake Loudon Filter PLFA Analyses

Four filter samples were assayed for PLFA content. The results are illustrated in the
attached table. Unfortunately, the resuiting PLFA profiles are not indicative of 2 bacterial
population. Two PLFA, 16:0 and 18:0, comprise @50% or greater of the total profile. Tliese
two acids are common to most microorganisms if not all.

Biomass levels were higher in the cell 2 samples aithough all of the samples contained
less biomass than that observed in the procedural blank. The detection of i and a17:0 in the ceil
2 sample may aiso indicate the presence of a sulfate reducer or other microorganism. In short,
the PLFA profiles presented here are not indicative of bacterial biosynthetic pathways for fatty
acid synthesis.

The high level of PLFA in the procedural blank (6.5 pmol/mL) is likely the resuit of a
10x concentrated solution of PO* buffer used in the initial recovery of the cells from the
coupons. The concentrated buffer also influenced the behavior of the organic solvent extraction
system used in recovering total lipids. To what extent the PO" influenced the extraction
efficiency is unknown. Please keep this information in mind when intcrpreting this data..
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APPENDIX G




STORET RETRIEVAL BATE 93/09/13

1TYPA/NNBNT/STRENN/SOLIDS

473603 1
3949 3.0 004 03 M0 2
FORT LOUDOUM RESERVOIR

12097 TUBESSEE
TEMESSEE RIVER MAstR

TEMMESSEE RIVER 62¢.4

13119
0000 FEET JEPTN

PAGE: [}

40004
W 00010201025 0002.020 OFF

220

INITIAL BATE

2/01/23 92101123
18 1%

12/01/23 U01/23 R/01/23 U023 92/01/23 92101723 921901723
1438 un 1300 1301 1302 1503 154

INTIN TIRE 5%
NI BATER  WATER  WATER VER]  MATER  NATER WATER  WATER  WATRR
SEPTH-F1(SAX) .91 4w 1312 1342 1.8 BN 28 MU K0
00002 HSANPLOC 1 FROW  RT BANT 0.0 3.0  30.0 30 3.0 0.0 3.0  30.0 e
0008 LA 1ENT. R (14}
00010 WAIER  TEW  CENT 6.1 5.0 80 6.0 5.1 59 E% Y
00011 MAIER  TEW  FamN 8308 6.8 4.8 2.8 288 2.8 2. .
00062 WATER  SURF ELE IN FEET .
00078 TRANSF  SECCN!  MEIERS .
cou PI-C8  IMITS 13
00061 AP COLOM  PT-CO (KIS 3
00094 CNOUCIVY FIELD NICROMHO 13} ] b3} 13} Ay i} it} ] ™
00300 30 /L My M 143 .2 TN TR LR 133 124
00301 06  SMIUR  PERCENT e 1.0 1 13,60 U288 11028 1648 102.8
00400 PN SU 1.9 1, 1.9 FC X N 1.9 1
00330 RESIOUE 10T XFLT  mG/L 1
00695 GRS W " Wi 150
ooeio M3O4- 0I0TAL  ME/L )
00630 NO2UNO3  N-TOTAL  WG/L K]l
00855 PHOS-T0T niL P .050
00871 PHOS-01S  ORTMO  mg/L P 0%
P0s80 TORGC "L 2.3
00681 BORGC  C re/L ' 2.2
3616 FEC COLT WPN-FCOR  /100M 14
32211 CHLRPHYL A US/L  CORRECT) 3.00
32212 CHRPHTL B /L 1.008
32214 CHLRPHYL 6N 1000
32210 PHEGPHTE A /L 1.00
MO4L WOF SANPLE  UPBATED s20225 120225 9025 33 sz vzl v et e
12079 TURIIBTY LMD .
84049 SERIES  CODE AP
INITIAL DATE R/ NOUB NAT NLBT 1T IR NN WD UMD
mmL T 198 106 1500 1% 133 138 30 13 1332
XN WATER  WATER MATER  WATER WATER  WATER  MATER  VERT  WATER
mw-msm 5248 SO0 43.96 4S.6 0983999 692 1312 1392 1ed
00002 HSANPLOC 1 FROM BT DAMK .0 0 3.8 W . 0.6 3.0 W.0 .
LAb  IDENT.  mumBER 88 ny
00010 WATER  TEW  CENT .9 5.9 . 00 0.2 19.8 193
00011 WATER  TEW  FAR A48 A28 LV TR 08 TR W TSRS ) KT
00042 MATER  SURF ELE  IN FEEI 8i1.4
00078 TRANSP  SECCNI  METERS 1.60
00030 COLOR  PT-CO  UNITS 15 13
00081 AP COLOR PT-CO  IMITS 0
000%4 CHDUCTVY FIELD  NICAOMMO pall pat) 3 P31 p3t) 2 Mm
83& = SATAR ngt"ir 18'3; 3;: ;“o 110.0¢ 103'2. q!'l. 9"3.
20400 U .90 1.9 P2 I X I T ) (X
00530 RESINUE  TOT LT  MGAL 1 §
00405 085 A X "L 29 420
00410 NH3TIGIS- X TOTAL  W6/L .a% .04
WM N-T0TAL WAL KT .3
00443 PHOS-TAT L P .03 .01
00471 PHOS-BIS ORTHD MG/L P .00 '
) 3 oL 2.4 2.4
0068l DOREE € L 2.2
S1A16 FEC COLI MF-FCBR  /100M i
32201 CHLRPHYL & UGZL  CORRECTD 18.00
2212 oL [ ] /L 1.0
IR oL ¢ T 2.0
mu n!mnl %A 3.00
1m0 SMPLE  UPATED 20221 92022t NI 2L Y001 920501 920501 920805 920501
mn tumm m .
84040 SERIES  CODE  ALPHA fLIs fLIC




STORET RETRIEVAL DATE 93/09/15 PEN=ALLPARN PeEL 3
473603 118 221
39 49 $1.0 084 03 8.0 2
FORT LOUMOUN RESERVDIR

47097  TENNESSEE ont
TEMMESSEE RIVER IASII 440001
JTYPA/NABNT/STREAR/SOL 1S TEMRESSEE RIVER 62¢.

131TVC HG 06010201025 0002.020 OFF
0000 FEET DEPTR

INITIAL BATE NI 70022 RUMIZ2 N2 212 NI K2 1204122 1200022
mmL Tk 133y 133 1133 3% 1337 131 130 1340 134
REMUN WATER  MATER  WATER  WATER  MATER  BATER  BATER  WATER  WATER
DEPIH-FT(SAK) 19.58  28.2¢ 328 %.08 393 8284 45.92 5248 9.
00002 KSANPLOC 2 FROM  RT DMK 3.4 .4 0.0 3.4 .0 30.4 w4 30.0 1.
00010 HATER TENP et 18.7 17.4 16.4 15.5 13.4 12.3 11.2 11.0 10.9
00011 WATER TEW FA 85.78 3.7 A58 5998 8.0%  SLAv SS.0s SLBs  Sl.ée
00094 CNBUCTVY FIELD  MICROWO 250 253 255 252 28 ™ m 2 20
00304 DO i 1.0 6.3 %] .8 1.4 1.1 1.1 1.0 1.0
00301 M0 SATUR  PERCENT 7850 o8  62.08  eb.0s  68.38 6508 S alds eL0e
00404 M U 9.00 7.9 1.0 1.0 1.0 7.80 1.0 1.40 1.60
74081 WOF SAWPLE  UFMATED 920501 920501 520501 920501 920501 920501 9501 920501 920501
INITIAL DATE RN04/22 92004722 92105713 92105/13  ¥2/05/13 92/05/13 92/05/13 92/05/13 92705713
INITIAL T 1342 1343 1318 1319 1320 1321 1 1323 1324
REMIUN WATER  WATER  WATIER  WATER  WATER  WATER  VERI UATER  WATER
WEPIN-FT(SAL) 85,6 86,912 0.903999 .92 9.84 132 1312 19.68  2b.2¢
00002 HSARPLOC T FROM  RT BANK 3.0 30.0 1.6 30.0 0.0 3.0 .0 3.4 30.0
LA 10ENT.  WUMBER Hs s3I0
00010 WATER 17, 4 CEnt 10.8 10.8 19.1 18.8 15.9 15.8 15.2 14.7
00011 WATER TEW FAHN S I T YO T ¥ Y T I T T I T N R TR 1) 9.4 9.9
00042 WATER  SURF ELE 1N FEET . 8l2.8 : ‘
00078 TRANSP  SECCHI  METERS .
00080 COLOR  PT-CO  UMIES 10 15
00094 CNBUCTVY FIELD  MICROMO 219 219 210 20 188 183 183 175
0300 N il 1.4 1.0 11.9 11.b 1.4 1.3 1.1 1.0
00301 0 SATUR  PERCENT SL.18 4308 12038 12340 q4.08 9308 89.20 881
040 M U 7600 1800 B0 8500 n0 1.0 7.50° 1.0
00330 RESIDUE  TOT ru I 5 ]
00403 ORS miL .500 40
00410 MINHY- um w/L 480 7.}
00412 Un-10M20  m3-N s L0014
00419 IM-1ONTD WRS-BS ML L0024
00830 MO2INO3  M-TOTAL nsn .58 50
00443 PHOS-T0T s 0% 44
90671 rms PIS OKTHD sn r .03 0
00400 T 085 € ¢ 2.2 2.1
31616 FEC COL} WPB-FCBR /mn. 1T
{SAPLE CONTINUED FROM PREVIOUS PASE)
TRITIAL DATE UMY MM/ 120513 92/05/13  W2/05/13 Y2/0S/13 S20S/3 92005713 92105/13
NITIM TIRE 1342 1343 1318 1319 1320 1321 1317 1328 132
REDIUM WATER  WATER  WATER  WATER  MATER  WATER  VERl WATER  WATER
DEPTU-FT{SNK) $5.6 66,912 0.983999 .92 9.8 1342 L5z 19.68  26.24
32211 OLRPHYL A UG/L  CORRECTD 13.00
2120404 ) s 1.000
U careHvL € s .00
32210 PHECPHIN & UsiL 1.001
7400 WOF SAPLE  PWTED 920501 920605 920401 920601 920601 920801 /4621 920601 920601
84048 SERIES  COBE ALPHA A RIC
INITIAL DATE 92/05/13 92705713 92/05/13 92/05/13 ¥2/05/13 92/05/13 92/05/13 92/06/11 92708717
""I"" TInE 1323 1324 1327 1324 1329 133 1331 1316 1319
RN BATER  MATER  WATER  WATER  MATER  MATER  WATER  WATER  WAIER
BEPIN-FT(SHK) 2.0 9.3 45.92 248 S04 42 $5.6 0.983990 4.92
00002 HSAKPLOC 2 FROM AT BAMI 30.¢ w.e 3.0 3.4 3.0 .4 e 30.0 30.6
LA~ [0ENT. MmsER 38
00010 WATER 134 cEm 1.4 1.3 .3 14.2 1.2 1.1 1.1 19.7 19.5
00011 WATER 3, 4 FN S1.9 51 SLIS Shbs S S LG A0S blgs
00062 BAIER  SURF ELE 1IN FEET ' ' 8.y
00070 TRANSP  SECONI  RETERS .
00080 COLOR  PT-C® MITS 15
00094 CXDUCTVY FIELD  NMICROMIO 170 149 3 163 163 168 1Y) 189 182
030 B oA 1.4 1.0 1.0 1.0 9.0 X .9 1.8 1.7
w1 N0 SATUR  PERCENT 8.5 8658 86,50 BL.3 8450 8058 S BLEs 8L
00400 M [ 7.4 1.4 1.4 1.4 7.0 1.4 7.4 .18 1.50
00330 RESINE TOT WLT WAL 1
00405 ONS " 1 ]
00410 MOeS- N TBTAL WAL .05
00812 W-10N1D  MG3-H i 403
00419 IN-10K2D BN3-BMS  MGAL 00048
00430 MO2UN0S  N-TOTAL  MGAL 02
00843 PHOS-TOT wi ? 0%
00471 PHOS-PIS ORTMO  MS/L P 2
00480 T ORS C 4 s 10
S1AL6 FEC COLI MFM-FCBR /100 i
Nl SNPLE  UPMTED 120005 920001 G200 920001 Y0801  MO731 e 128 920017
$9040 SERIES  COBE A : (18]



STORET RETRIEVAL BATE 93/09/13 PEHALLPARN
471503 18 222
39 49 51.0 084 03 4.0 2
FORT LOUBOUN MESERVEIR
003 D01
TEMIESSEE RIVER BASIN 040801
/TYPA/ANBNT/STREAN/SOLIDS TENNESSEE RIVER 424.4
131TWC O 06010201025 0002.020 OFF
0000 FEET DEPTM
INITIAL MATE /017 nmm nmm Imuu 20017 nmm 20611 NUGINT nmm
INTIAL TIE 1322 174 130 13
REMUA vm ma WIER  WIR um mta WigR um
MEPTH-FTSNN) 13,12 1312 19.88 . 24 WM .92 248 B.%
zlsgmc 1 ng:('m RT B . we . ¢ W4 . . ;giz - X)
0010 Wi 1w N 19.2 190 190 18 189 189 188 189
00011 MATER  TEW®  FAMM 66,68 . T T TS TR TS 800 4600 .08
00030 COLOR  PT-CO wITS ' 10 ' ' ‘ : 10
00094 CNOUCTVY FIELY  AECROMMO 165 199 18 103 184 19 12 12
00300 s 1.4 1.6 1.6 1.4 1.6 1. 1.4 1.4
00301 D0 SATUR  PERCENT 8.9 80.9 . 80.9  80.9%  B0.95 809 0%
00000 M ] 1.6 .0 1 0 1.0 1.0 T X
00330 RESIDE 10T LT WAL 1 %
00405 OR§ I " . A3 15
00410 MEenMe- N TOTAL  M6/L 0% 0%
00412 UN-1ONID  W3-N  MGAL 00088
00419 tM-1ONI  M3-E3  WG/L -00054
00436 NOZUNO3  N-TOIN  M/L .4 .53
00643 PHOS-T0T WL P .03 .05
00471 PHOS-DIS ORTHO  MG/L P 020 K1)
To6C BS/L 2.4 2.3
32211 CRAPHYL A US/L  CORRECTD 3.00
2212 Carem. B 0B/ 1.000
2218 CARPNYL € Y 1.00
32218 PHECPHTN vs/L 1,000
I WEF  SAMLE  UPMATED 0T R0E4 90717 SNT 07 92017 90117 920814 YT
04048 SERIES  COBE FLTC fLn
IRITIAL DATE 02012 NN NROUR VR ROV RN 2 202 RN
INITIAL TINE 12 1257 128 1259 130 1301 1302 . 1303 1304
RN WATER  WATER ma WATER  VERT  WATER  WAIER  WATER  WATER
DEPTI-FT(SAT) 0NN 4w 112 1342 14 19.88 .4 2.8
00002 HSARPLOC I FROM  RT DAMK . 30.9 30.0 4 0.0 0.0 0.0 300 We
0008 LA IBENT.  wumseR - i
010 WIER  TE®  CENT T TR R R | N2 A2 08 W2
Wil WIR  TE® e nso s s . 7. 0.3 W a0
002 MATER  SURF ELE  IN FEET 812.5
00078 TRMSP  SECCHI  METERS .
00060 COLOR  PI-C8  OWITS 15
00004 CHUCTVY FIELY  MICRORWO | M 28 1) 23 26 Y1) M
0N N T T TN | 1.4 8.7 1.4 60 6.1 .1
0030 B0 SATUR  PERCENT L8 BL1s 106 100.08 848 IS8 4638 Wi
040 M ] . 0 Ll 800 L0 150 0 1.
00330 RESIBUE T 5
00405 085 ¥ s .30
%0410 NSomit- o o 1 02
00430 MO2LNO3  N-TOIAL MG/L ]
00443 PHOS-T0T WL P 0%
00471 PHOS-DIS ORTHO  MG/L P .00
1 086 ¢ L X
suu FEC COLI MFN-FCBR  /100M 1
AL CORRECTD 9.00
mu o 3 W 1.000
AW AWM ¢ v6IL 1.0
;zzu n:.q‘m " smu‘ uﬁ"ia 920807 9208 0 200
07 920807 920007 920925 92 920807 7
OWL8 SERIES  COE AP Rt 0807 o T8 !
INTIAL DATE RN NN NI NI VIR nmm nmm 2/08/19 210119
T T 1308 1386 1300 13m 12 uw %
Rl BMIER WTER WA WIR  wWIm mn WIR  WATER
PEPIN-FT(SK) WU S0 WNa sS4 0983990 .92 1342 B.12
00002 HSANPLOC I FRON  R7 DAKC 30.0 . . 3.
0000 LA IDENT. el 1454 13
0010 WATER TEW  oen 200 198 0T 1997 B2 w0 0
Wl MIR TE® Fam FON TR S DTS X TR ¢ X n. i) .
00078 TRANSP  SECOHNI  METERS : .
00l (O  #I-00 i1 19 1
000% CORUCTVY FIELD  NICROMD 3 200 2 ™ 211 210 213
0 » s .4 8.3 3.3 3.3 1.4 1.2 o4
Wi e I U R e
0300 RESINE ST WLT A it [
086 ¥ n 25 108

1
(SANPLE CONTINUED O MEXT Nlﬂ-




STORET RETRIEVAL BATE 93/09/13

1TYPA/ANBNT/STREAN/SOL1DS

(SAWPLE CONTINUED FROM PREVIOUS PAGE)

PEN=ALLPARR

473403 1141
3349 31.0 084 03 .02
FORT LOUDOUN RESERVOIR
4703  TEWESSEE
TENNESSEE RIVER BASIN

EKSiE RIVER §24.4

S1TvAC
0000 FEET DEPTH

mot
1oL

PAGE s

Ha 05010201025 0002.020 OFF

223

}H“t m‘: nmm %nzz nm e e mum :z;zoom n/08119 n&um
AENTON um - we Wik Wi i veRT
EPIN-FT{SAK) 9.3 5.7 0.0 $2.48 0.183 .9 13.12 13.12

00410 MNRM~ N TOIN WA )t 078

00612 UN-IONID M- WA 00058

0019 UN-IONID  MH3-W3 MR +0006%

00630 MO2ANO3  N-TOTAL  MGAL .83 .3

00433 PHOS-T0T s P .05 43

00071 PHOS-DIS OATHO  NGIL P 020 o
Toe ¢ TN 2.4 2.9

007 CA NN ZRY WST MG/ 9400.00

00024 N B  BRY WGI  MG/KG-NG §100.00

NN CIMD WY W W/G-0 s

01629 CRRONIUN SEDNG/Ls DAY WGT 2.00

043 COPPER  SEDMG/IG  DRY 061 3.0

01052 LENN  SEOMG/IS  DRY W1 10.00

01083 N NUID DAY ¥ST  K5/K-W 2300.00

01068 NICKEL  SEOMG/TG  BRY WGT 10.00¢

01093 TINC SEOME/EG  BRY WGT 150.00

01008 AL MU BRY W61  MG/ES-AL 16000.00

OLI70 FE MU ORY 66T  WG/IG-FE 30000.00

31616 FEC COLI RFA-FCOR  /100M "

1210 ONRPNYL A UG/L  CORRECTD 5.00

N oMM 8 w6 1.0

mioumm e 1.0

32218 PHEGPHIN & N 1.00

34257 BETA BHC  SEDUG/TG  ORY 161 10.000¢
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