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TUBERCLES AND LOCALIZED 
CORROSION ON CARBON STEEL 
B.J. Little. R.I. RayandJ.S. Lee Naval Research Laboratory. Stennis Space Center, MS 39S29-5004. USA, blittle@nrtssc.navv. mil, 
Fax:228-688-4149 T. L. Cerke Department ofGeology. University of Cincinnati Cincinnati. OH. USA, 4S221. 

Summary 
The chemistry, mineralogy and microbiology 
of tubercles on cast iron and carbon steel 
were investigated. Tubercles, from diverse 
fresh water environments and of varying ages, 
consistently had an outer crust of goethite and 
lepidocrocite and an inner shell of magnetite. 
Core regions differed in structure, composition 
and chemistry. The presence of tubercles on 
carbon steel and cast iron cannot be used to 
conclude localized corrosion directly under 
the tubercles or a role for bacteria in their 
formation. 

Introduction 
It is well established that tubercles formed on 
austenitic 300 series (304 or 316) stainless 
steel in untreated well water (200-300 ppm 
[CI"]) and chlorinated drinking water produce 
O^ concentration cells and under-deposit 
corrosion. In an oxygenated environment, 
the area under the tubercle, deprived of 02, 
becomes a relatively small anode compared 
to the large surrounding oxygenated cathode 
[1-4]. Metal is oxidized at the anode creating a 
pit and pH decreases.The pH in the pit depends 
on the alloying elements. CI" migrates from 
the electrolyte to the anode to neutralize 
charge, forming heavy metal chlorides that 
are extremely corrosive. Pitting involves the 
conventional features of differential aeration, 
a large cathode: anode surface area and the 
development of acidity and metallic chlorides. 
Under these circumstances, the deposit or 
tubercle initiates the pitting and propagation 
is a function of alloy and environment (e.g., 
CI"). Tubercle formation on stainless steels 
is frequently attributed to iron-oxidizing 
bacteria (IOB), e.g., Callionelta and Leptothrix, 
and the accumulation of bound oxidized iron. 
In summary, tubercles cause corrosion. In 
contrast, tubercle formation on cast iron and 
carbon steel can be the result of corrosion, 
i.e., corrosion causes tubercles [5].Throughout 
this paper the term "cast iron" specifically 
refers to unlined cast iron. Several authors 
have indicated a role for microorganisms in 
tubercle formation on cast iron and carbon 
steels, especially IOB [6]. However, the 
relationships between tubercle formation, 
microorganisms and corrosion of cast iron 
and carbon steel in fresh water have not 

been established. In the following sections we 
present morphology, mineralogical, chemical 
and microbiological data for tubercles from 
three sources - Duluth-Superior Harbor 
(DSH), a fresh water estuary; a drinking water 
distribution system (DWDS) in the mid- 
western portion of the United States and a 
high-pressure industrial water system (HPIW) 
from a US. government facility located near 
the Gulf of Mexico. 

Methods and Materials 
Details related to collection, embedding and 
imaging iron corrosion products have been 
reported elsewhere [7], Operating conditions 
for the environmental scanning electron 
microscope (ESEM) and energy-dispersive 
spectroscopy (EDS) were described in the 
same publication [7j. The mineralogy of the 
tubercles was analyzed using a Siemens D-500 
automated diffractometer system using a Cu 
Ka radiation at 30 mA and 40 kv. The 26 
ranged from 5° to 60°, with a 0.02° step, and a 
2 second count time at each step. Crystalline 
phase identifications were made on the basis 
of peak position and peak intensities using 
the American Mineralogist Crystal Structure 
Database, the Mineral Database, and the 
International Center for Diffraction Data 
(http://rruff.geo.arizona.edu/AMS/amcsd.php, 
http://webmineral.com/). Approximately ten 
tubercles from each location were examined. 

Results 

Tubercles from untreated 
fresh water in DSH 
The water chemistry in DSH is as follows 
(concentrations in mg L '): pH, 7.8-9.4; DO. 
4.4-11.7 (near saturation); sulfate (SO/), 
4-30 and chloride (CI), 10. DSH is icebound 
from mid-December to mid-April and during 
that time has a durable, well-defined ice cover. 
Freeze ice thicknesses in DSH range from O.S 
to 1.4 meters in addition to snow ice, stack 
ice, and ice from wave and splash action 
along harbor walls. Ice scour breaks and 
removes the tops of tubercles each year and 
tubercles reform within a few months. DSH 
tubercles ranged in size from 2 x 3 cm after 
1 year to 6 x 10 cm after 3 years. Tubercle 
height remained constant over the three-year 
period at about 2-5 mm. The general internal 
morphology of DSH tubercles consisted of a 
surface layer, overlying a hard shell layer that 
typically enclosed a core region (Figure 1). The 
surface layer of the DSH tubercles was made 
up of a reddish brown material composed of 
Fe(lll) oxyhydroxides, primarily goethite with 
trace amounts of lepidocrocite. A black hard 
shell that had both metallic and non-metallic 
luster was under the surface layer and was 
composed predominantly of magnetite with 
trace amounts of goethite and lepidocrocite. 
The core region, yellowish-brown in color 
and composed of goethite and lepidocrocite, 

C^ Crust - goethite w*h trace teprfocrocite 
•I Shell  - magnetite 
S3 Voids 
CD Core  - goethite and lepidocrocite 
• Copper 

Figure 1. Diagram of DSH tubercle. 

Figure 1 Diagram of DSH tubercle. 
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Figure 2. Twisted bacterial stalks with deposited iron 
within tubercle core from DSH 

extended into the area of localized corrosion. 
Cores had a fibrous appearance and imaging 
with an ESEM demonstrated that the Fe(lll) 
oxyhydroxides were associated with twisted 
bacterial stalks (Figure 2). Chromium, 
manganese and nickel were detected within 
the core regions. A feature of DSH tubercles 
is the well-defined stratum of copper at the 
base of the tubercles. 

All DSH tubercles were associated with 
localized corrosion, i.e., pitting (Figure 3). Pit 
volume, i.e., mass loss (depth x area) increased 
with time over a 3-year period. By year-3, the 
distribution of pit depths had increased (70- 
630 urn) with a metal loss of 215.25 mm3 

over 625 mm2. Increase in pit depth with 
time was not linear. 

Tubercles from chlorinated 
DWDS 
Tubercles removed from a 90 year-old cast 
iron pipe DWDS developed in water with 
the following composition (concentrations in 
mg L '): pH, 8.6, low to moderate hardness; 
alkalinity, 68; SO/*, 98; free chlorine, 0.97 
and phosphate, 0.083. The bulk water is 
oxygenated to saturation levels. Tubercles 
from the DWDS ranged in size from a few to 
10's of cm in length and in some locations 
had coalesced and were up to 100 cm long. 
An average tubercle was approximately 
10 cm long and 5 cm high. The DWDS 
tubercles were not associated with localized 
corrosion (Figure 4).   The general internal 

:• M i:-. !'• 17 5 20 i»"w 
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Figure 3. Cross section of tubercle and piofile of pitting associated with DSH tubercle. 

Figure 4. Cross section of tubercle and cast iron pipe 
from DWDS. 

morphology of all tubercles examined 
from this DWDS consisted of a core region 
overlain by a hard shell and surface layer. 
Magnetite, lepidocrocite and goethite were 
the predominant iron minerals identified for 
the tubercles, but in different proportions. 

Based on the different proportions of the iron 
phases in the core, tubercles were classified 
into three groups: Croup la (goethite), Group 
lb (lepidocrocite), and Group 2 (magnetite) 
[8]. The predominant group, Group la, had 
core material that was yellowish- to reddish- 
brown in color and composed of goethite 
and trace amounts of lepidocrocite. This 
region was overlain by a black hard shell layer 
that has a metallic luster and was composed 
of magnetite with minor amounts of 

goethite and the surface layer was reddish in 
colored material composed primarily 
of goethite with minor amounts of 
lepidocrocite and magnetite. Magnetite veins 
were also present within the core regions of 
all tubercles in Groups 1a and lb producing 
a marbled appearance and some contain 
subregions of filamentous textures. IOB could 
not be located within the core regions of 
tubercles from the DWDS. Concentrations of 
phosphorus, calcium, lead, nickel, copper and 
zinc were detected by E DS throughout the core 
regions. Specific elements and concentrations 
of elements varied among tubercles from the 
same location and within a given region. In 
general the concentrations of calcium, copper, 
manganese, nickel, phosphorus, and zinc 
increased from the core to the surface layer. 
Aluminum concentrations were similar in the 
core and shell but increased in the surface 
layer. The highest concentrations of lead 
were localized in the surface layer and were 
lowest in the shell. Significant pitting 
was typically not associated with these 
tubercles (Figure 4). 

Tubercles from high-pressure 
industrial water (HPIW) 
The HPIW system is forty-three years old 
and the most recent water quality indicates 
the following (concentrations in mg L'): 
pH, 7.0, low to moderate hardness; SO/, 
12.2; chloride, 0.0. Tubercles were typically 
5-10 cm long (developed along the axis of 
flow), 3-5 cm wide and 1-2 cm high. There 
were accumulations of lead within core 
regions. Tubercles from the HPIW had crusts 
of goethite and lepidocrocite and shells 
of magnetite. The core region contained 
biomineralized bacterial stalks (Figure 5). 
The tubercles were not associated with 
significant pitting. 

One representative tubercle was examined 
in detail. Based on its internal morphology 
it is similar to Group 1a discussed above. It 
had yellowish-brown colored core material 
composed of goethite and moderate amounts 
of lepidocrocite and veinlets composed of hard 
black non-metallic magnetite (Figure 6). This 
region was overlain by a black hard shell layer 
that has a metallic luster and was composed 
of magnetite with minor amounts of goethite 
and lepidocrocite. A very thin (less than 0.5 
mm) surface layer overlies all and was reddish 
in colored material. Because this layer was so 
thin the mineralogy and chemistry could not 
be examined Concentrations of elements 
varied between the core and the hard shell 
layer of the representative tubercle. In 
general, concentrations of silicra, aluminum 
and sodium increased from the core to the 
hard shell layer and there was a slight increase 
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Figure 5 Twisted bacterial sheaths with deposited iron within tubercle core from HPIW 

from the core to the hard shell layer in calcium 
magnesium, and lead concentrations. The 
core had higher concentrations of iron and 
slightly higher phosphorous concentrations. 

Discussion 
Angell [5] described abiotic and biotic 
mechanisms for tubercle formation on 
carbon steel and cast iron, i.e., mounds of 
corrosion products deposited above areas 
of "localized electrochemical corrosion" and 
deposition of insoluble iron by IOB. Menzies 
[9] described abiotic tubercle formation at 
breaks or discontinuities in an oxide scale 
exposed in an oxygenated environment. 
"Anodic dissolution takes place and as metal 
ions concentrate in the solution the solubility 
product of the solid hydroxide is exceeded 
locally and hydroxide precipitates out as a 
hemispherical membrane which surrounds 
and covers the original discontinuity. This 
results in effective screening of the anodic 
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Figure 6 Powder X-ray diffraction patterns for the core 
and associated veinlets and hard shell layer (HSL) for a 
representative iron tubercle from HPIW G = goethite 
(alpha-FeOOH), L = lepidocrocite (gamma-FeOOH). 

M • magnetite (Fe,OJ, and AH = aluminum holder 
that the samples were analyzed. 

area from available oxygen and the metal 
at the discontinuity remains anodic." 
Herro [10] working with tubercles in cooling 
waters concluded that differential aeration 
cells caused tuberculation, suggesting 
that oxygen deficient regions below the 
accumulated corrosion products were anodic 
sites, while surrounding areas were cathodic. 
He indicated that tubercles grew as a result 
of both internal (anodic) and external 
(cathodic) reactions, i.e., anodic dissolution of 
metal resulted in the accumulation of Fe(II) 
(ferrous) and Fe(III) (ferric) ions and cathodic 
reactions outside the tubercle increased the 
pH and caused the precipitation of carbonate 
and other species whose solubility decreases 
with increasing pH. 

Several investigators have demonstrated 
bacteria within tubercles [7,11, 12].Tuovinen 
and Hsu [13] suggested that there were 
zones within some tubercles that contained 
enough organic carbon and other nutrients 
to support the growth of microorganisms 
and microcosms with symbiotic relationships 
and nutrient cycling. Miller and Tiller [14] 
indicated, "iron bacteria, which, together with 
the ferric hydroxide they produce can form 
extensive deposits called tubercles on the 
inside of water pipes." Tiller [12] suggested 
that iron-oxidizing bacteria "encouraged" the 
formation of tubercles. 

Several authors have described the internal 
morphologies of tubercles [8, 10, 15]. Herro 
[10] indicated that tubercles should contain 
the following structural features: outer crust 
(hematite, carbonate, silicates), inner shell 
(magnetite), core material (ferrous hydroxide, 
siderite, phosphates), fluid cavity and 
corroding floor. Sarinet al. [15,16] indicated a 
surface layer (lepidocrocite, FeOH3, silicates, 
phosphates, carbonates), a shell-like layer 
(magnetite) and a porous core [Fe(II) and 
Fe(III) phases] over a corroding floor. The 
tubercles described in this paper, from three 
diverse locations, had the essential features 
described by previous models - core, shell and 
crust. The mineralogy of the crust and shell 
were identical to those described for tubercles 

isolated from other oxygen-saturated fresh 
water environments. 

The significant difference between the 
Herro [10] and Sarin et al. [15, 16] model 
is the absence of a fluid filled cavity in the 
Sarin et al. [15] model. Instead Sarin et al. 
[15] suggested that porosity within the 
tubercle determined the ease with which 
ions migrate within the core. Their diagram 
indicated increased porosity at the base of 
the core. The cores described by Herro [10] 
and Cerke et al. [8] differed structurally and 
mineralogically. Cerke et al. [8] indicated 
that the majority of core material was Fe(III), 
either goethite or lepidocrocite, and Herro 
[10] described cores of Fe(Il) hydroxide , 
siderite and phosphates. The cores from the 
tubercles in this study consistently contained 
a predominance of Fe(lll) minerals, i.e., 
goethite and lepidocrocite. 

In the present study, stalks produced by IOB 
and biomineralized deposits were located 
in tubercles from two locations - DSH and 
HPIW (Figures 2 and 5), Extracellular iron 
biomineralization has beenstudied extensively 
in fresh water [17-20]. Some IOB extrude 
polymeric structures upon which they deposit 
the ferric iron derived from their metabolism. 
Chan et al. [21] concluded that polymer 
directed iron hydroxide mineralization is a 
general phenomenon that can occur in any 
system containing acidic polysaccharides 
and iron. Banfield et al. [22] suggested that 
negatively charged polymers (e.g., Gallionella 
stalks) served as templates for aggregates of 
enzymatically produced iron oxides. Chiorse 
and Ehrlich [23] suggested that microbial 
mineral formation can take place in intimate 
association with cells forming mineralized 
structures. They further concluded that 
the resulting structures could be used to 
identify a biological role in the formation in 
the absence of viable cells. Working with 
hyphal budding bacteria. Ghiorse and Hirsch 
[24] described the accumulation of positively 
charged iron hydroxides on negatively charged 
bacterial polymers. Once deposited, the iron 
oxides carried negative charges so that such 
a process could continue indefinitely without 
any biological activity. The only required 
biological input is the initial production of 
a negatively charged polymer. Sogaard et al. 
[25] described a similar process for biological 
iron precipitation by Gallionella in a polluted 
ground water (pH 5). Iron precipitated on the 
surface of the stalks until the negative charge 
effect was eliminated. The colloidal iron was 
condensed and the result was a dense deposit. 
Miot et al. [26] demonstrated precipitation of 
goethite on polymeric fibers extending from 
the cells of an iron-oxidizing bacterium. They 
also demonstrated a redox gradient, with the 



proportion of Fe(III) highest near the cells 
and the proportion of Fe(II) increasing at 
distance from the cell. 

Bacteriogenic iron oxides, formed in response 
to chemical or bacterial oxidation of Fe(II) to 
Fe(III), are made up of intact and/or partly 
degraded remains of bacterial cells mixed 
with amorphous hydrous Fe(lll) oxides [27]. 
Bacteriogenic iron oxides have reactive 
surfaces and act as sorbents of dissolved 
metal ions and enrichments of lead, cadmium, 
aluminum, chromium, zinc, manganese, and 
strontium, in addition to copper, have been 
reported [28, 29). Sarin [15] reported the 
absorption of copper in iron corrosion scales. 
Gerke et al. [8] demonstrated that heavy 
metals, including copper, were either trapped 
within the structure or sorbed onto regions 
of the tubercles. There were differences in 
the heavy metals associated with the cores 
varied with location and within locations. 
In the present study, heavy metals were co- 
located with bacteriogenic iron oxides in 
two locations (DSH and HPIW). Bacterial 
stalks were not identified in the fibrous core 
of DWDS tubercles but heavy metals were 
concentrated in the core regions. Chromium, 
manganese and nickel were detected within 
the core regions of DSH tubercles. A feature 
common to all DSH tubercles was a well- 
defined stratum of copper at the base of 
the tubercles. Concentrations of phosphorus, 
calcium, lead, nickel, copper and zinc were 
detected throughout core regions of DWDS 
tubercles. There were accumulations of 
lead within core regions of HPIW tubercles. 
Specific elements and concentrations of 
elements varied among tubercles from the 
same location. These differences may reflect 
differences in heavy metal concentrations in 
the fresh water in which the tubercle develops. 
Because of the limited water quality data 
available from the locations examined in this 
study it is impossible to relate differences in 
core chemistry to water chemistry. 

The Herro [10] and Sarin [15, 16] models 
specifically describe tubercles associated with 
corrosion. Gerke et al. [8] described similar 
morphology, mineralogy and chemistry for 
tubercles developed in a DWDS, however, 
tubercles in the DWDS were not associated 
with localized corrosion. Angell [5] reported 
that the base of the tubercle was the source 
of "almost all of the iron that compromises 
the tubercle." Herro and Port [30] estimated 
that tubercle height was 5 to 30 times as 
great as the metal loss in the pit below. The 
Herro [10] model clearly does not describe 
the situation with any of the tubercles 
examined in this study. Tubercles formed 
in DSH must develop over warm summer 
months, are scrubbed from the surface by ice 
in the winter and early spring and reform. The 

height remained the same over a three-year 
period, despite the deepening pit beneath 
them. Tubercles in the DWDS and HPIW 
were not associated with localized metal loss. 
The cores of DSH tubercles extended into the 
pits and were exact replicas of the pit interior. 
Ray et al. [7] demonstrated that corrosion of 
pilings in DSH was due to a galvanic couple 
established between the copper layer and 
the iron substratum. The reducing conditions 
beneath the tubercles caused copper dissolved 
in the water to precipitate. 

Data presented in this paper do not clarify 
the role of IOB in tubercle formation. Are IOB 
involved in tubercle formation or do tubercles 
in some environments provide conditions 
for IOB growth and biomineralization? 
Angell [5] suggested that tubercles provided 
anaerobic niches for sulfate reducing bacteria 
(SRB) and under some circumstances SRB 
could accelerate corrosion associated with 
tubercles. In an independent study, Lytle 
et al. [31] determined that some tubercles 
from the same DWDS examined in this study 
contained SRB. 

5. Conclusions 
The term "tubercle" does not describe a 
single morphology for corrosion products 
on carbon steel. The presence of tubercles 
on carbon steel cannot be used to conclude 
localized corrosion directly under the 
tubercles or a role for bacteria in their 
formation. The tubercles examined in this 
study did have features in common - a crust 
of lepidocrocite and goethite and a shell of 
magnetite. All tubercles had a core region, 
but the structure and chemistry of the cores 
differed. Stalks produced by iron bacteria 
were located in tubercles from two locations, 
but not the third. 
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