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IN REPLY REFERENCE: CTO0-0080/0169

November 19, 1996

Mr. Joseph Joyce

BRAC Environmental Coordinator
MCAS El Toro and Navy

Building T-2006

P.O. Box 95004

Santa Ana, CA 92709-5001

Subject: Submittal of Final Draft Evaluation of In-Well Corrosion at
MCAS El Toro by Environmental Management for MCAS El Toro

Dear Mr. Joyce:

We have examined the issue of in-well corrosion at MCAS El Toro using the CLEAN 1 and
recent CDM Federal Programs Corp. data. Our findings indicate that observed increases in
dissolved and total nickel over the past four years appear to be the result of in-well corrosion.
We believe that microbiologically influenced corrosion may be the dominant mechanism for the
observed effects. The effect of sampling technique on aqueous concentrations seems to be of
much less significance.

Several interrelated factors have contributed to in-well corrosion at MCAS El Toro.
Geochemical indicators and calculated corrosion indices support the presence of corrosive
waters. Although the well design attempted to mitigate the corrosive environment the overall
result was disappointing. By 1996 many of the dedicated pumps installed since 1992 were found
to be physically corroded. The data suggest that groundwater chemistry in the immediate
vicinity of the wells is being affected to a limited degree by corrosion of well materials and
release of metal corrosion products.

The observable increase in nickel concentrations over time was indicative of recent releases of
this element to groundwater. Since nickel is a metal that is not involved in any biological cycle
only the physical introduction of nickel into groundwater near a well could result in the observed
increases. The absence of any known or suspected metals releases at the locations examined in
our study supports the assertion that in-well corrosion of the stainless steel casing and pump
housing has introduced nickel into the groundwater/well system. There were not enough data to
examine temporal trends of dissolved chromium and iron. However, these metals represent a
significant fraction by weight of the type 304 stainless steel pump housing and well
screen/casing materials. Therefore it seems likely that dissolved chromium and iron are probably
also increasing in the groundwater adjacent to wells experiencing corrosion.

@ ]
-»* Bechtel National, Inc. systems engineers-Constructors
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Mr. Joseph Joyce
November 19, 1996
Page Two

Although the wells were designed to last 30 years it is reasonable to assume that this goal will
not be met. The pump manufacturer has stated that type 304 stainless steel pumps originally
installed can only be expected to last one year under the current conditions if they were
continuously left in the wells. Our review of the data indicate that without the effect of
microbiologically influenced corrosion, this prediction is somewhat pessimistic. However, the
rapid nature of the corrosion experienced at MCAS El Toro, the fluctuating iron concentrations
and reported sulfide present in the well waters indicates the probable presence of both iron
bacteria and sulfate reducing bacteria. Due to the aggressive water and distinct possibility of
microbiologically influenced corrosion at MCAS El Toro it is likely that the pumps and well
screens will continue to corrode even with high quality welds.

We have included several recommendations at the end of the attached document to assist the
Navy with planning for future activities related to in-well corrosion. We suggest that future
groundwater analyses include sulfide, iron bacteria, sulfate reducing bacteria and slime causing
bacteria. The bacterial measurements can be conducted by Bechtel’s staff microbiologists and
chemists. We have also been in contact with Dr. Brenda Little of the Microbiologically
Influenced Corrosion Section of the Naval Research Laboratory in Stennis Space Center, MS.
Dr. Little has worked with Bechtel on these issues in the past and has indicated that she is
enthusiastic about the opportunity to assist SWDIV with this study.

We are pleased to have been able to assist the Navy in refining their understanding of the
corrosion issue at MCAS El Toro and are ready to provide additional support if needed. We look
forward to further discussions on this issue.

te J. Tedaldi, Ph.D., P.E.
echnical Quality Assurance MCAS El Toro
DT/sp

Attachment: Calculation Package for Corrosion Study
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1 Groundwater Metals Data Interpretation for MCAS El Toro

1.1 Introduction

Groundwater at MCAS El Toro is suspected of having corrosive conditions. Since 1992, 163
monitoring wells have been installed by the Department of the Navy at or near the Station. The
well screens were type 304 stainless steel. Many of these wells had dedicated stainless steel type
304 pumps in them. Since the time of installation, most of these pumps have been operated only
twice with no maintenance.

By early 1996, 45 of the 92 electric submersible pumps were non-operational, apparently due to
corrosion. This represents a 49 percent failure rate. The damaged pumps were removed by
Bechtel and not replaced. Considering the limited use of these pumps, this appears to be an
extremely high rate of failure (BNI 1996a). Eight of the failed pumps were sent to the
manufacturer (Grundfos Pumps Corp.) for analysis and diagnosis. Their findings are
summarized in this calculation package.

In the spring of 1996 CDM Federal Programs Corp. conducted a one-time sampling of all 163
wells. Chromium, nickel, and iron concentrations appear to be elevated with respect to previous
measurements. Chromium concentrations were as high as 1,880 png/L and nickel concentrations
were as high as 6,980 pg/l.. Comparisons between previous sampling periods indicated that the
nickel concentrations at several wells have increased over 3.5 times in the past three years.

1.2 Purpose

These observations suggest that the highly corrosive conditions of the groundwater environment
at MCAS El Toro have leached metals from the well screen and dedicated submersible pumps.
The purpose of this calculation package is to examine the 1996 data and determine if apparent
trends in dissolved metals concentrations were supported by the data and establish the possible
reasons for these trends.

1.3 Definitions

For the purposes of this discussion corrosion is defined as the destruction of metallic materials by
chemical or biochemical action, and incrustation is defined as a condition where material
precipitates onto a metallic surface.

a:\corr_cal\finai.doc
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1.4 Discussion of Why Stainless Steel Corrodes

In nature metals are not found in the earth in the elemental forms which are typically reported by
analytical laboratories. Ores which are found in nature are oxidized forms of the metals
combined with other naturally occurring minerals. When an elemental alloy of metal is placed
back in the ground in the form of a groundwater well screen or dedicated pump there is a strong
tendency for it to revert back to its mineral form (Driscoll 1986). This process is called
corrosion.

There are five basic types of corrosion: general, galvanic, pitting/ crevice, intergranular, stress-
corrosion cracking (Driscoll 1986, see Attachment A for more information). Stainless steel type
304 is prone to crevice corrosion (Oakley and Korte 1996). Crevice corrosion occurs at the
connection of two metal parts and at badly executed welds on the steel. When these areas are
filled with solution, a strong current density can occur. The surface inside the crevice becomes
active and active stainless steel is lower on the galvanic chart than passive stainless steel. The
reason that the surface becomes active is that a halogen such as chlorine can displace oxygen in
the protective coating and create an area where the steel is unprotected or active. The active
stainless steel acts as the anode and the passive stainless steel acts as the cathode. Because the
current is relatively strong due to the large surface area of the cathode and the small surface area
of the anode, corrosion occurs in these areas at a must faster rate than over the rest of the
stainless steel surface. The passive monomolecular film coating that is normally associated with
type 304 stainless steel is compromised in areas were crevice corrosion is happening.

1.5 Microbiologically Influenced Corrosion

Microbiologically Influenced Corrosion (MIC) is corrosion that is enhanced by bacterial activity.
MIC often occurs near weldments in austenitic stainless steels. Pitting may be in the weld, in the
heat affected zone , along the fusion line, or in the base of the metal near the weld (Borenstein
1991). Many different species of bacteria can partake in MIC. However the main classes of
organisms are iron-related bacteria, sulfate reducing bacteria, nitrate reducing and slime forming
bacteria (Pope and Morris 1995).

MIC is different than chemical corrosion in a number of ways. The bacteria are able to detect
areas on the metal surface that are most prone to corrosion. They will then form a colony in
these defect areas. Most bacteria cells are about 0.2 to 5 micrometers (im) wide and 1 to 10 um
long (Stoecker 1995). The colonies can easily attach in surface defects that may be only 25um
deep. Once the colony is attached to the metal they start to form nodules in which they live. The
MIC is not associated with general attack due to their size and it occurs only in localized areas
such as crevices.

a:\corr_cal\final.doc
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MIC mechanisms have been generalized by Pope and Morris (1995). The three phases of
development are shown in Figure 10. In the first phase the site of attack is selected based on the
metallurgic features such as heat affected zones, roughness, or preexisting corrosion. Once the
bacteria have found a site the colony excretes extracellular material that is sticky and will trap
organic and inorganic material necessary for the growth of the colony. In the second phase of
MIC a micro-environment within a nodule forms. The concentrations of oxygen, iron,
manganese and pH are vastly different than over the unaffected surface of the metal. The pH can
drop as low as 4. This drastically different environment creates conditions very conducive to
corrosion, causing the nodule to expand and deepen. Within phase two the colony becomes
fixed which will eventually lead to pit or crevice corrosion. The pit serves as the anode.

The principles of corrosion remain the same but MIC is different because the bacteria can affect
the environment within the nodule enough that groundwater conditions that are not normally
corrosive become corrosive. Moreover, corrosive conditions can be accelerated by the presence
of MIC. By the third phase the pit is mature and tunneling may be observed due the nature in
which the bacteria expand the nodule. Short chain fatty acids are also produced which maintain
the low pH. Once the MIC pitting is mature and in phase 3 simply adding biocide to try to kill
the MIC bacteria is not enough because the bacteria can hide in the nodules. A mechanical and
chemical cleaning is necessary.

The data presented in this report indicates that microbiologically influenced crevice corrosion is
likely to be occurring in the well screens and dedicated pumps.

2 Groundwater Data Presentation and Review

Aluminum, chromium, iron and nickel were the metals of interest for this study. Chromium, iron
and nickel are metals found in type 304 stainless steel. Type 304 stainless steel has 18 to 20
percent chromium, 8 to 12 percent nickel, 64 to 70 percent iron (Weast 1978). Aluminum is a
metal that is ubiquitous in the environment and is not contained in stainless steel. Trends in
these metals can be used to establish the relative impacts of silts and clays and corrosion on
aqueous chemistry.

2.1 Filtered Versus Unfiltered Data Review

This calculation package was developed to examine if there were any trends between metals
concentrations (e.g., between aluminum and chromium). For convenience, only the eight wells
that had the pumps analyzed by the manufacturer Grundfos are discussed. Since most aluminum
results were less than the detection limit (see Table 1) the direct observation of trends associated
with this analyte was not possible. Within Table 1 filtered and unfiltered pairs that have a
relative percent difference (RPD) of greater than 25 percent were understood to be significantly
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different. These pairs are highlighted in bold. Nine metals are shown in Table 1, major cations
and anions representative of general chemistry are excluded.

2.1.1 Chromium and Ilron

The chromium and iron results from 1992 can not be directly compared to the 1996 samples.
Typically, chromium and iron are associated with particulate matter and will not pass through a
0.45 pum filter (Oakley and Korte 1996). Only the 1996 data set contains both filtered and
unfiltered results for all the wells. The unfiltered chromium and iron results from 1996 seem to
be elevated with respect to filtered results from previous events but there are no data for direct
comparisons. Thus, the chromium and iron data cannot be used to directly support a corrosion
theory.

2.1.2 Aluminum

The aluminum data were examined to see if they could provide an indication as to whether
concentrations were increasing due to increases in particulate fines in the wells. Aluminum was
undetected at 200 pg/L in both the filtered and unfiltered samples. Turbidity within samples
collected from these wells varied between 0 and 67 NTU. Since only filtered samples were
analyzed in 1992 no temporal trends can be assessed.

2.1.3 Nickel

Nickel results were similar between the filtered and unfiltered samples. The RPD' were
calculated for each of the eight nickel pairs. The minimum RPD was zero because nickel was
not detected in one sample. If this sample is excluded the minimum is 1.7 percent and the
maximum is 42.7 percent with the arithmetic mean of 13.2 percent. As stated previously a RPD
of 25 percent or less was representative of equivalent concentration. This leads to the conclusion
that all of the nickel in the groundwater is soluble and dissolved in the groundwater.

A second check to assess whether or not the filtered and unfiltered data were representative of
the same population and were numerically similar was performed. The Mann-Whitney non-
parametric statistical test was used for this evaluation (Haber and Runyon 1977). The results are
shown on Table 2. For a one tailed test with the level of significance set at 0.005 (confidence of
99.5) the results support the null hypothesis. Thus the filtered and unfiltered nickel samples were
demonstrated to be the same.

Previous researchers found that dissolved nickel is not normally found in uncontaminated
groundwater because it precipitates as insoluble hydroxides or sulfides which formed originally
at excessive pH (Allen et al. 1993). Typically, when nickel ions are introduced to groundwater,

' RPD was calculated by the following formula: RPD = X; - X4/ (X4 + X3 /2).
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they remain soluble at neutral pH (Bubb and Lester 1991). Thus, the elevated dissolved nickel
levels are evidence of recent leaching into groundwater. The source of this leaching is probably
the corroding type 304 stainless steel.

2.2 Nickel Comparisons and Trends

Nickel resides mainly in a dissolved state in groundwater under the conditions prevalent at
MCAS El Toro. This fact makes nickel different than the other metals of interest because the
filtered data of 1992 can be used with the 1996 data to look for trends.

Data was reviewed for eight wells to test the hypothesis that nickel concentrations in
groundwater have increased over time due to corrosion of the type 304 stainless steel. Between
1992 and 1996 nickel concentrations at the eight wells have significantly increased (on average
by 3.5 times). As noted above nickel should reside in a dissolved state in groundwater of the
quality reported at MCAS El Toro (Oakley and Korte 1996); thus filtered data from 1992 are
usable and comparable to 1996 data. Table 3 and Figures 2 through 9 show the nickel results and
the temporal trends.

Seven out of the eight wells show an apparent increasing trend in nickel concentrations over
time. The average magnitude of the increase was relatively large. One well does not follow this
a trend because most of the data were reported as below detection limits. The 1992 mean nickel
concentration was 49 ug/L while the 1996 arithmetic mean concentration was 190 pg/L(Table 2).
The 1993 data included high concentrations which appear to be anomalous. The cumulative data
suggest that the 1993 data may have been affected by a systematic problem in the lab or be
artifacts. For these reasons the 1993 data were not considered in this analysis.

There was an observable increase in nickel concentrations over time. Nickel is a metal that is not
involved in any biological cycle. Therefore, only the physical introduction of nickel into the
groundwater near the well could result in the observed increase. This conceptual model supports
the hypothesis that the corrosion of the stainless steel casing and pump housing has introduced
nickel into the groundwater/well system.

2.3 Grundfos Observations and Corrosion Index Calculation

Eight pumps were sent to Grundfos. In all cases the manufacture found physical evidence of
corrosion in the pumps. Table 4 summarizes Grundfos Pumps Corp. analysis. The pumps were
constructed out of type 304 stainless steel. Grundfos stated that the pumps would only last one
year due to the groundwater conditions encountered in the wells. They found various parts
corroded including the motor lead termination screws, the rotors, the motor couplings and that
inner stators. The pumps were also incrustated with red iron oxide that in some cases locked the
motor shafts from rotating.
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Grundfos also calculated the Riddick corrosion index for each well. Data from 1992 was used in
the calculation. They found that in all wells the corrosion index was greater than 50. A score
above 50 indicates that the groundwater conditions are corrosive. In five of the eight wells the
score was above 100 which indicates extremely corrosive conditions are present.

Key factors that lead to the corrosive conditions in the wells were noted by Grundfos. The total
dissolved solids (TDS) were high and in most cases exceeded 1000 ppm. Manganese and iron
concentrations exceeded 5 pg/L.. The sodium concentrations averaged around 88 mg/L. The
calcium ion concentrations were very high and were 10 to 20 times higher than the corrosion and
incrustation cut off concentrations.

2.4 Well Construction and Pump Installation

No cathodic corrosion protection mechanisms were installed in any of the eight wells examined
in this report (Jacobs 1994). The wells were constructed with a type 304 stainless steel sump
followed by type 304 stainless steel screen and then connected to schedule 40 PVC material.
The quality of the welds within the screen is unknown. If the workmanship of the welds within
the screen was low then the corrosion of these screens is likely to be accelerated.

Dedicated pumps were placed in all 163 wells. The pumps were installed by connecting the
pump housing to stainless steel discharge pipes of unknown grade. Teflon tape was used
between the threads of the pump housing and the pipe. The discharge pipes extended to the
surface and were connected to PVC caps that had rubber grommets. When the pumps were
installed the electrical wires that connected the pumps to the control box were allowed to hang in
standing water at the top of the well completion monuments. These wires became severely
corroded and crumbed when moved. This was observed by CLEAN II field personnel (BNI
1996¢). The wires were connected to the electrical and mechanical components of the pumps.
When the pumps were inspected the pump housings were not corroded but many of the electrical
and mechanical components had become corroded (Grundfos Pumps Corp. 1996).

2.5 Well Sampling Methods

The wells were sampled using a dedicated or portable down hole sampling pump. The wells
were purged until temperature, pH, and specific conductance stabilized or three casing volumes
of groundwater had been removed, whichever occurred first. The samples were collected
directly from the pump. The filtered samples were prepared in the field and then shipped to the
laboratory for analysis (BNI 1995).

The CDM Federal Programs Corp. calculation of the well volumes included only the water
within the casing and not the water within the filter pack outside of the casing. This leads to
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underestimating the true well volume. Also in many instances less than three well volumes were
collected because the parameters stabilized.

Oakley and Korte (1996) concluded that high volume purging combined with sampling from the
pump discharge should produce the lowest nickel and chromium concentrations in the sample.
They also noted that high purge volumes were required to yield the lowest nickel concentrations
while the lowest chromium values were obtained when nondisruptive techniques were used. The
sampling techniques used by CDM Federal Programs Inc. do not appear to have adversely
affected the measured concentrations directly; however, it is possible that more thorough purging
would have resulted in lower nickel concentrations.

3 Calculations

This section contains corrosion calculations of the groundwater using 1996 groundwater data.
Groundfos calculated the corrosion potential for the eight wells using 1992 data and found water
quality within all of the wells to be corrosive. An ion balance for both data sets is also presented.

3.1 Ryzner Index

The Ryzner index is an analytical method that predicts the incrusting or corrosive nature of
water. The Ryzner index is adapted from the Langelier index and it is incorporates alkalinity as
calcium carbonate, total dissolved solids, and pH. The Ryzner and the Langelier Indices are
based on corrosion of carbon steel. A water is corrosive if the index is higher than 7 and
incrusting if lower than 7 (Driscoll 1986). The Ryzner index was calculated for the eight wells
from which the pumps were removed and sent to Grundfos. In every case the index was greater
than 7. This indicates that all of the wells have groundwater that is corrosive.

Beyond using the Ryzner index an analysis of the groundwater geochemistry can show the nature
of the groundwater (see Table 5) for carbon steel. When pH is less than 7 the groundwater is
acidic and corrosive conditions can occur. Dissolved oxygen (DO) levels greater than 2 mg/L
indicate potentially corrosive conditions. The maximum DO in water with chloride
concentration equal to 100 mg/L at 20°C is about 9.1 mg/L (see Attachment C). In some wells
CDM Federal Programs Corp. reported DO measurements greater than 9.1 mg/L (CDM 1996). It
appears that the calibration may have been incorrect. However, the true values are likely greater
than 2 mg/L..

When the total dissolved solids (TDS) level is greater than 1000 mg/L the electrical conductivity
is high enough to cause significant electrolytic corrosion. Carbon dioxide gas levels greater than
50 mg/L may create an acidic and corrosive environment. Measurements of carbon were not
collected; however, Grundfos used an equilibrium equation to estimate carbon dioxide levels. If
chlorides are greater than 250 to 500 mg/L can also support in well corrosion.
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Incrusting water deposits will occur if the following conditions are true:

1. pHis above 7.5

2. Carbonate hardness exceeds 300 mg/L
3. Ironexceeds 500 pg/L
4

Manganese exceeds 200 ug/L and pH is high, precipitation of Mn is likely if
oxygen is present

In the laboratory, type 304 stainless steel will not corrode in the groundwater conditions
encountered at MCAS El Toro. Due to its resistance to corrosion type 304 stainless steel is often
used for condenser tubing where water is highly oxygenated, at temperatures around 120°F and
chloride concentrations often exceeding 500 mg/L. Table 8 from Uhlig’s Corrosion Handbook
(1948) indicates that even 10 percent HCI resulted in only 0.065 inches penetration per year
(ipy) corrosion of 304. Boiling lactic acid is the only solution tested that would result in the high
corrosion rates found at MCAS El Toro. Figure 11 indicates that even solutions of 1 percent
sodium chloride result in very low corrosion rates of 304, unless temperatures of greater than
60°C are reached. This would certainly rule out corrosion by 100 mg/L chloride ion at ambient
temperatures. Figure 12 indicates the pH of a 4 percent sodium chloride solution must drop to 3
before serious corrosion of 304 stainless would occur. This test was run at 90°C. From this
information the chemical corrosion of 304 at pH 6.5 with 100 mg/L chloride present at ambient
temperatures must be ruled out.

3.2 lon Balance

An ion balance was performed for both the 1992 and 1996 groundwater data (see Table 6 and 7).
An ion balance simply tests the assumption that any water body has a overall electrical charge of
zero. This analysis is useful in comparing laboratories and the accuracy of the data from each
lab. In theory both labs should have very comparable results.

Overall the analyses of the cations from both labs are very similar. However the anions, and in
particular bicarbonate and chlorides, differs between the two data sets. The 1996 data tends to
underestimate the chloride and bicarbonate results. This causes the relative percent difference to
be high in some of the wells in the 1996 data. However, these variations do not limit the
usability of the data.

4 Conclusions

4.1 Hexavalent Chromium
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Stainless steel type 304 has 18 to 20 percent chromium. When corrosion occurs the elemental
chromium is oxidized to divalent and trivalent forms. It is possible for the trivalent chromium to
be further oxidized to hexavalent chromium, depending upon the thermodynamics of the
environment. The redox/ pH phase diagram in Figure 1 shows that for neutral pH (pH = 7) the
redox should be greater than 400 millivolts (corrected for a reference electrode) for hexavalent
chrome to be stable and present.

The redox values for the eight wells were reported to be around 100 to 200 mV. But CDM
reported uncorrected values. The values are not corrected to the reference electrode and thus the
values are probably less than reported. The reduction oxidation potential for the wells are not
oxidizing enough to allow hexavalent chromium to be thermodynamically stable. Thus the
chromium ions corroded from the stainless steel will be in the form of divalent and trivalent
chromium and not in the hexavalent form.

4.2 General Conclusions

Several interrelated factors have contributed to in well corrosion at MCAS EIl Toro. Although,
the well design attempted to mitigate the corrosive environment, the overall result was
disappointing. The wells were designed to last 30 years (CH,M Hill 1996), but it is reasonable to
assume that this goal will not be met. Without inspecting of the well screens the actual damage
is impossible to assess. However, Grundfos estimated that type 304 stainless steel pumps would
last one year under the current conditions if they are continuously left in the wells. Whereas the
well screens can be expected to last longer than the pumps, a 30 year life seems overly
optimistic.

Geochemical indicators and the calculated Riddick and Ryzner corrosion indices support the
presence of corrosive waters. Furthermore, the eight pumps that were examined were found to
be physically corroded. It appears that the groundwater chemistry in the immediate vicinity of
the wells is being affected by the corrosion of the well materials. The observable increase in
nickel concentrations over time was indicative of recent releases of this element to groundwater.
Since nickel is a metal that is not involved in any biological cycle only the physical introduction
of nickel into the groundwater near the well could result in the observed increases. In-well
corrosion of the stainless steel casing and pump housing appears to have introduced nickel into
the groundwater/well system. While there are not enough data to look at the trends of chromium
and iron these metals do seem to be elevated and are probably also increasing in the wells.

The analytical groundwater data has maximum total concentrations of 4.8 mg/L iron, 0.6 mg/L
chromium, and 0.8 mg/L nickel. Iron corrosion products were reported on pump components
and are indicative of corrosion. Since type 304 stainless steel should not appreciably corrode in
the MCAS El Toro groundwater environment, it appears that MIC is present. MIC does cause
corrosion of 304 stainless steel and the bacteria causing MIC are often present in groundwater.
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The rapid nature of the corrosion experienced at MCAS El Toro, the fluctuating iron
concentrations and reported suifide present in the well waters indicate the probable presence of
both iron bacteria and sulfate reducing bacteria. Slime typically present at sites with MIC, was
noted to be over the red oxide on some of the pumps. Due to the aggressive water and possible
MIC at MCAS El Toro it is likely that the pumps and well screens will continue to corrode even
with high quality welds. The screens have not been visually inspected but the likelihood of
finding corrosion on the well screen is high. There is a good possibility that a combination of
iron and sulfate reducing bacteria are at the center of the corrosion mechanism.

5 Recommendations

The following steps are recommended to confirm the presence of MIC in the well systems:

1. Sample and reanalyze those wells showing the highest concentrations of iron, chromium
and nickel (currently within scope of long-term groundwater monitoring program).

a) Analyses should include pH, conductivity, iron, chromium, nickel, dissolved
oxygen, and temperature (within current scope).

b) New analyses should include sulfide, iron bacteria, sulfate reducing bacteria and
slime causing bacteria. Bacterial measurements should be sampled at wells using
Hach bacterial tests kits (new scope).

c) Care should be taken to determine pH, dissolved oxygen, temperature, and
conductivity at the sample location being careful not to aerate the sample.
Bacterial samples should be taken previous to purging of groundwater wells.

2. If bacteria are found in well water consider addition of an oxidizing biocide like chlorine
to remove and control bacteria and MIC. However, if the MIC is in phase 3, physical and
chemical removal of the corrosion may be necessary to completely eliminate the
corrosion.

3. Metal corrosion products may be taken for scanning electron microscope evaluation, if
desired. Dr. Brenda Little with the Microbiologically Influenced Corrosion Section from
the Naval Research Laboratory in Stennis Space Center, Mississippi has worked with
Bechtel in the past on MIC issues and has been contracted by CTO-080 staff. Dr. Little
may be available if required.

If MIC is found and not controlled, rapid corrosion of the stainless steel well components will
reoccur.
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Table 1
MCAS El Toro Selected Metals Rasults
Filtered and Unfittered 1996 Oata

Base Turbidity Aluminum Chromium Copper Iron Lead Manganese Nickel Selenium Zinc
Screen Sample (NTU)
Station D Depth Sample Date Type
(F1 BGS)

06 UGMW28 180 16-Feb-98 F ] 2000 U too U 250U 100.0 U 4.0 150U 260.0 7.0 00U
06 UGMW28 180 16-Feb-96 UF 2000 U 61.0 250U 4300 10.0 150U 280.0 35.0 3r.0

07 DBMW43 180 19-Fab-96 F 67 2000U 100U 250U 119.0 4.0 44.0 670.0 50U 200U
07 DBMWA43 190 19-Feb-96 ur 2000 U 585.0 450 4810.0 10.0 160.0 882.0 50U 56.0

07 DGMW71 155 13-Fab-98 F 0 2000 U 100U 250U 100.0 U aovu 150V 56.0 50U 200U
07_DGMW714 1585 13-Feb-98 UF 2000 U 33.0 250U 8450 KXV} 150U 57.0 50U 200U
07 DGMW72 150 13-Feb-86 F [ 2000 U 100U 2500 1000 U ou 150U 45.0 50U 200U
07 _DGMWT72 150 13-Feb-86 UF 2000 U 220 2500 240.0 ou 150U 48.0 50U 200U
09_DGMW75 154 14-Feb-86 F 52 2000 U 100U 250U 1000 U v 38.0 380.0 43.0 200U
09 DGMW75S 154 14-Feb-86 UF 2000 U 340.0 250U 4160.0 6.0 88.0 390.0 49.0 200U
12 UGMW31 145 14-Feb-86 F -10 2000 U 100U 250U 100.0 U 4.0 150U 480 7.0 200U
12 UGMW31 145 14-Feb-06 UF 2000 U 100U 2500 1000 U 30U 19.0 50.0 2.0 200U
21 DBMWSS 132 15-Feb-96 F 0 20000V 100U 2500 1000V 3.0 150U 48.0 50U 200U
21 DBMWSS 132 15-Feb-98 UF 2000U 20.0 250U 178.0 4.0 150U 7o 50U 200U
22 DBMW47 156 15-Fab-96 F 2 2000U 1wou 250U 1000 U 30U 150U 400U 13.0 200U
22 _DBMW47 158 15-Feb-98 UF 2000 U 120 250U 114.0 30U 150U 400U 11.0 200U

All metals resuits in units of ugA.
Sample pairs in bold indicate a relative percent difference of at least 25 parcent.
F = fitered sampie; UF = unfiltered sample.
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Table 2

Descreptive and Non-Parametric Statistics of Nickel Data

1992, 1993, 1996 Filtered Data

Mean 1992 data 49.0722224
Std. Dev. 1992 data 73.882623
Mean 1993 data 238.575
Std. Dev. 1993 data 246.00605
Mean 1996 data 190.625
Std. Dev. 1996 data 233.04747

All nickel results in units of ug/L.

1996 Filtered vs. Unfiltered Data
Mann-Whitney U-Test to prove data has the same popuiation

Alpha=0.005 for a one tailed test
Nuil hypothesis Filtered and Unfiltered data has the same population

Filtered Data Rank  Unfiltered Data Rank

260 1 280 12
670 15 882 16
56 8 57 9
45 3 48 5
380 13 390 14
48 6 50 7
46 4 71 10
40 1 40 2

R= 61 Ro.= 75

n= 8 n= 8

U=ny"na+(ny*(ny+1)/2)-R4
U= 39 U= 39

If ny= 8 and n,. 8 then a U statistic between 7 and 57 indicates the null hypothesis
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Table 3

Nickel Resuits
MCAS El Toro Groundwater Monitoring Program

All Resuits in Micrograms per Liter (ug/l)

Station ID

Base
Screen
Depth

(FtBAS)

Sample Date

Sample
Type

Nickel

100.0

06_UGMW28

180

13-Nov-92

9-Jul-93

16-Feb-96

16-Feb-96

C
KT

07_DBMW43

190

1-Dec-92

25-Jun-93

19-Feb-96

19-Feb-96

C
HKimpnin

07_DGMWT1

155

15-Dec-92

22-Jun-93

13-Feb-96

13-Feb-96

C
SiMmim

07_DGMW72

150

19-Nov-92

21-~Jui-93

16-0ct-93

13-Feb-96

13-Feb-96

C
AT MEM

09_DGMW75

154

1-Dec-92

12-Jul-93

14-Feb-96

14-Feb-96

C
H:Mmimm

12_UGMW31

145

8-Oct-92

7-Jul-93

14-Feb-96

14-Feb-96

C
H: MMM

T DBMWS6

132

18-Nov-92

13.3

18-Nov-92

24-Jun-93

15-Feb-96

Y

15-Feb-96

(o
b HLi i U el

71.0

22 DBMW47

29-Sep-92

77

13~Jul-93

21.8

15-Feb-96

40.0

15-Feb-96

Cc
Hinmmm

40.0

ccmwic

c:\cto_data\ctoBO\TAB3.XLS

1) Data Qualification Flags:
U = The materiai was analyzed for, but was not detected above the level of the associated value.

B = Conc. that is less than Contract required detection limit but greater than or aquai to instrument detection mit.
2) Reguiatory standards in ugA. are listed at the top of the column.

Federal Maximum Contaminant Level (MCL) was used for nickel
= Rasult exceads regulatory standard

4) F=Filtered sampie, UF=Unfitered
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Table 4

Grundofos Pumps Corp. Findings

Corrosive/ Typical GW 2DBMW4T 21DGMWS56 07DGMW72 07DGMWT1 07DBMW43 06UGMW28 09DGMWTS 12UGMW31
Incrustation Values
Parameter lovels {Class 1)
pH. <t 6.5-85 7.83 78 7.68 7.07 6.36
DO (ppm) >2 0-0.
H2S (ppm) >1 0-0.
Sultate {ppm) >350 0-50 263 228 241 7 34 332 423 263
TDS (ppm}) >1,000 3-700 1,130 1,080 1120 7 380 1,830 1,370 1,000
Chlorides (ppm) >500 0-150 228 189 241 7 35 541 273 211
CO2 (ppm) >50 2.22
Temp (F) >80 40-70 66.1 65.2 703 738 78
Iron >5 0.1-5 5.1 245 12 9 54 5 208
Manganese (ppb) >8 <0.05 54 7.2 84 18 80 197 121 334
Sodium (ppb) >4,000 82,800 78,300 88,300 85,100 70,100 109,000 115,000 77,100
Caicium (ppb) >10,000 187,000 161,000 135,000 138 000 122,800 264,000 218,000 177,000
Conductivity (uMho/cm) >2,000 100-1,600 1580 1590 1800 3200 2830
Silica (ppm) >100 0-20
Nitrates (ppm) >45 0-45 187 227 14.8 154 148 18.8 236 225
ALK (Bicarbonate) (ppm) 232 248 209 182 53 ] 22
HAR {CaCO3 (130} (202) (255) (222) {128 38, {155) (153)
Corrosion index (Cl) >100 0-50 &7 50 122 124 00 270 8 (13
“S Y out of
Tolerance Parameters TDS>1000 TDS>1000 TDS>1000 Ca>10,000 Ca>10,000 TDS>1000 TOS>1000 TDS>1000
Ca>1(,000 Ca>10,000 Ca»10,000 Na>4,000 Na>4,000 Ca>10,000 Ca>10,000 Ca>10,000
Na>4,000 Na>4,000 Na>4,000 Mn>5 Mn>5 Na>4,000 Na>4,000 Nax>4,000
Mn>5 Mn>5 Mn>5 Fe>5 Fe>5 Mn>5 Mn>5 Mn>5
Fe>5 Fe>5 CI>100 Ci>100 Fa>5 S04>350 Fa>5
Ci>100 Cl>500 Cond>2,000
Cl>100
High incrugtation | High incrustation | High incrustation | High incrustation | High Incrustation | High incrustation
High incrustation | High incrustation and corroslon and corrosion and corroslon and corrosion and corosion and corrosion
potential potential potentiat potential potential potential potential potential
Inspection Summary Motor lead termination| Pump components fook] Pump end incrusied | Stator impactad with | Stator incrustated with [Pump end ocated with| Motar shatt locked as | Motar coupling corroded
screws corroded. fine. Screen and irom Fe0O2. Rotor iton |  deposits and rotor deponits. Motor lead red residue. Motor | a resutt of incrustation.| and failed. Motor
Aotor cladding suction inorustated with!  saverely corraded coroded. Al screws corroded. lron | lead screws corroded.] Motor jammad as & grounded but free to
deformed where 8d iron oxide. Motor where cladding fasteners corroded | bacteria (red) slained | Stator lining corroded.| reault of SS cladding | rotale. Presence of red
corrosion has lead screws{ by i (Rotor - pre-claddi pump snd. Rator carrosion brsach. Motor iron oxide and sand in
penelrated 5S corroded. Rotof iron | CaCO3 deposits noted | Rotor lockad with accolerated whare coupling corroded. PE.
cladding. Corrasion | ocorroded (rotor pre- in stator chamber. incrustation. cladding breached by
through inner siator cladding). cofrosion.
lining
Utitization (B} if conductivity | (B} provided unit isf (C) Anticipated life] (C) Anticipated | (C) Anticipated life{| (C) Anticip (C) Antici d lite} (B) if serviced and
Recommendation (A) Recommended i3 <2000. Would| run periodically 1yrorlessit life 1 yror less il 1yrorlassif Hife 1 yror less it 1yroriessift run quarterty.
(B} Conditionalty Recommanded require additional |{1x per month min) dedicated. dedicated. dedicated. dedicated. dedicated. 304SS material
(C) Not Recommended runtime and is not accecptabie.
quarterty service 3186SS product
and serviced would hold up
quartery better.
Reference Saucces Key factors that attect corrosion Misc. Notes

1)Osmonics - Pure Waler Handbook

2) Missouri Water Well Hanabook

3) Layne Field Manual

4) Johnson - Groundwater and Wells

5) ASTM Groundwater Short Course Notes

Riddick Cofrasion Index caicuiation
Cl = {CO240.5(HAR-ALIO+{CI12+2N)* (75/ALK)]
CO2=2{assumed) in calculations

(1) Dissolved CO2

(2) Dissolved 02

(3) Dissotved H25

(4) High TDS with high conductivity
(5} High chiorides

(6) High sulfales

(7} Elevated lompearturs

(1) Seawnter chlorides - 19,000 ppm (49.5/1180)
(2) 10 ppm DO @ ATM presura ia normal, only 13 DO is possible in H20

(3] All wells approximatefy 10° AMSL
(4) Pumps insialled late 92/ early 93 and never run alter Instaliation.

{6} Pumps puiled 2/96

(8} Typical lite sxpectalion of 3045S in seawaler is 2-4 wks.
(6) Typical lite expectalion of 3168S in seawaier Is 6 montha.

Cl = 0-5 Extremely non-cotrosive
8-25 non-corfosive
26-50 Moderately corrosive
§1-75 Corrasive
76-100 Very corrosive
101+ Extremety corrosive

sollde, ppm
(1) <1,000 Fresh Water

(2) 1,000-3,000 Slightly Salins (Brackish)

(3) 3,000 - 10,000 Moderately Saline (Brackish]

(4) 10,000 - 35,000 Very Saline {Ssawater)

(6) >35,000 Brine



Table 5
MCAS E! Toro

Corrosive and Incrustating Data Table

Corrosive/
Incrustation
Parameter Concentration 06_UGMW28 07_DBMW43 07_DGMW71 07_DGMW72 09 DGMW75 12_UGMW31 21_DBMWS56 22_DBMW47
<7 (corr) >7.5 6.8 7.0 6.7 6.6 6.9 6.9 6.4 6.9
pH (incrust.)

DO (mg/L) >2 7.3 71 9.4 8.2 8.6 7.6 9.3 7.9
TDS (mg/L) >1000 1700.0 656.0 1010.0 935.0 1340.0 944.0 798.0 1180.0
CO, (mg/L) ! >50 82.2 34.4 116.1 116.1 55.5 68.4 211.3 70.1

Chilorides (mg/L) >250-500 393.0 141.0 245.0 237.0 284.0 181.0 152.0 231.0
fron (ug/L) >500 430.0 4810.0 545.0 240.0 4160.0 100.0 U 176.0 114.0
Manganese (ug/l) >200 150U 160.0 15.0 U 15.0U 66.0 19.0 15.0 U 15.0U
Hardness (CO;") (mg/L) >300 20U 20U 20U 20U 20U 20U 20U 20U
Bicarbonate (mg/L) 222.0 154.0 249.0 222.0 207.0 238.0 249.0 233.0
Calcium (mg/L) 286.0 97.0 141.0 136.0 216.0 181.0 162.0 165.0

! Carbon Dioxide is calculated as H,CO3 and assuming the following equation : [H']*{HCO;)/{H.CO3]=4.45E-7

2 1996 Data

c:\cto_data\cto8BO\TABS.XLS
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Table 6
MCAS E! Toro
lon Balance 1992 Data

2 Analyts not detecled, assumed to ba half the datection limi1.

¢:\clo_data\ctoBO\TABE. XLS

Equivalents Equivalents Equivaients Equivalents Equivalents Equivalents| Equivalents Equivalents
06_UGMW28 (meq) | 07_DBMWAa3 (meq) 07_DGMWT1 {meqy | 07 _DaMWT2 (meg) | 08_DGMW7S5 (meg) | 12_uGMW31 (meq) | 21 DBMWS6 (meq) | 22. DBMWA47 (meq)
Parameter
TDS (mph) 1830 880 937 1120 1370 1000 10680 1130
Conductivity 2030 897 1350 1280 1760 1350 1290 1400
Cations
Sodium (mgA) 108.000 4743 70.100 3.050] 85.100 3.703 88.800 3.664 116.000 5.048 77.100 3.355 78.300 3.407 82.800 3.603
Potassium (mg/L) 7.220 0.185 3.680 0.004 2.700 0.060 2.250 0.058 2480 0.063| 2510 0.064 2110 0.054. 2460 0.063
Calclum {mgiL) 264.000 13.174 122.800 6.128 139.000 6.936| 136.000 6.787 216.000 10.778 177.000 8.833 161.000 8.034 187.000 8.332
Iron (mgiL) 0.056 0.002) 0.009 0.000 0.012 0.000 0.024 0.001 0.001 2 0.000 0.021 0.001 0.005 0.000 00012 0.000)
{Magnesium (mg) 73.000 6.007 33.400 2.748 35.500 2821 40.300 3.316 58.800 4.847| 50.700 4172 45.300 3.728| 50.500 4.156
Total Catlon (meq) 24111 12.021 13.630 14.026 20.737 16.425 16.223 12.153
Anions
Bicarbonate (mgl) 136.000 -2.229 126.000 -2.065) 182.000 -2.983 209.000 -3.425 158.000 -2.667 188.000 -3.081 200.000 -3.278 190.000 -3.114
Chiorides (mglL) 541.000 -15.260 185.000 -5.218 217.000 8121 241.000 -6.798 273.000 -7.700| 211.000 -5.952 188.000 -5.303] 228.000 -6.431
Sulfate (mgl) 332.000 6.912 144.000 -2.998| 174.000 -3.823 112.000 -2.332 423.000 -8.807 263.000 -5.476| 228.000 -4.747 263.000 -5.476
Nitrate/NHirite {mgA ) 18.800 -0.606 14.600 0471 15.400 -0.497 14.800 -0.477 23.600 -0.761 22.500 0.728 22.000 -0.710, 18.700 -0.6073
Totat Anions (meq) -25.007| -10.752! -13.223 -13.032 -19.825 -15.234/ -14.037| -15.624)
RPD -4% 1% 3% 7% 4% 8% 8% 9%
' 1896 Data
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Table 7

MCAS El Toro
lon Balance 1996 Data

Equivalents Equivalents Equivalents Equivalents Equivalents Equlivalents| Equivalents Equivalents
06_UGMW28 (meq) | 07_DBMWA43 (meq) 07_DGMW71 (meq) | 07_DGMW72 (meq) | 09_DGMWT5 (meq) 12_UGMW31 {meq) | 21_DBMW56 {meq) | 22 DBMW47 {meq)
Parameter
TDS (mg/L) 1700 656 1010 935 1340 944 798 1180
Conductivity 2030 897 1350 1290 1780 1350 1290 1400
Cations
Sodium {(mg/} 104.000 4.526 76.000 3.307 88.000 3.829 92.000 4.003 153.000 6.658 83.000 3812 89.000 3873 103.000 4.482]
Potassium (mgn.) 4510 0.115 9.420 0.241 2430 0.062 2270 0.058| 3.520 0.090 3.030 0.078 2,920 0.075 3.890 0.100]
Calctum (mgA ) 286.000 14.272 97.000 4.841 141.000 7.036 136.000 6.787 218.000 10.779 181.000 9.032 162.000 0.084 165.000 8.234
tron (mg/L) 0.050? 0.002 0.118 0.004 0.050 ¢ 0.002 0.050 2 0.002 0.050 ¢ 0.002| 0.050 2 0.002, 0.050 7 0.002 0.050 2 0.002]
Magnesium (mg/.) 72.000 5.925 24.000 1.975 37.000 3.045| 37.000 3.045 65.000 5349 53.000 4,381 48.000 3.850 58.000 4,859
Total Cation {meq) 24.840 10.368 13.974 13.885 22877 17.085 15.983 17.672
Anions
Hardr(‘;;f;:o, ) 1.000 ¢ -0.033 1.000 2 -0.033 1.000 2 -0.033 1.000 2 -0.033 1.000 2 -0.033 1.000? -0.033, 1.000 2 0.033 1.000 2 -0.033
Bicarbonate {(mg/.} 222.000 -3.638| 154.000 -2.524 249.000 -4.081 222.000 -3.638| 207.000 -3.392 238.000 -3.901 248.000 -4.081 233.000 -3.819!
Chiorldes (mgh) 383.000 -11.085| 141.000 -3.877| 245.000 -8.911 237.000 -8.685 284.000 8011 161.000 -5.105| 152.000 ~4.287 231.000 -6.516i
Sulfate (mgl.) 345.000 -7.183| 105.000 -2.186| 118.000 -2.457 71.000 -1.478 369.000 -7.682 190.000 -3.956/ 152.000 -3.165| 169.000 -3.519]
Nitrate/Nitrite (mg/L} 18.000 0.581 14.000 -0.452| 14.000 -0.452| 17.000 -0.548] 28.000 -0.839| 26.000 -0.839 18.000 £.581 17.000 -0.548|
Total An_lo_!ll (meq) -22.520 -9.172 -13.933 -12.383 -19.958 -13.834| -12.147! -14.434
RPD 10% 12% 0% 12% 14% 21% 27% 20%
' 1996 Dals

2 Anatyte not detecied, assumed to ba half the detection limit.

c\cto data\ctoBO\TAB7.XLS

11/4/96



Table 8 : Corrosion Rates of 304 Stainiess Steel in Various Liquid Media

Corrosive Medium Temperature Duration of Test, hours Wt. Loas

mdd ipy
20% Nitrie aoid Room 1 Nil*® vevs
209, Nitrio acid Boiling 18 Nil veue
3% Nitrio asid Boiling 18 Nil | ...
1% Nitrio aoid Boiling 18 Nil | .....
Nitrie acid fumes 110°C (230° F) 13 100 0.018
10% Hydroohlorio aoid Room 1 360 0.085
109, Sulfurie asid Room 1 432 0.070
1% HsSO4 + 2% HNO» Room 17 Nil ceee
0.25% Hy30 + 0.23% HNOs Room 17 Nil cres
10% Aoetio acid. C. P. Room 3 Nil .
109, Aocetie acid, C. P. Boiling 12 Nl | ...
Glagcial sostio acid, U. 8. P. Room 278 0.1 0.000
Glacial anetie soid, U. 8. P. Boiling 187 130 0.024
Cruds aceuo acid Boiling 166 375.8 0.068
109, Phosphorie acid. C. P. Boiling 17 Nii reree
109, Carbolio acid. C. P. Boiling 18 Nil ceees
10% Chromie acid (tech.) Boiling 41 204 0.037
Conosntrated sulfurous acid Room 2 Nii | .....
0.5% Lastie acid 16 4.1 0.001
1.0% Laaotio acid 63*C (150° F) 16 Nil
2.0% Laotio acid Boiling 16 5.1 0.001
50% Laotie asid Boiling 16 12,240 2.23
85% Laotis acid Boiling 16 1,560 0.284
10% Tartario acid Bailing o Ni ceres
1% Ozalio acid Boiling 39 1776 0.032
10% Oxalio acid Room 17 130.2 0.028
10% Formie aoid Boiling 1 3.240 0.500
10% Formis aoid Room 17 24 0.000
10% Malie noid Room 17 Nit | ...,
10% Bodium sulfite Boiling 16 Nl | .....
10% Bodium bisuliste Boiling 16 Nil .
10% Ammonium suifate Boiling 16 Nil cees
10% Ammonium ohloride Boiling 16 Pitted | .....
Lemon juice Room 89 Nil P
Orange juice Room 9l Nil vese
Sweet oider Room = Nil ceee
Canned rhubarb Bolling 16 Nil .e
Canned tomatoes Boiling 18 Nl ] ...
10% Bodium bydroxide Bolling 41 Nil

¢ “NIi1” rofers to a weight loss of the i pot d ble within time of the tast.
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Figure 1
Eh/pH Phase Diagram

The cashed lines define Eh-pH boundaries commoniy encountered 1n soils and sediments.
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Note the ;h values plotted on this diagram are corrected for the reference electrode voltage:
244 mY units must be added to the measured value when a separate calomel electrode is used, or
199 mV units must be added if a combination platinum eiectrode 1s used.




06_UGMW28 FIGURE 2
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06_UGMW28 WELL CONSTRUCTION SUMMARY
WELL TYPE MONITORING WELL
CASE DIA(INCHES) 4.00 SURF. CASING MAT.
SCREEN DIA(INCHES) 4.00 CASINGMAT. 540 PVC
SURF ELEV(FT MSL) 13486 SCREEN MAT. S.STEEL
N ogs) (R msl)
BORE DEPTH 198.00 13638
CASE ror
CASE BASE 140.00 194.86
SCREEN TOP 140.00 194.86
SCREEN BASE 180.00 15436
LAYAILARLIK

WELL 06_-UGMW28:: "~ =
MCAS EL TORO GROUNDWATER QUALIT Y DA TA REPORT

DAYA PROCESSED BY CHIM RILL
Fri Sep 23 12:4):33 1994




07_DBMW43 FIGURE 3
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07_DBMW43 WELL CONSTRUCTION SUMMARY

WELLTYPE MONITORING WELL
CASE DIA(INCHES) 4.00 SURF. CASING MAT.
SCREEN DIA(INCHES) 400 CASING MAT. S40 PVC
SURF ELEV(FTMSL) 29530 SCREEN MAT. S.STEEL
(ndg) Rt msl)
BORE DEPTH 199.00 96.30
CASE TOP
CASE BASE 150.40 144.90
SCREEN TOP 130.00 145.30
SCREEN BASE 190.00 105.30
NOTAYADARLE

WELL 07 DBMW43

DATA PROCESSED BY CHIM HILL
FriSep 23 15:01:17 1904




07_DGMW71 i FIGURE 4
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07_DGMW71 WELL CONSTRUCTION SUMMARY

WELL TYPE MONITORING WELL

CASE DIA(INCHES) 4.00 SURF. CASING MAT.

SCREEN DIA(INCHES) 4.00 CASING MAT. S PVC

SURF ELEV(FTMSL) 28344 SCREEN MAT. SSTEEL
o) A mst)

BORE DEPTH 163.00 120.44

CASE TOP

CASE BASE 115.00 168.44

SCREEN TOP 115.00 163.44

SCREEN BASE 155.00 128.44

DATA PROCESSED BY CH2M RILL
Tue Jul 26 11:55:07 1994




o 07_DGMW72 FIGURE 5
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07_DGMW72 WELL CONSTRUCTION SUMMARY

WELL TYPE MONITORING WELL

CASE DIA(INCHES)  4.00 SURF. CASING MAT.

SCREEN DIA(INCHES) 4.00 CASING MAT. 540 PVC

SURF ELEV(FT MSL)  276.70 SCREEN MAT. S.STEEL
(N bgs) (R msl)

BORE DEPTH 158.00 e

CASE TOP

CASE BASE 110.00 16670

SCREEN TOP 110.00 166.70

SCREEN BASE 150.00 12670

MOTE: NA i

WELL 07 _DGMW72.. o .
MC43 EL TORO GROUND WATER QUALITY DA TA REPORT

DATA PROCESSED BY CHIM RILL
Tur Jul 26 11:56:43 1994
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Nickel Trends
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09_DGMW75 WELL CONSTRUCTION SUMMARY

WELL TYPE MONITORING WELL

CASE DIA(INCHES) 400 SURF. CASING MAT.

SCREEN DIA(INCHES) 4.00 CASING MAT. S0 PVC

SURF ELEV(FTMSL) 2173.40 SCREEN MAT. S.STEEL
(ndgs) (tmsl)

BORE DEPTH 165.00 108.40

CASE TOP

CASE BASE 114.00 159.40

SCREEN TOP 114.00 159.40

SCREEN BASE 154.00 11%.40

: TAYAUARLE .

WELL 09 DGM W75

DATA PROCESSED BY CMIM RILL
Tue Jul 26 12:00:4) 1994
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12_UGMW31 WELL CONSTRUCTION SUMMARY

WELL TYPE MONITORING WELL

CASE DIA(INCRES) 4«0 SURF. CASING MAT.

SCREEN DIA(INCHES) 4.00 CASING MAT. 540 PVC

SURF ELEV(FT MSL) 255.60 SCREEN MAT. SSTEEL
(higy) (rmsl)

BORE DEPTH 153.00 102.60

CASE TOP

CASE BASE 105.00 150.60

SCREEN TOP 10500 150.60

SCREEN BASE 145.00 1ie.c8

DATA PROCESSED BY CH2M BILL
Tue Jol 26 12:15:02 1994
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FIGURE 8 )

Nickel Trends
120.0 ——
.00.0
80.0
d
? 60.0
40.0 — — -
200 +— =
./
0.0
19-Sap-91 31-Jan-93 15-Jun-94 28-Oct-95 11-Mar-97
Date
- 16
b :
g 166 et
N 0
&
W@
% 181
=
; 160
S 139
% s
1992 1993 1994 1995
GROUNDWATER LEVEL HYDROGRAPH
q
b s DEFTH  UTH.  ELBY.
(”';)o SAND “;;:
‘ b st ":. SILY 2249
4 SAND 29
] soe  SILY 1089
1 me Y 1959
- ®e  SAND  I939
Szt E ne ™ s
28
S NN
21DBMW56 gg P E.
TDS {mg/L) 798 E
S Value 23.18 N
Ca (mg/L) 162 Eg e
0.4'Ca 65
Alkalinity (mg/L) 204 S
C Value 8.2 -
pH 6.43 . LEGEND
Ryznar Stability Index u.u—?:w
(1=8-C-pH) 8.55 2 bp © Reiow Ground Surface

21_DBMW56 WELL CONSTRUCTION SUMMARY

WELL TYPE MONITORING WELL

CASE DIA(INCHES) 4.00 SURF. CASING MAT.

SCREEN DIA(INCHES) 4.00 CASING MAT. S rve

SURF ELEV(FT MSL) 255.87 SCREEN MAT. S.STEEL
(h 4g3) (famsl)

BORE DEFTH 140.00 115.87

CASE TOP

CASE BASE 91.00 164.87

SCREEN TOP 91.00 164.87

SCREEN BASE 131.00 124.87

: MOTAVARAME e =

WELL 21 DBMW56 -
MC’AS EL TORO GROUND WA TER QUALITY DATA REPORT

DATA PROCESSED BY CHIM HILL
Tme Jul 26 1S:06:25 1994
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22_DBMW47 WELL CONSTRUCTION SUMMARY

WELL TYPE MONITORING WELL

CASE DIA(INCHES) 4.00 SURF. CASING MAT.
SCREEN DIA(INCHES) 4.00 CASING MAT. S40 FVC
SURF ELEV(FT MSL) 277.50 SCREEN MAT. S.STEEL
R dg3) (famsl)
BORE DEPTH 162.00 115.50
CASE TOP -1.00 17850
CASE BASE 114.00 161.50
SCREEN TOP 116.00 161.50
SCREEN BASE 154.00 121.30
TN MOT AVARARIE

DATA PROCESSED BY CH2M MILL
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Figure 11 Corrosion of 304 Stainiess Steel in NaCl Solutions at Various
Concentrations and Temperatures
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Figure 12: Effect of pH on the Corrosion Rate of 304 Stainless Steel in 4%
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454 GROVINDW CTER ANDWEHLLES

culated entrance velocity. Similarly, entrance velocities from the finer grained layers
will be Jower than average. Experience has shown that these velocity dilferences along
the scieen are not serious if the screen is designed to the recommended aserage
catiance velocily of 001 fi/sec

Contrnous stot screens with deoneters snualler than the casug are often used an
wells Figare 313 shows the mstatlation of a wellin the Clucot Formation o southenn
1 ouistana. The expected yield of 1.800 gpm (9.810 m/day) or more required the use
of 20-in (SO8-mm) casing to provide adequate space tor the pump. Selection of & 12-
m (05 m) diamieter pipe-size well sereen assured an uphoie velocity of ess than 3
1t/sc0 11,5 mysec). and provided coough open arca so that the entrance velocity would
not exeeed O {t/see (003 myfsec).

When the pump s set within pipe that connects two screen sections, the screen
danieter foar all screen sections set above the lowest anticipaled pump setting should
be selected from Table 1300 Any screen section below the pump-setting position,
howerer. can be of smaller diameter if the conditions for entrance and uphole ve

focities e met

SELFCTION OF MATERIA]

Lhiee factons govern the Choiee of maestal used o Labricite well screens These
are (1) water quality, (2) potential presence of ron bacteria, and (3) strength requie-

ments of the sereen.,

The chemical nature of groundwater s determined Irom a water guality analysis
Fhe analysis usually shows whether the groundwater is corrosive or incrusting. In
same cases. the water may cause both corrosion and incrustation. Corrosion ol o low-
carhon steel well soreens mote likely 1o be a cause of well fatlure than is conostan
of vasing constructed of simibine matenal, Fnfagement of sereen opensngs vesaltimg
fram remaval of only a few thousimdihs of an inch of metal can pernnt sedinnent o
enter the well On the ather hand, cosrosion could remove 0125 to 0.250 1 (3 2 to
O 4 ) ot the casing, wall ind <ol leave cnough wall thickness o prevent collapse
ot the well or entrance of undesiable water and sediment. [ s mipontant, therefose,
o use a well sereen labricated from corrosion-resistant material (Table 13 93

[he following list of indicators of corrosive water can help the well designer rec-
ognize potentially corrosive conditions:

t Low pll I the pH vatue 15 less than 7, the water s avidic, and corrosive con-
ditions are indicated Stmilarly. a Ryzonar Stabiliyy Index value greater than 7 indicales
carrasiyve canditions

5

Pussobved oxygen. Hodissolved oxygen exceeds 2 mg/o costosive water s ind

cated. Dissolved ovygen may be found in shallow wells m unconfined aquiters

othvdreogen sulfide. Hydrogen sulfide in groundwater can be detected readily by
s Claractenstic rotten-egg odor, Tess than 1 mgs can cause severe cottosion and
this amount can be detected by odor and taste

4. Towl dissolved solids. [T 1oal dissofved solids exceed 1.000 mg/r. clecuical
conductivity of the water is great enough to cause serious elecirolvtic carrosion To
avoud electrols ue vorrosion, mietal well screens must be made of a single. corrosion-
resistant metal
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5. Carbon divxide. H the wmount of this gas exceeds 50 mig/i. corrnsive water s
indicated.

6. Chlorides. IT the chlonde content of the water exceeds SO0 g/ conasion can
he expected.

[he presence of two or maie corrnsive agents appears 1o ingensify the corrosive
attack on metals, compared with the effect caused by individual agents Sce Chaper
1Y for mure information on corrosion and tacrustation

tn corrosive waters, metal scieens must be construcled of dorable matenals. I
most cases, Type 309 stainless steel will performy satisfacionly for many years. Under
extremely corrosive conditions, or for waste disposal wells, other types of matenial
may be required. These include Type 3161 stainless stecl, Inconel 600, Monel 4040,
Carpenler 200h-3, Incoloy 825, and Hastelloy C. Thermoplastc screens are cortosion
resistant, but may not have sutficient strength for some applications. The well-design
engineer should contact the well-screen manufacturer for specific reconunendations
on screen nutetials for corrosive conditions

Incrusting watet deposits minerals on the screen sutlice and i the pores of the
formation just vutside the screen. These deposits plug both the sercen opentngs and
the formation Indicators of inviosting groundwates are:

I Hagh pid 1t the pH o catuae is above 75 the water sl wend o beavoushing A
Rysnar Stabidits badex aof less than 7 also mdicales mernsting conditions

2. Carbonate hapdness 38 the carbonate hardness of the groundwater exceeds 00
g/, incrostation ol calcnnm carbonate (lime scale) is hikely

3. hion Hhe tron content of the water exceeds 0.5 g/t preapitation of sonoas
likely, although sume precipitation may begin at concentrations as low as 0.25 mp/r.

4. Manganese. If the manganese content of the water exceeds 0.2 mig/f and the pH
value 1s high. precipitation of manganese is likely if oxygen is present.

Fwo well-known analyhical methods have been devised to predict the incoasting ot
conosive tendengies of o pacsicafar water. These mcthods are calted the Lanpeher
and the Ryznar Stability Indices. Lingelice was the st to develop a method fin
predicting the saturation pH (pHsy, which he based on the cadamm cnbonate {CaC0))
equiibrium vilues tiking nta account dissociation factors for catbomie acd, e
bonate, and carhanate, and the theoretical solubiliy of calonm carbopate (Kemmer,
1979) 1 the actual pl of a waler is below the calculated pHs level, the water has a
negative Langelier Index and will dissolve calcium carbonate. Under this condition,
the water would probably be corrosive to steel if dissolved oxygen is present. On the
other hand. if the weasured pH is higher than the pHs, the Langelier Index is positive
and, being supersaturated with calcium carbonate, incrustants will probably form In
general, the greater the deviation of the actual pH from the pHs, the more pronounced
the chemical mstability wdl be. The Tangelier Index s defined as

L angelier Index = plhl plls

Ryznar adapted (he Langehier ludex to rellect more accurately the inciusting o
corrosive tendencies  This index is used widely tor predicting the reaction ol metal
objects in saturated subsuiface envitonments. A water is cotrosive il the index s
higher than 7, and incrusting if lower than 7. Determination of the Ryznar Stabhility
Index is explained in Appendix 13.1.

Mineral deposils from incrusting-type groundwater are ofien remaoved by pulting




IATH) GROPNDW AR AND WIS

A4 strong saliunion of vdyochlone (mu-
tatc) or suttanue acid to the well to
dissolve the deposits. Metal well sereens
used o this tvpe ot water shautd be wade
ab contoston resistant matenals 1o with-
stand the cotrosin e eHect of the acid teeat-
meat  Fype J04 stanbess steel well

screens IIZI\ ¢ been iKl\"lll’illk‘d SUCCESS-

tuily - although common sense dictates
Tuniting the screen’s exposure tine to the
acid The addinon ol a corrosion inhib-
ttat (o the actd. however, will greatly ex-
tend the e a metal sareen G be salely
exposed 1o acid {see Chapter 19)
Fhermoptastie and hiberglass sareens

are g hy resistant o many forms of cor-

304, Tron and manganese onides incrust

vostonn. butare gencrally as susceptible o 7 ! "
A b N ! small-diameter plastic casing. (/1 (ehekid

incrustation as metal scicens. Figure
13 1 shows a small-dinmeter plastic casing incrusted with iron and manganese onrdes
Apparenthy s the smooth walls ol plaste casing da not retard the accumulation of
nmnctals under inciushng condiions. Incrustants can also torm i the scieen slot
openmgs Repeated acsd treatment of incrastints i plastic or fiberglass scrcens will
usually not harm the sereen body

Havieria

Ihe most common bactena atlecung the condition of a well are ron bacten (also
see Chaprer 19). Tron bacteria are nuisance organisms that cause plugging of pares i
walvr-beanng formanons and openings in well screens, bt are pomingurions to health,

lron baciena produce accamulations of shimy material of gel-like consistency, and
ontdize and preapiate dissobved von and manganese The combined cffecr of 1he
o onramsis and the precymtatimge cnmerads can plog o well almost compleely
withn a short bme Cases have beeneported where a 75 percent reduction in well
vield has ocoured e three maorndhs to o sear

Intraduction of a stiong solutem of chlorine is cective 1 controlling ron bactena
Orher bactenicides (oxidants) such as chlorine dioxide also are effective, but may be
more cxpensive 1o use. Aad is oftien psed Tollowing the chlorine treatment to dissolve
the preapitated son and mangancse, thus making it possible (o remave them hom
the zone surtoundmp the well The chiotine 3057 be aemoved trom the well, hosw-
erver betore The aod s phrced i the well When ron bactenia are known to ¢aist, a
well sereen fabncated hrom a corrosion-resistant niterial should be seleeted to with-
stand the danraging ctlects ol repeated chemical tieatments

Screen Strength
Choice ol well soreen matenial nuny be dictated by stiength acquirements. The thiee
loads, or Tarces, imposed ona sereen are column load (vertical compiession). tensile

Joad (extending forees), and collupse pressure (horizontal forces). While a borehole
15 open duning the installation of the screen and pipe. a screen antached directly to
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the casig mas have tosuppori the entine
Column weight of the mpe. This bavden exerts a
stength cotunm load on the screen v lensile Joad
l i l is exerted on the screen when Jong s
tions ol screen and casing are anstalied
fhe screen must have enough tensale

’ﬂu ﬁ J [Iﬂv strength to hold tempaanty any caang

o1 scrven suspended below it Aier the

Tensie 4 Collapse borchole materials slough against the
strength a stiength sereen. carth pressures exert hovizontal
“ stresses on the sereen, espearally doring,

development. The screen must have ad-
equaic votfapse resistance to withstand

both carth and hydrbe pressues (hg
‘ R athure to properh analyze
Figure 1315, AN screens hase certain teasile, col ute 1345 Fabine to proy )

umun, and collapse strenpihs that depead oo the  these fwo forces Can caase the loss ol the
material used to construct the sc {plastic, steel,
ele.), dimensions of 1he screen companents, and the ‘
slot configuration (continuous slol, bridge »! 1 mill  owner, contraclon. o1 engineel Maost col
slof, etc.). The constructional m||||m|n"r|ls of 1 oon- lapse failures occur during instatiation.
tinuous-slol screen are selected (o withstand the ‘ )
Ihtee major stresses that are placed o the ~oreen filter packing, and development, when
during canstruction and nse of thy well. 1 wn
and (ensile strength requived during well

tion are provided by the longitudioal oo o« 3. 10)
shape and massiveness of the wiapping wis
vide the necessany collapse resistance m "
ing desetopment sad laag team e of 1h and tensile Joading s died th propog-

tional to the yiekd siength of the materad

well at considerable expense 1o the well

horizontd forces are mavonsed (hgoe

A screen’s pesistance o botle cofumim

psed i tabricating the sorecn, whereas e colfapse resistance 16 propurtianal to the
marerial’s modohs of elasticity. For continuous-siut screens, the wuight ol the ppe
column 1s supported hy the cross-sectional arca of the vertical rods: Tor louvered o
bridge-slot screens, the casing above s supported by the crossssectional area of the
non-stotied portion of the casing  The screen niust remam in alipnment with the
vasing abuyve it or o severe yeduction i colunmim strength will occur. Thus centening
gusdes are ased 1o keep the sucen ol Jotted casing stratght al the screen is more than
20 1 (6.1 m) long Guides should be installed at Jeast eveny A0 (LY 2 m) o long
sereens. Column stiength s impaortant
only unti) formatioe materials slough
around the screen: therealter. the carth
naterkinds hold the casing and screen
Sereen cotlapse stiength s provaded by
the massiveness of the materials used 1o
butld the screen bar continuous-siot
sereens, the height® ol the wiappine wire
is the principal factor in detevninig col-
lapse strength. The amount of open arca
also bas a direct effect on the resistance

Figuee 13,16 The collapse strength of this sereen
was imsuflicient (o withstand development pres
to collapse pressures. In gencal a5 the wures because ton muny peefocations were e
1 stlempt (o create more iy arey

*See Bigure 12 K. page W9 1o the meaning of wire heipt
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screens present an almost solid vertical metal sucface to the horizantal jet. Contin-
uons-slot screens, on the other hand, have maximum open arca and slot configuiations
that maximize the impact of flow from the jetting ol

The shape of the screen openings is also important in influencing the elfectivencss
of the agitation created by the jet. In other words, costain stol configurations will
allow the jetting energy to reach deeper into the formation. Fhe best type of opening
isa V-shaped slot that widens toward the instde ot the sereen. When the jetis projected
through this V-shaped opening as shown in Figuie 15 1R (page 519), the slot opening
concentiates the eflect of the stream like a second noszle or venturt, Other skt con-
figurations tend to block ar disperse the sticam and reduce its foree before ot e hes

the incrusted formation bevond the outer face of the soreen

WELL FAH.URE FROM CORROSION

Metals are generally not found in nature in forms that can be used directly by man.
They usually exist as ores, that is, stable mineral compounds that are in physical and
chemical harmony with the natural eoviconment. Fhese nataral minerals must be
processed by electrochemical methods to seduce the ores wo elemental metals tat aie
suitable for pumps, casing, and well screenss Thus, the chemicat and physical prap-
erties ot ores differ from those of the pure metals. Unlortunately, in the elemental
state most metals are not inherently stable. In the eoviconment. clemental metals
naturally revert back into more stable mincral compounds. This reaction, called cor-
roston, is a completely natucal process that chianges the chenucal and physical prop-
ertics of nretals. frequentdy desirovs the uscelulness of fabricated metallic articles o1
structures, and may. over iimie, reduce or destroy metal products Corrosion, then,
ts really the nateral reversion of metal o its former staie

Cortosion can scvercly lomit the nsetol hife of water wells in four wass,

1. Fnkugement ol screen slots ar deselopment ol holes i the cising followed by
sand pumping.

2 Reduction in strength, {ollowed by failuie of well sereen or casing

1 Deposttion of cottoston products, therebs Block g screen-slot openings
reducing viekd

4 Tollow o low-quality water caused by corrasion of the casing
Chemical and Electrochemical Corrosion

Corrosion tesults from chemical and electrochenncal processes. Chemical corrosinn
oceurs when a particulay constituent s present in water in sullicient concentiation
to cause rapid removal of material over broad areas Commonly. these constituenis
arc carbon dioxide {CO), oxygen (O.), hydrogen sulfide (H .S} bydrochlonic acid
(HOCD), chloride {C)), and sulfuric acid (H1.80),). Chemiteal corrosion can cause severe
damage in wells, regardless of the amount of 1otal dissolved solids. Fhe number of
wells aflected by chemical corrosion s mall howeserincompanson to wells allected
by clectrochemical corrosion.

In clectrochemical cottosion, flow of an clectric carrent facilitates the conrosive
attack on a metal. Two conditions are necessary: a ditference in electrical potential

an mctal surfaces. and water containing enough dissolved solids to be a conductive
fluid (clectrolyte). A potential (electrical) difference may develop between two dif-
ferent kinds of metals, or between nearby but separate arcas on the surface of the

WEET A P SIEAIND R oy 0 O N D AR e, [

une metal Ditlerences inopotential on the same metal sicbace sachoas sieel prpe,
Gan ocout (1) al hiear altected areas around selded pomts et I ateed cas aroanid
torch catslols (W at work hardened areas around v hie catslots Chatcut saibees
of exposed theeads at pipe jomte and €SEan breabs i smbee coatimgs such as paint
and nndbscle, To these cases botha cathode md an aneede develop metal e

trom the anode
Romretaliic cotrosion results when Cvecdifleront et ane e ontac b and oimeead

Lable 19.7. Galvanic Series of Metabs and Alloss
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19.10a. Anodes and cathodes can deselop  Figure 19000, Corrosion of iron at anodic areas
thy n the smme metal surface, [} feads (o the deposition of iron hydroevide and ovile
IROIGEYOIN rast it el areas,

in an clectrolyte. A galvanic cel is created and corrosion occurs as the clectrochemical
action proceeds. A well screen made of two different metals. such as low-carbon steel
and stainless steel. will be damaged because the mild-steel portian is carroded by the
palvanic action.

Fhe rekitive potential between ditfarent metals can he estimated Trom the galsan
seties shown in Table 19.7. The father apart the position of any two metals in this
series. the greater the voltage that will be developed moa palvanic cell. When two
dissimifar metals are coupled in a conductive fluid. the metal nearer the botom of
the palvanic series (less noble) becomes the anode and therefore sullers cortosion
{he one nearer the top becames the cathode and wsually semains free ot attack

When eleetrochemical corrosion takes place, cotrosion products nray e deposted
al the cathode (Figure 19.10) Fhese deposits ae usualh valuminous, Hiron e sieel
i cottuded, the corrosion products are iton combined with other elesents and are
normally ferric hydroxide o1 ferric oside. Depastion ol arrosion poduocts that resalts
in blocked screen-slot openings and reduced well vields s evidence of electrochenucal

corrosion

I'revention and Freatment of Corrosion

The following abservations concernmg corrosion have bren descloped Trom ey
pericnce and apply 1o many situations in the groundwater industry:

1. If low-carbon steel is attacked in a particular type of water by chemical corrasion,
it will corrode faster if connected 10 a metal higher in the galvanic series (Table 19.7).
[ his is why stainless steel end fittings shoubd always be used an both ends of stainless
steel screens. [ they are not. corcosion is concentiated on the relatively small arca
of mild steel that is welded to the stainless steel. The corrosion rate, however, is
considerably tower a short distance away from a connedtion belween two dissimilas
metials

T Work-hardened material corrodes more tapidly than the same metal that is in
an anncaled (heat treated) condition.

3 Stressed parts are mare likely to corrode than are unstressed paris,

WP AND PENIEATNC RN A 0 NS AT e, (12N}

4o Higher temperatures increase cortosion tates Phe ate of corcorkjon accelerton
with increasing temperatore, geaceally doubhng 1o cach addiional 181 110 ¢ )

S High Nuid velocities imorease contosion tates in most ¢ases

6 Dissolved gases such as oxypen carhon dioside fvdvapen <altide and oo
HALHCE THCTGING COTTOSTon les

PoGienenlls electrodhiencal conoann Groses foss ol nancnnad ononds o ol v
sorcens and casimps, with some of these cotroson prodic s depoatod efsesciese e,
sy occms e water taos shight aodic sl total dissolved calids preater thn
LOOB e/ A reduction in yicld cansed by pluppimg of the ~ccoon opentgs by dop
osttiont of cotroston puodicts ar b sttt Labuce o the woeen can ovesalt foen
COLIONION.

Inorecent sears many soreen mamulbactimrers have bolc imont o) thaen Prodhincrs e
of Tyvpe W0 stimless steel This e because stnfess steel i reastant G Cotroaann
cansed by underground envionments and chienneals added dumy wellrehabiliianes

and the poce ditterence berseens staness stoed e Jose b aeed e migroeaed

sagnthicanthy stoce the pmid 1960 U od Ty 308 stonbeses el o miont freshia ato
apphcations assares the well owner of long leomreastance o coroson C et Chem
wal and phhvacal sitsanons do exast bowesce that can lead (o severe daape (o
statnless steel sereenss even more resstant oatersads suclcas Phastellon € Carpent
MCh o Type Vo Qtainless stecl must thea be used

Lhe fundanental resistance of stamless sieel o cottosion comes liony i protecin

conntong that Torms onoats sartace. Tlos comtmp s a0 passive Bl thint 1 restsbant o

further ovidaton or other forms of Chiemead aatacks Mthoagh s chemcalls pasas
I iy be monomolecula i thick ness s generall protestive e osedizimg en
vironments (See Appendin T e filnos produced Dy the combundatoon ol osvg s
water and constituents of the steel When the amount of liee chiromsum exceeds 11
percent, steels da not normally form ced vt Thos chrommrnn s the element than
nthes standess sleeky Usinnless
Stnndess steels howeser e cubycct o corrosion by hadope o salte proman s chia
ndes that can casly penctiate the paecase fbmcand sllow conroane attack to oo d
f hlosrdes are penerally found onls po fow concentirtions nginders gacd Lo v
supphy s but road deromg saltes seware wates salt swater mtsasaon, ar othor forne of
subsirlice contamimabion can cise hlonde concentiatione apnaficantls € idaondos
we solubles active ons and torme clecpralvies that can cohance the corrosaon vate ol
stnless steel
Five hasie vpes ob conrosion e siamless steels ane seeopinzed

< General

o Giabhvanic

« Pitting

« Intergranutas

* Stress-conoston ciacking
All cortosion of stainless steed can be related 1o these Tive tvpes the Gurses ot cach

are discussed below

Geaeral Corrosion

General corrosion is the uniform dissolution o metat over the eatire suctace ey
posed 1o a corrodent and resalic from the unifonm breabdown ot the passive il than
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i initially covers the surface. General corrosion may be reduced or even prevented by protected by Tong cable astened dinec
, i ; ; in e ; ; ' )
v selecting matcerials that are resistant in corrosive envitonments. On the other hand, | ip Ground surface 1o the casimg and suspended m the well
i I’ excessive acid treatment of well sereens can cause general corrosion that leads to a é‘ . } ’ Coaied Botow the static water lesel s cable
Ta widening of the slots. Geaeral corrosion ca e measured by ale of ; anc i coppe
Y g of . 9|S (10{1 ral cor on can bf measured by the r'\u. of metal loss water level ! wite e of 4 ometd Tews noble than the
. over a surface. This rate is usually given in mils (thansandihs of an inch) per vem B 1. - D o e The amde Faeny few veas th
i {mpy) ©ilCurren o e dhes : !
'R » flow 7 hangrop cable v aophaccd Canont can
1 'y Galvanic Corresion ¥ also bempressed by ans ool o
l ¥ o - 1 ‘ power sapree Fhe anode icasoalls pla od
’ [wo dissimilin metal allovs connected electncally 1o o valtmeter and suspended - > i tenal soch e hentone so that
i X B ] X . . albs [ . ¢
p moan clecuolyte will show an celectrical potential betseen them. becanse one wlioy . Cle el conneton betsern e aned
. . . . - ‘ ‘ ol
will dissolve in the clectrolyte more acadily than the other The more active ol the Buried - amd the surroanmeinge carth matenle
. . . . magnesiim i v Aerral
two contacting metals will be anodic 1 the otherand swill give up anetal to the solution, 1”(?(1(, NI
. feading (o galvanic corrosion el at werves as the o : . e
vading o gafsanic cone Phe metal that serves as the cithade will be proteaicd Coming v FIie sive ool 1 weneedle on el o s byl
: and will show e loss to the cortodent Tewould Tose metal howesers if i were not ; protectan ey nds o the oot o
s i contact with the anodic metal. Fhis s the basas of cathodie protection. whee o ) g between the anode and Cathode 11
! : andd cathod "

R ST

metal lower in the galvanic series s sacrificed by bemp clectoally connected to the
metal to be protected

Galvanic corrosion is so well Known that dissimilar mcetals ot sipmticant didlerence
in voltage (far apart in the galvanic series) are seldom jomed. However, when s
necessary 1o have dissimilar metals in the same contosive environment. they shonld
be kept apart by nonconductve pashets (dicleetiie naterah) and msulated bolts, ot
the anodic alloy should have fai greater surlisee aca thin e cathodie altoy . Most
proundwaters have a refatively low concentrativn of dissolved solids. and thus then
ability to conduct ddectrical cunrentis limited. Conseguentls . the prachice of joming
low-cirbon steel casing to stainless steel well soreens docs not canse sexere galvanie

Contoston o the casing becanse the anodic mend bas o bpe sacbicee e Weldap

potentd ol the cathode can be measied
by placige el resashanee saltmares i
the provnd cpresimably soagaonedr 1o
i measrement i then nsed o sappent th
size and namber of anodes ogquincd fea

complete pratcction Spaciy of the an

o many be atleorcd b dhistribtion ol

X . ) the cuttentsat savious deprhe adpcent oo
Pigare 39,10 A saceiticinl anode is conneaed 1o a
steel casing (o present corrosion uf the casing. G
1unt flows frou the ae dch‘)llu-unnxl||muuh the hophier on cer i arcas becanse o) b
grovndwiter. Nagnesiom jons are theeebhy trans
ferred to the vasing, and cvenpaalihv the anade s

the wetl bore Corrent low mas be ach

prosence of iy or other akeraks 1o

nings litted to the ends of stainless steel screens shonbd always be made of stamless distrosdl el s et o the applicod e
steel. however Most corrosion s galvanic in nature. and a thorough understandmng
: i of galvanic attack can prevent prematore failime ot welly Pitting
v j;,. " Cathodic Protection e thos tonm »nl altack, the rate of corroston s geeater at sonme aicas than eile
f o . Ihe depth of pitting s more sipahoant than the namber ob pos simee ane deep e
[ I groundwater ensnonments where galv e corronion poses a patential problem. workd Tt the well e mrore v o Lirpe mamber of <l pres Pranmg s s
% w 1 the well soreen, casing, :ll.ld pump can be protecied by means of a cathodie protection W e Torm of Cottoston becase onls one on ten perboraions it canee s ol bt
’ Y systenn. Cathodic protection for equipment installed indergromnd can be achieved In T many cses, lures Camed b piimg ofteon ocoim oo el g veds g
¢, L ?'. supphy ing clectrons to the metallic components ol the system to be protected. In otha ceeded By vears of Bitle or 1o corroseon
: ...‘ words, if an clectrical current is cAauscd Fo ﬂ_()\v to a metal casing from the surrounding Pitting of stainfess steels ociirs where the coraate s genment peniale 1.
i groundwater, the rate of metal dissolution is greatly retarded. H the current flows the passice il atonly i few ports sather than ey er the et sanbace v ot die i fal
other way from the metal 1o the clectiolyte cortoston of The metal casing 1 as o penctal cottosion Pirtmy s otated whens smabl arcass dose the g
aceelerated. becomie active. and begin to react wal supropnding pasavesneas Note that “actie o

The casing. or any metallic structure placed undeiground, can be protected by
initiating current in the proper direction by proper galsanic coupling or by inipressing

stienfess steel has a Tower plice on the palvame daet that bas “passive sl

steel with the active berng the anodic Beause the passisated it e arca o cathoda

B a current from an external power supply. Figure 19 11 shows how a metallic well o Jarge. the comparatively soralier actnve area has rebin el mtense conrent deyea
: ‘; casing can be protected by the installation of a sacdivial anode. For example. a and e Jocal metalb loss s Tape Paone usially occines when the cotradent contan
i R Ul magnesiam anode can be connected 1o the casing Iy a coated copper wite. Carrent one of the halopens (Chlonme, Bromime. Buonned thoa o displace e ovaen
t’ Helt/ Bows from the magnesiwn block through the electioby e (proundwater), and deposition tie passive ilm on the stasless steeh and create s boeal breal or sl ara wheo
43 of the cortosion products occurs an the casing as the anode is slowly taken into the staindess is pnprotected o active Phis actve aea can become apitaf ovepen s
rt v solution. The current returns to the anode by way af the copper wire. Some wells are cachided by soil accamulnons alone the surbace or o encluded by chenmead aernn
el
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Table 19.8. Resistance of Some Materials to Pitting temperature Carbon combines preterennalhy with chronmame and precipiiates the

adgacent to the

grain boundarics i the form of chromium carhide. Thos, the e

U Type 304 stainless steel grain boundary is lower in chromiun comtent and is less resistant to cotrosion than
llchasmg Type 316 stainless stecl the 1est of the grain Under attack. the grain houndancs are dissolved - thos feadie
p"!'"g Hastelloy F. Nionel. or Durimet 20 1o prain disaggregation
resistance Hastelloy € or Chlorimet 3 Ihere are thiee methods avarbable 1o the cotroston cagmees toredice gl

! X Titanium cottoston Ve st method is o anneal the stamless sieebadtor st his been sensitied

(Fontana amd Greene, 1978)

from surface crevices or irregalaritics.

lh‘c corrosive attack at the active arca is exaggerited because of both the current
dcnfny and the autocatalytic nature of the pitting process in which the pit lends to
rr?‘le'\ln clectrolyte and exclude the oxygen that would etherwise repassivate the arca.
'hl.S aspect of pitling corrosion is sometimes referred 10 as “concentralion-cell cor-
I'DSI(I’I." As the depth of the pit increases, conditions for pitting are maintained and
the pit will quickly penetrate even thick-walled casing Fach pit acts as a battery that
operates by consuming its container. ‘

When halogens are known to be present. pitting may be mingniized by using stainless
steels alloyed with mplyhdcnum I'he higher molybdenum content ol L'-vrluin stainless
steels. such as lype 316, is important in prevesting piting. Table 19.8 lists several
matenials in 1clation to their resistance to pitting. The varions alloying clements that
aflect pitting resistance are given in Table 199, '

Intergranular Corrosion

This type of corrosion is restricted, occurring only at grain boundaries. 1t is often
observed when stainfess steel is bent, resulting in distinct surlice fissures or cracks
that follow the grain boundarices.

Uhe steel is heated to the proper anncabng tomperature and gquichiy cooled though
the sensitizing range at suchoa vate that the cibides are not permitted o proapat

I he secomd method of iy anding mtecpranulan attack s o mmnze the caicbon content
1 ihe steel contains less thin 006 0 008 percent cnbon acontmuouns fifm ol hie
mivm carbide will not precipitate at the gran boundaries duning the hoct cxposun
1o the sensitizing temperatme. Thuos, this exba-low cirhon allos can be welded s

cesslully with no loss of corrosion resistance along the gram boundanes The third
and perhaps surest way to avord intergranubas conasion i o alloy the metal with
Htanium o1 columbiunt. which are strong carbide tormers The carhon then forme
ttaninm or cotumbium cachide rather than a o canbide and the st s tha

stabilized against choomum crbide fonmation

Stress Corrosion Cracking

Al metals are subject T airess cotrosion crachimg T mictal s onder lensile stress
T corrosive eny fronment, stress corrosion ciackmg may develop The tensle stiess
i be residual stress cesnlting bom cold working o guene B adter et treabment
ar neny onginate from esternadh apphied stressas e the shalting componcats ol o
deep well turbime pump Solutions conkaming hlonde usually pronmiote stress con
yoston Cracking i ansten e stamnless steels Stress corrasion o hing can be reduced
by anneading o rclicy e the stressde cloped dormg bocition o by selectmg ot vl

it ave tesisknt o the polentiallv cotrosive cnsvoentent

l_ : Al austenitic stainless steels contain a small amount of carbon in solution in the
S austenite. Carbon is precipitated out rapidly at the giain boundaries of the steel within , . ,
. 3 atemperture tange of 9507 (SI0°C) to L4501 (788 ) this s called the sensitizing PUMP MAINTENANCE
RINIEE . Woater well pumps are generally budt o tugh eogrocening standards, uthang the
. Table 19.9, Etfects of Alloying on Pitting Resistance of Stainbess Steel Lest materials, Unfortunately pramps olten operate ander lesathan wdeal phyvacal anel
_b LTl ) Flement Fiffect on Pitting Resistance chenncal conditions, Fhas, they are subipeet o wade tanpe of potential e
. . Tequitements
- ¢ |‘|ns||||||m Incieases L he comdition of the puarping umt v be cvatiated Trome the tollowimyg chocb e
E Nickel Increases Gipplong i pant to Both it turbine and sulinersable pampsy
i ff.iolybdcnum Increases o Dues the pump operate onis anganal desipncieee
Eooosl Silicon Decreases, marvases when present o 1o there excessive heanng of the motor!
.f' ‘g ! - with maolybdenum « llas there been a change m the beanmg notse bevel?
( - . litanium '““d Diecreases resistanee in FeCl,: o Has there been am Change i the pattom of ol consamipim of the et
Mo . columbium other mediams no effect « fs there exeessive vibianon”
b ~ 6 Sulfur a_"d Deereases « Has the amperage or voltage load to the pump changed?
} e '; ( ‘:c!{(‘nmm . _ o Are there cavitation ooises o any othes unustal sounds?
I o ol arhon Decreases, espectally in o Has crack g of uneven seltioment ol the pad o pronnd avodnnd the oy
‘.._4 Ry . sensitized condition uccuned”?
k v‘l,’ .. Nitogew - Inereases Once a problem is recopnized . mamtenance must he pertornied
V (tircene and Fontana. 1959) A complere anabvsis of pomp ovantenane et Bevond the wope al thie ook b
Loy
L
MR LH
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APPENDICES LU

APPENDIX 13.J.
Calculating the Ryznar Stability Index

The Ryznar Stability Index for a water sample can be calculated from the following
equation:
I =85— C—-—pH
where [ is the Ryznar Stability Index and S and C are factors derived from Figures
1 and 2, based on total dissolved solids. methyl orange alkalinity, and calcium ion
concentration (0.4 X calcium hardness).
The steps to determine S and C are:
1. Obtain a value for S using the known total dissolved solids and Figure 1.
2. Obtain a value for C using the methvl orange alkalinity, the calcium ion con-
centration. and Figure 2.
For example. assume that a water analysis produces the following data:
pH = 7.0
Total dissolved solids = 400 mg/t
Methyl orange alkalinity = 200 mg/¥
Calcium hardness = 125 mg/¢
Note that the calcium ion concentration for the Ryznar Stability Index equation is
0.4 X 125 = 50 mg/t.
1. The value of S from Figure 1 is 23.12.
2. The value of C from Figure 2 is 8.0.
3. The Ryznar Stability Index. /. is 23.12 — 8.0 — 7.0 = 8.12.
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23.3¢ t : o —
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Figure 1. S value as a function of total dissoived solids.
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Appendix 13.J. Continued

1,000

100 0

Calcium ion concentration, mg/!

AR

10 100 1,000
Methyl orange alkalinity, mg/i

Figure 2. C value as a function of calcium ion concentration and methyl orange alkalinity.



ATTACHMENT B

NICKEL AND CHROMIUM IN GROUNDWATER SAMPLES
AS INFLUENCED BY WELL CONSTRUCTION AND
SAMPLING METHODS



o 7/ Tl

Nickel and Chromium

Abstract
n investigation of eievated concentrations of
nickel and chromium in certain ground water
samples collected at Williams Air Force Base
(AFB) indicated that type 304 stainless steel w_c_lrli malsriaisﬂ
are the source. Chloride in the ground water has apparently

caused cyggi_ggrcorr‘osio—n of the stainless steel well screens
installed during site characterization. An evaluation of site
geochemistry suggested that chromium released from the
well screen would prectpitate, while nickel would remain
dissolved. Thus, low-flow purging and sampling significantly
reduces the chromium found in the ground water sampies
because such sampling minimizes the collection of artifi-
cially entrained particuiates. In contrast 1o chromium.

nickel concentrations did not decrease during low-flow.
purging and sampling, indicating that it is dissolved. Nickel
and chromium concentrations are both low following high-
volume purging when turbidity levels are stabilized below
10 nephelometric turbidity units prior to sampling. In the
latter case, chromium concentration is low because particu-
late coliection 1s minimized, and nickel concentration 1s low
because of increased dilution. Based on these results. it is
recommended that elevated levels of nickel and chromium
in ground water sampies collected from stainless steel mom-
toning wells be carefully evaluated, because well materials
may be the source. In addition. although low-volume purg-
ing is increasingiy becoming the sampling method of choice,
high-volume purging may be a useful means of determining
whether the weil materiais influence nickel and chromium

concentrations.

i Pages 93-99

in Ground Water Samples as Influenced
by Well Construction and Sampling Methods

by D. Oakley and N.E. Korte

Introduction

This paper presents the resuits of
an investigation of chromium and
nickel detected in ground water
samples collected from a subset of
the wells at Williams Air Force Base
(AFB). Mesa. Arizona. Base activi-
ties had resuited in contamination at
a number of sites. Prominent among
these are the base landfill and the
liquid fuels storage area (LFSA).

The approximately 34-acre (13.8
ha) landfill was used for disposal of
general base refuse from 1941 upul
1976. Since 1987. trichloroethene
(TCE). tetrachloroethene (PCE).
and benzene have been detected In
downgradient ground water
samples. The concentrations of
these contaminants. however. are
below action iimits. and remediation
is not required.

The LFSA. in use since 1942,
consisted of underground storage
tanks and thousands of feet of deliv-
ery pipe. Spiils and leaks resuited in
a free product plume. An associated
dissolved contaminant plume s
approximately 1700 feet (518 m)
long and 600 feet (183 m) wide. The
unconfined aquifer underneath the
LFSA is now being remediated bv
means of a horizontal weil pump-
and-treat system.

The landfill and LFSA are not
sources of nickel and chromium
based on the resuits of the preiimi-
nary assessment (USAF 1984) and
the site investigation (SI) (USAF
1986, 1987). The SI inciuded the
installation and repetitive sampling
of a number of monitoring weils.
Thus. it was surprising when samples:
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collected from wells installed from 1989 1o 1991 as part
of the remedial investigation (RI) (IT Corp. 1992) con-
tained both nickel (up t0 1320 mgj1.) and chromium (up
to 54.500 mg/L)-

Hydrogeologic Setting

A hydrostratigraphic column for Williams AFB Is
presented in Figure 1. The unsaturated zone is com-
posed of channel, floodplain, terrace. and alluvial fan
deposits (Laney and Hahn 1986). An unconfined
aquifer, aquitard. and semiconfined aquifer underlie the
unsaturated zone. These units are composed of playa.
alluvial fan. and fluvial deposits. The unconfined
aquifer. the zone contaminated by base operations. has
generally poor ambient water quality with total dis-
solved solids (TDS) ranging as high as 3000 mg/L. Chlo-
ride is typically 600 to 900 mg/L and sulfate 50 to
300 mg/L. The hydraulic conductivity, because of the
high percentage of fines. is approximately 3 feet per day
(fd) (1 x 0°° m/s). although the formation is highly
heterogenous. Fully penetrating vertical wells typically
vield 1 to 3 galions per minute (gal/min) (4 to 12 L/m)
during long-term pumping tests.

Monitoring Well Instaliation

Monitoring wells installed during the SI (USAF
1986. 1987) were constructed with 4-inch-diameter
(10 c¢m). 60-foot-long (18 m), wire-wrapped stainless
steel screens of an_unknown grade and carbon steel
risers., During the RI. a different contractor installed
additional monitoring weils at the landfill and LFSA
(IT Corp. 1992). These 4-inch-diameter (10 cm) wells
were constructed with 40-foot-long (12 m). wire-
wrapped type 304 stainless steel screens. with a 20-foot-
long (6 m) stainless steel riser pipe above the screen
and PVC riser pipe to the ground surface.

Chromium and Nickel Resuits

Inmitally. ground water sampies were coliected when
a mmmimum of three well volumes had been purged
(1.5 gpm) with a piston pump: when pH. temperature.
and specific conductance had stabihzed. and when the
well had recovered to 80 percent of the initial well vol-
ume. Purge volumes were typically 70 to 80 gailons.
Samples were cullected with a bottom fill bailer and
were not_filtered. Laboratory sample preparation
included digestion of any particulate matter that was
cotlected, The same laboratory analyzed ail of the
samples discussed in this paper using standard spectros-
copic methods.

Tables 1 and 2 summarize nickel and chromium
results from 1986 through June 1993 for each well at
the landfill and LFSA. These data show that the
frequency of detection and average concentrations are
much higher in samples from wells installed during the
RI. These results suggest that well construction is
responsible. It is also noted that the concentrations
reported often were not consistent and reproducible
from one sampiing event to the next. The lack of consis-
tency is believed to be due to the method of sampie
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Figure 1. Hydrostratigraphic column for the study area.

collectjion. Recent research has shown that insertion -
sampling devices such as bailers, and subsequent rap
sampling, results i1n the collection of particulate matt
that is not representative of the mobule poilutant fo:
in the aquifer (Puls et al. 1991: Kear! et al. 1992)

Source

The first consideration was whether the nickel ar
chromium were naturally occurring. Tvpicaihy nickel
not found in uncontaminated ground water because
occurs naturally chiefly as tnsoluble hvdrouides or st
fides (Allen et al. 1993). which are formed ongnaiiv
pH extremes. However. when dissolved nickel s intr
duced to ground water via a waste stream. il can rema
dissolved and mobile because of the system <« neutr
pH and because it can be readily desorbed trom cl:
(Bubb and Lester 1991). In addition. the high inorgan
salt content of the ground water at Wilhlams AFB pr
vides competition from other cations for available sor
tion sites (Bowman et al. 1981), and chlonde comple
formation potentially inhibits nickel sorption (Don:
1978). Chromium occurs naturally in ground water. b.
precipitation kinetics are so rapid and dissolutic
kinetics so siow that the concentration of Cr(lll)
uncontaminated systems remains well below drinkis
water standards (Rai et al. 1989). Likewise. the trac
levels of naturally occurring Cr(V1) that could t
released would be reduced and precipitated (Rai et ¢
1989; Bartlett 1991; Puls et al. 1992; Anderson et ¢




Table 1
Nickel and Chromium Concentrations (1986-1993) at the Williams AFB Landfill

Nickel Chromium
Aversge Average
Range of Coscentration Range of Coacentration
Aquifer Number of Number of Number of Detections, of Detections, Number of Number of Detections of Detections
Zone Wells Amalyses Detections ng/L ug/l Analyses Detections ng/L ug/L

Site investigation weils installed 1986-1987

Downgradient Semuconfined 3 M 2 721098 8.5 u S 40t05.7 5.0
Downgradient Unconfined 1 12 4 10.6 10 30.0 18.6 12 7 431092 6.6
Background®*  Semuconfined 2 27 5 10.5 1o 50.0 208 27 7 4310 162 7.6
Total -] 73 11 7.2 10 S0 17.8 73 19 40t 162 6.5
Remedial investigation weils instailed 1989-1991
Dawngradient Unconfined S 79 70 32 to 6007 181.3 9 61 3.8 10 6020 6229
Background  Unconfined 1 8 8 64.5 10 1320 116.3 8 8 3.8 to 11.000 2206.0
Totai 6 87 78 323 to0 1320 2223 &7 69 38 o0 11.000 2064

*Background wells are defined as hvdrauiicallv upgradient from the landfill.

Table 2
Nickel and Chromium Concentrations (1986-1993) at the Williams AFB Liquid Fueis Storage Area
Nickel Chromium
Average Average
Range of Concentration Range of Concentration
Aquifer Number of Number of Number of Detections. of Detections. Number of Number of Detections of Detections
Zone Wells Analyses Detections uwg/L g/l Anslyses  Detections g/l . nglL

Site investigation wells installed 1986-1987

Downgradient  Seruconfined 1 3 0 — — 3 0 - —
Downgradient Unconfined 3 12 9 — — 12 | 59 59
Background®  Semuconfined 2 3 0 - — 3 0 —_ —
Background Unconfined 1 1 0 — — 1 0 _ —-
Total 7 19 0 — — 19 1 <9 <9
Remedial investigation wetis instailed 1989-1991
Downgradient Unconfined 18 93 49 12.5 to 640 121.8 33 59 45 to 8080 2946
Background Unconfined 9 5t 49 10.1 10 5333 3958 St » 42 10 84500 1903.7
Downgradient  Seruconfined 2 12 9 13.0 to 566 2609 12 12 {4910 198 739
Total 29 156 107 10110 §333 259.0 156 19 4210 S4500 914
Horizontal recovery well instailed 1992
Downgradient Unconfined 1 14 3 1210116 72 14 1 6.5 6.5
*Background wells are defined as those consistently containing less than 5 ug/L benzene in ground water sampies.
1992). ' enough nickel (8 percent) to ensure an austenite struc.
This investigation then focused on how nickel and ture (a nonmagnetic. high-temperature form of iron) at
chromium could be contributed by well construction room temperature. Hewitt (1993 and 1994) reported
materials. The most recent installations were performed that such steel mav contribute nickel and chromium in
with type 304 stainjess steel. but records did not identify concentrations that exceed ground water standards set
the tyvpe of steel nor the manufacturer for the screens by the U.S. Environmental Protection Agency (U.S.
used in the pre-1989 installations. However. it is likely, EPA) under the Safe Drinking Water Act (SDWA).
based both on experience and consuitation with sup- .
pliers. that type 304 was used. Type 316. the only other Sampling Effects
widelv available steel used in well screen. is sufficiently To evaluate whether monitoring weil construction
more expensive that a special order. likely to be docu- materials were the source of nicke! and chromum.
mented in site records. would have been required. several tests were performed. First. ground water
Stainless steel used in well construction has enough samples were coliected from a horizontal production
chromium (18 percent) to offer corrosion resistance and well installed at the LFSA. The horizontai welil is
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screened at a depth of 235 feet (72 m) and is constructed
with type 304 stainless steel screen and an epoxy-€eated

carbon steel riser. Ground water samples ({iltered and d

unfiltered) were collected from the pump discharge line
sever-tiffies during a 75-day pumping test performed at
28 gal/min (106 L/m). The resuits showed that nickel
and chromium were not reported in concentrations
exceeding 12 ug/L (Table 2).

In another test, monitoring weil LF-08 (well volume
= 70 gallons) was purged at 1 gal/min (3.8 L/m) for 24
hours in order to determine how the purge voiume
affected nickel and chromium concentrations. The
pump was located 2 to 5 feet (0.6 to 1.5 m) above the
bottom of the screen. Samples were collected after stabi-
lization of pH. temperature. dissoived oxygen, and spe-
cific conductance. after the removal of three well voi-
umes. and again after 8. 16, and 24 hours. Both filtered
and unfiltered samples were collected. The concentra-
tion of nickel declined steadily throughout the test. from
a high of 101 pg/L to a low of 44 ug/L (Figure 2). Such
a decline is consistent with the hypothesis that nickel is
an artifact of the well. The water that flowed to the
well. as it was pumped. diluted the nickel released by
the well itself. There was little difference in the filtered
and unfiltered sample results. indicating that the nickel
is dissolved or associated with particles <0.45 um. a
finding consistent with the behavior of nickel in this
type of geochemical environment.

For chromium there are major differences between
the filtered and unfiltered sample results (Figure 3).
Filtered samples showed no detectable chromium. while
concentrations in unfiltered sampies ranged from 10 to
53 ug/L. The resuits demonstrate that chromium is asso-
ciated with particulate matter. The chromium concentra-
uons for the unfiltered samples were also affected by
the method of sampling. The initial and 24-hour sampies
were collected with a bailer. while the samples at & and
16 hours were collected from the pump discharge line.
The highest chromium concentrations were from the
unfiltered bailed samples. a fact consistent with recent
research suggesting that sampling with_a_bailer causes

high turbidity. leading to erroneously high metal coneen-
trations (Puls et al. 1991: Keari et al. 1992).

Based on these resuits. a {ow-flow method of sam-
pling was used for the September 1993 quartcrly sam-
pling (Puls et al. 1991; Kearl et al. 1992). A piston pump
was placed in the middle of the saturated interval. unlike
previous sampling events where the pump was placed
2to 5 feet (0.6 to 1.5 m) above the bottom of the screen.
The wells were purged at a rate of 0.26 gal/min
{1 L/m) unul turbidity stabilized at a value <10 nephelo-
metric turbidity units (NTUs). and pH. conductuvity,
dissolved oxvgen. and temperature stabilized to within
10 percent. No minimum purging volume was used.
Samples were not filtered and were collected directly from
the piston pump discharge hose. For this test. the average
concentration for nickel (Table 3) is greater than the aver-
age for weils from previous sampling rounds (307 ug/L vs.
259 ug/L). This variaton in concentration mav be a resuit
of moving the pump. The resuit may also indicate that
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Figure 2. Variation of Nickel concentrations while pumping at
1 gai/min (3.8 L/mj}. (LF-08 sampie at 0 and 24 hours were
bailed, and at 8 and 16 hours were coilected with a pume).
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Figure 3. Variation of Chromium concentrations whfid Suswpe
at approximatsly 1 gai/min (3.8 L/m). (LF-08 sompis st O sna
24 hours were bailed. and at 8 and 16 hours were cefiectes
with a pump).

low-flow purging did not produce enough water to daut
the dissolved nickel near the well. Instead. with low-(lo
purging, dilution is minimized. and the concentratons ar
the highest. In contrast, the average chromium concentre
tion was 131 pg/ (Table 3), weil below the hmstorc:
average of more than 900 ug/L. The large difference i
concentration indicates that low-flow purging combine




with sampling from the pump significantly reduced the
collection of colloidal chromium rejative to previous sam-
pling rounds. It had prevxouslv been noted that high-vol-
ume purging with sampling directly_from_the discharge
hose produced _sampies with low turbidity. Thus. it was
concluded that high-volume purging combined with sam-
pling from the pump discharge shouid produce the lowest
nickel and chromium concentrations in the ground water
sampiles.

Table 3
September 1993 Low-Flow Purging and Sampling
Well ID Nickel. pg/L Chromium, pg/L
Landfill
W.12 208 759
W.0% 118 152
W07 "7 515
WA A RII%) it
W11 28 208
W-i0 631 141
Average a7 206
LFSA

W-25 170 48
W-26 Y14 76.6
W.27 533 181
W-19 62.2 26.1
W-17 60.8 28
W-14 s47 149
W-11 26.2 16.2
w07 ND ND
W-10 ¥7.1 17.2
Average 300 78
Overail average 307 131

Consequently. additional 24-hour pump and sam-
pling tests were performed on LF-07 and LF-09A. The
wells were purged at 1.2 gal/min (4.5 L/m) with the
pump intake located in the center of the screen section.
The flow rate was reduced to 0.26 gal/min (1 L/m) while
sampling and field parameters stabilized prior to ail
sampling. Unfiltered samples were collected at three
well volumes and at 8. 16, and 24 hours. For LF-07. as
expected. nickel concentrations declined throughout the
test from a high of 165 ug/L to a low of 106 ug/L (Fig-
ure 2). Chromium concentrations aiso declined through-
out the test from a high of 34 pg/L to a low of less than
5 ug/L (Figure 3). For LF-09A. similar results were
observed. These results are consistent with the low con-
centrations of nickel and chromium (<12 pg/L) observed
in the horizontal well during the 75-day pumping iest.

Corrosion Mechanisms |
These data demonstrate that the behaviqrs of mcl_cel
and chromium are consistent with their being contrib-

uted by the well construction materials. Two questions
remained. however:

1. What are the probable corrosion _mechanisms. and
would these mechanisms be promoted by site con-
ditions?

What is the difference in well instailations so that
the more recent installations promote corrosion and
the pre-1989 ones do not?

All steel is susceptible to pitting and crevice corro-
sion when exposed to aqueous solutions containing
aggressive anions such as chloride. Either mechanism
invoives oxidation of the corroding material and reduc-
tion of a constituent of the corrosive environment (Lula
1986).

[

Pitting

Predicting when pitting will occur is difficult because
heat treatment. surface condition. and fabricauon pro-
cedures (e.g.. time. temperature. polishing) may change
the response of the steel from reiative inertness to unac-
ceptable reactivity (Lula 1986: Szklarska-Smialowska
1986). These facts suggest that the preparation of the
steel is a possible explanation of why well screens of
the same composition installed at Williams AFB could
differ in their resistance to corrosion.

Crevice

Localized attack in natural waters is usually not due
10 pitting but to crevice corrosion (Kain et al. 1984),
which is associated with stagnant soluuon found in nar-
row gaps such as joints between two meial parts and
badly executed welds. Because of the immobility of the
solution in the crevice. exchange with the buik solution
is relauvely slow. Metal inside the crevice acts as an
anode. while the remaining metal surface in contact with
the bulk electroivte acts as a cathode. The anodic disso-
lution of metal in the crevice leads to local accumuiation
of metal cations. To maintain neutrality. anions (pn-
marily CI7) migrate from the buik electroivte into the
crevice. Because of the hydrolysis of the metal, acidity
increases and the protective film breaks down.

Kain et al. (1984) examined the susceptibility to cor-
rosion of both type 304 and 316 steels. The tests showed
that. in naturai waters of a composition similar 1o that
found at Williams AFB (pH of 7.5. CI” up to 600 ppm).
type 316 was resistant to crevice corrosion. Type 304,
on the other hand. would corrode under conditions of
severe (lighter and deeper) crevice geometry. Exposure
ume. however. had little effect on promoting additional
corrosion. Tests in simulated Colorado river waters and
other natural waters identified crevice corrosion for type
304 at CI” contents as low as 100 ppm. However. this
steel was aiso resistant in 90 percent of the cases where
CI” was between 100 and 1000 ppm.

Thus. minor variations in the crevice gap. especially
in the 0.1 to | ym range. can have greater significance
than variations in bulk environmental chemistry (Old-
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field and Sutton 1980: Kain 1990).

Condition of the Well Screens

Several well contractors were consuited regarding
the quality of typical. wire-wound stainless steel well
screens. Seven suppliers were identified. The cost of
flush joint, threaded screen that is cleaned and prepack-
aged varied from approximately $28 to $56 per foot.
Interviews with several experienced weil contractors
revealed that screens from one supplier were typically
uniformly polished with welds that were typically tight
and intact. In contrast. screens from some of the other
suppliers often contained bends and broken welds. At
Williams AFB. it is known that the 1990-91 screens
were provided by one of the manufacturers whose
screens were described as sometimes having imperfect
welds.

Conciusion

It 1s concluded. therefore. that crevice corrosion.in.
stainiess steel wells is the source of nickel and chromium
found in ground water samples collected at Williams
AFB. Moreover. the difference in quality of the stainless
steel wells and screens between two manufacturers is
believed to be the reason that one set of weils produced
significant chromium and nickel in ground water. while
another set did not. Finally. the data demonstrate that
the sampiing method significantly affects the concentra-
tions of chromium and nickel observed. Samphnz with
a bailer yvi¢Ids highér chromium concentrations because
more particulates are collected. Low-flow sampling with
micropurging vields the highest nickel concentrations
becausc there 1s less dilution. but chromium concentra-
tions are low because fewer colloids are coilected. High-
volume purging prior to sampling from the pump dis-
charge produces the lowest chromium and nicket con-
centrattons because dilution 1s increased and paruculate
collectton s mimimized.
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ATTACHMENT C

REVIEW COMMENTS ON DRAFT QUARTERLY
GROUNDWATER MONITORING REPORT FOR
MCAS EL TORO



1. Technical Comments

1.1, AIR ENTRAINMEXNT

In Appendix D the report notes that air entrainment in water collectea at selected
locations as reported by DTSC in 1993 has been confirmed. The 1ssue Of air entrainment
in the discharge of 4-inch weil pumps appears to have been deferred to the *...weil pump
maintenance activities.” It is not clear what the intent of this statement is. Please provide
detail as to what the next actions are with respect to this confirmed problem.

1.2.  DISSOLVED METALS

Table 7-1. Inspection of the data indicates that significant increases in the measured
concentrations of severai metais have occurred. Of particular interest are chromium and
iron which in some cases increased by over two orders of magnitude. A brier review
indicates that there s often a strong reiationship between these two anaivtes. [n
unriltered samples. ron leveis are approximately 10 times the chromium leveis. This
situation should be examined in detail since the elevated chromium levels are significant.
A recent publication. 1996 Winter Ground Water Monitoring Review pp. 93-99. “Nickel
and Chromium in Ground Water Samples as Influenced by Well Construction and
Sampling Methods.” provides an excellent reference on this phenomenon. The authors
should examine the potential reasons for the apparent increase and provide an expianation
of the situation in the final report. Crevice corrosion in the stainiess steel weils may be
the source of the chromuum: however. modifications to sampiings technique may be
successful in alleviating the inclusion of corrosion releases into the sampies. The tiltered
and unfiltered sampies are an excellent source of information for the examination of the

effect of colloids on the measured metais vaiues. [t appears that the erfect of filtering was
significant tor only these two metals.

-~

.3, DISSOLVED OXYGEN

The measured dissoived oxvgen leveis listed in Appendix C are orten in excess ot the
theoretical maximum tor naturai waters. The solubility or oxygen for water exposed to
water-saturated air at atmospheric pressure and no salinity ranges between 9.7 and 8.1

me/L between 17 and 26°C respecuvely. Moreover. with increasing saiinity the sotubility
of oxvgen decreases. Sce the table below.

Seview L UMIMENIS 00 Urd!lt UL anery Limaunawater
‘cnuonne reoortror MCAN B Toroows
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Attacnment C

Dissoived Oxygen Relationships  Standard Methods. 17th Ed. 1989

Dissoived Oxvgen. mgo/L Dissoived Oxvgen. mg/L
- Temperature. 'C Chilonnnty =9 , Chlonnity = {0
17 9.7 8.7
; 18 9.5 8.5
19 93 8.3
20 9.1 8.2
21 8.9 8.0
22 8.7 7.9
23 8.6 7.7
24 8.4 7.6
25 8.3 7.5
26 8.1 7.3

At least 25 percent (43 out of 163) of the reported dissolved oxygen vaiues for MCAS El
Toro are in excess of the theoretical maximum. A closer examination of these data is
required because a substantial proportion of the other measurements are at or very near
saturation. This situation does not appear likely given that the Marine Corps’
geochemical model for the station proposes that substantial pyrite oxidation is occurring
throughout the vadose and saturated zone. Thererore it can be expected that oxygen
consumption during pyrite oxidation would reduce dissolved oxygen values to levels
noticeably less than those reported. This decrease does not inciude further reductions due
to the consumption of dissolved oxygen by reaction in the organic-rich lavers of the
surface soils. Freeze and Cherry (Groundwater. ! 979: p. 245) have noted that in recharge
areas of silty or clavev soils. groundwater commoniyv does not contain detectable
dissolved oxvgen. Thus. ine predictions and expected conditions do not support the
measured dissoived oxvgen values and the data coilection techniques shouid be

reexamined to ensure that proper procedures were followed and instrument calibratuons
were verified.

leview Lomments on Lratt Qulneny Lroungwater
“tonionng Keport tor MCAS EX Toro LA
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ATTACHMENT D

MICROBIOLOGICALLY INFLUENCED CORROSION OF
AUSTENITIC STAINLESS STEEL WELDMENTS
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MATERIALS SELECTION & DESIGN

Microbiologically Influenced
Corrosion of Austenitic
Stainless Steel Weldments‘™®

Susan Watkins Borenstein

Pacific Gas & Electric Co., One California St., San Francisco, CA 94106

Microbiologically influenced corrosion (MIC) of austenitic stainless steels often
occurs at weldments and may be misdiagnosed as attack resulting from conven-
tional chloride or crevice corrosion. Examples with photomicrographs of MIC at
weldments made with various stainless steel base metals and weld metals are

given.

Microbiologically influ-
enced corrosion (MIC) is

the term used for the phenomenon
in which corrosion is initiated or
accelerated or both by microorgan-
isms. Costly pitting failures of aus-
tenitic stainless steel components
by MIC have occurred at locations
ranging from power generating to
chemical processing plants. MIC
commonly results when water is
left in stainless steel systems after
hydrotesting. While these condi-
tions do not usually produce seri-
ous corrosion problems, they are
conditions ideal for MIC.

Water may contain several
classes of microorganisms. These
organisms immediately begin col-
onizing and produce a biofilm
when exposed to a metal surface.
This film, usually nonuniform in
its coverage, acts as a concentra-
tion cell and promotes corrosion.
In addition, the metabolic pro-

(UPresented to NACE Task Group T-5A-28,
CORROSIONMO, Las Vegas, Nevada.
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cesses of the microorganisms can
influence the corrosion behavior of
materials by (1) destroying protec-
tive surface films, (2) producing a
localized acid environment, (3)
creating corrosive deposits, or (4)
altering anodic and cathodic reac-
tions, depending on the environ-
ment and organisms involved.'
These processes may occur either
alone or in combinations.

For austenitic stainless steels,
the characteristic MIC visual signs
typically may include pitting at or
adjacent to welds, pitting with a
small surface opening and a large
subsurface cavity, discrete local-
ized deposits, and reddish-brown
rust-colored mounds or tubercles.?
Fresh deposits may appear slimy
and have distinctive odors.

In addition, during metallo-
graphic examination sometimes
preferential attack of stringers, or
one phase of the two-phase weld,
is found. Either the austenite or
the ferrite phase or both may be
attacked. Chlorides are sometimes
found in a pit, even when

FIGURE 1

A mound at a weldment with a biofilm formed
the inside surface with a pit underneath.

the exposure was to extreme
good low-chloride water.

For reasons not well unde
stood, MIC often occurs ne
weldments. Figure 1 depicts
mound at a weldment, a biofik
formed on the inside surface of
pipe weld, and a pit beneath tt
mound.? Figures 2 and 3 sho
other common occurrences: pi
ting at the heat-affected zon
(HAZ), pitting at the fusion line
and pitting in the base metal ne:
the weld.

There may also be variation
on a theme. MIC and stress corrc
sion cracking (SCC) at a weldmer.
have occurred; Figure 4 show
sensitization and MIC. For reason
not known, MIC often occurs i
combination with either SCC o
sensitized structures at weldment:
in austenitic stainless steels. Mor
importantly, conditions resistan
to SCC or material resistant to sen
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MATERIALS SELECTION & DESIGN

FRGURE 2
Cross-section of wekd showing pitting at the fusion line and pitting in the base metal near the weld. (Original
magnification 5X.)

FGURE 3
Cross-section of weld showing pitting at the weld extending into the heat-affected zone. (Original
magnification 5X.)

. FIGURE 4 FAGURE 5

Cross-section ol area near a weld showing pitting Cross-section of weld showing pitting at the weid of
and a sensitized structure, (Original magnification type 304L base metal and type 308L filler metal.
250X.) (Original magnification 5X.)

AT lamiany 1001

FIGURE 6
Cross-section of a weld showing pitting at a weid of
type 316L metal using type 308L filler metal. (Orig-
inal magnification 5X.)

FIGURE 7

Cross-saction of weld showing pitting at the weid of
type 316 base metal and type 316 filler metal.
(@riginal magnification 5X.)

sitization are susceptible to failure
by MIC. Resistance to SCC or sen-
sitization is not sufficient to make
a structure resistant to MIC.

Various combinations of com-
mon austenitic stainless steel base
metals and weld metals are sus-
ceptible to MIC. These include
type 304L (UNS 530403) base metal
using 308L (UNS S530803) filler
metal (Figure 5), type 316L (UNS
$31603) base metal using 308L
weld metal (Figure 6), and 316L
using 316L (Figure 7).

Weldments made with various
base metals (types 304L and 316L)
and weld metals (types 308L and
312 [UNS $31200]) with different
ferrite contents are susceptible to
MIC.* These include 304L base
metal using 308L filler metal with
low ferrite, 304L base metal using
308L weld metal with medium fer-
rite, and 304L using 312 with high
ferrite. Interestingly, additional
sections of each combination that
were solution annealed and pickled
were found by field testing not to
be susceptible to MIC. The so-
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lution annealing and pickling may
produce a component with less
susceptibility to corrosion.

Additional conditions that ap-
pear to be susceptible to MIC in-
clude heat tint on a surface near a
weldment, poor joint fit creating a
discontinuity at the joint, poor
quality welding, such as lack of
penetration at the root, gouges or
grinding marks, and residual
stress.

In summary, we know the fol-
lowing:

e MIC often occurs near weld-
ments in austenitic stainless
steels. The pitting may be in the
weld, in the HAZ, along the
fusion line, or in the base metal
near the weld. Either or both
phases, austenite and delta fer-
rite, may be susceptible to MIC.
In general, two-phase micro-
structures are less corrosion re-

sistant than single-phase
structures.

Various combinations of auste-
nitic stainless steel weld metals
and base metals have failed by
MIC. Matching filler metals,
higher alloyed filler metals, and
lower alloyed filler metals have
all experienced failures by MIC.
Weldments made with various
amounts of ferrite content (low,
medium, and high) to both 304L
and 316L base metals have all
experienced failures.

SCC is sometimes found in com-
bination with MIC in failures of
austenitic stainless steel weld-
ments.

Sensitization is sometimes
found in combination with MIC
in failures of austenitic stainless
steel weldments.

Solution annealing and pickling
may produce welds that are less
susceptible to MIC.

e Surface conditions that are cor

monly associated with poor cc
rosion resistance, such as he
tint, may produce conditio
that are susceptible to MIC.

e Surface conditions that are cor

monly associated with residu
stresses, such as gouges, m
produce conditions that are su
ceptible to MIC.
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ATTACHMENT E

SOME EXPERIENCES WITH MICROBIOLOGICALLY
INFLUENCED CORROSION OF PIPELINES
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CATHODIC & ANODIC PROTECTION

Some Experiences with
Microbiologically Influenced
Corrosion of Pipelines

Daniel H. Pope and E. Alan Morris III

Bioindustrial Technologies Inc., 40200 Industrial Park Circle, Georgetown, TX 78626

A condensed version of the author's experience with microbiologically influenced
corrosion (MIC) of gas and liguid hydrocarbon pipelines is presented. Details of
case histories and laboratory and field trials, and considerations in detection,
w:onitoring, and mitigation of MIC in the pipeline and natural gas storage field

industries are discussed.

icrobiologically influenced
corrosion (MIC) is corro-
sion that is influenced in

some way by the presence and ac-
tivities of microorganisms or their
rctabolites. It almost always acts in
concert with other corrosion mecha-
nisms and may, at times, appear to
be crevice corrosion, underdeposit
acid attack, oxygen concentration cell
corrosion, ion concentration cell cor-
rosion, carbon dioxide (CO,) corro-
sion, etc. MIC of most industrial
metals and alloys has been reported.'?
Mechanisms for MIC, methods of de-
tection and monitoring, and mitiga-
tion strategies have been the subject
of numerous articles.!”

Adapted from a paper ariginally presented
at the NACE South Central Region Confer-
ence in Wichita, Kansas, October 1994.

+ 1995 H MP/May 1995

Examples of MIC
in Pipeline Industry
Figure 1 gives an example of
MIC on the external surface of a pipe-
line. Almost all cases of MIC on ex-
ternal surfaces are

periods of time and in which CP may
not be distributed equally over the
surface of holidays and surrounding
disbondments. This may allow mi-
crobes to colonize and initiate corro-
sion at some sites. Whether CP can
reverse this condition after it has ini-
tiated is still unknown.

Figures 2 and 3 are cases of MIC
on internal surfaces of pipelines. A
very high percentage of cases of in-
ternal MIC occur at locations in the

associated with
disbonded coat-
ings or other areas
shielded from ca-
thodic protection
(CP). Often, the
pipeline is in con-
tact with wet clays
which have little
scaling potential.
This situation is
thought to create a
condition in which
the demand for CP

continues at a high
level over long

FIGURE 1

Disbonded pipeline coating associated with localized, external MIC.
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FIGURE 2

Internal MIC of a natural gas pipeline.

pipeline where water, salts, microbes,
and nutrient sources (hydrocarbons
and detritus) are in contact with the
steel for extended periods of time (for
example, at low points or drips). In
these locations, colonization by mi-
Croorganisms can occur, with corro-
sion initiated by microbes or by other
mechanisms (for instance, CO,). This
is usually followed by several mecha-
nisms operating in concert to pro-
duce a pitting-type corrosion.

FIGURE 3

Internal MIC of a liquid hydracarbon pipeline.

Microbes Involved in MIC

Most types of microbes in
waters or soils have the potential to
participate in MIC of some type of
metal or alloy.>* MIC of pipelines has
been documented as involving
aerobic, anaerobic, slime-forming,
acid-producing, sulfate-reducing,
nitrate-reducing, iron-oxidizing, and
iron-reducing bacteria. Within each
of these general physiological groups
are hundreds of individual species of

bacteria. MIC is almost always due ta
the action of microbiological commu-
nities containing many different types
of microbes. The composition of the
community changes with each stage
in the development of a MIC site and
from one location to another. Fiz..re
4 demonstrates colonization of a
surface over a 12-day period and
shows that colonization is not uni-
form, thereby creating the potential
for differences in conditions under

TABLE 1

Mechanisms Potentially Involved in Cases of MIC

Mechanism

Description

Cathodic depolarization

+ The classic machanism for MIC of stesl and iron proposed by von Wolzgen Kuhr in 1934,

+ This mechanism is based on the idea that the rate-limiting step in corrosion is the dissociation of hydrogen from the
cathodic site. -

It Is thought that sulfate-reducing bacteria (SRB) consume hydrogen through the action of their hydrogenase enzymes,

and thus “depolarize” the cathode, accelarating corrosion.
+ Some investigators stili believe that this mechanism is the important one for MIC of iron and steels, despite the fact
that numerous experiments using SAB in pure culture gave corrosion rates far less than those seen at fieid sites

and less than those measured in experimants using MIC communities.

Formation of occluded area
on metal surface

« This mechanism is based on the observation that when microcrganisms form colonies on the surface of a metal. irv
do not form uniform layers, but rather, local “community centers.”

« The sites chosen for initial calonization may be related to such metallurgical features as roughness, preaxisting i
corrosion sites, inclusions, or suriace charge.
« Once the colony has formed, l1pmducs'ssﬁekypoiymrswhldnmmamwandwaomarbiobgiwland

nanbiological (metais and chioride, for example) species to
« This, in addition to the metabaolism of available oxygen, iron,

colonies very different from thosa on the surrounding metal.

« This leads 1o the formation of crevices and oxygen and ion cancentration celis, allowing corrosion to proceed.

the colonization sites. {
manganesa, etc., results in conditions within and under the «

i

Fixing the anodic sites « This paraliels the development of the occluded cell. The presence and activities of the microbes creates a condition

under the coleny in which

(although progeny may find other colonization sites).

This causes the anodic site to becoma “fixed.” This is a p

as pitting-type corrasion.

Underdeposit acid attack

incipient pitting leads to pitting driven principally by microbiological activities.
This is made passible by the tact that most of the microbiological community usually remains fixed to the colonizat®? sit@

rincipal reason for the fact that more than 80% of MIC is seen

Most of the final products of MIC community metabolism are short-chain fatty acids (acetic acid is the most
cOMmImon).

. Acaticacidlsvaryaggrassivemmrbonslaelwhenconcamrawdundaracnbnyormhwdepodt
« This is the case both at field sites and in the laboratory.

I
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(a)

(b)

(e)

FIGURE 4

Colonization of steel surface after (a) 1 day, (b) 3 days, and (c) 12 days of exposure to tap water,

the MIC community and on the rela-
tively bare surrounding metal.

MIC Mechanisms

We have proposed a general
model for the development of MIC
(Figure 5).7 Initial attachment of mi-
crobes may be related to preexisting
corrosion, metallurgical factors (weld,
inciusion, etc.), or other local condi-
tions. This model predicts that simple
chemical treatment to kill microbes
will not solve the corrosion problem
once it is in the advanced stages, but
rather, mechanical cleaning, chemi-
cal cleaning, chemical treatment, or
some combination of all three are re-
quired.

Listed in Table 1 are the mecha-
nisms thought to be among those po-
tentially involved in cases of MIC.
This is not meant to be an exclusive
list, but rather a listing of important
mechanisms for which there is docu-
mented evidence from laboratory and
field studies.

Detecting and Monitoring MIC

A variety of methods have been
used or proposed for use in the de-
tection/diagnosis of MIC and for on-
line monitoring. A review of these
methods’ advantages and disadvan-
tages in the pipeline industry has been
published.” The following is a pre-
sentation of those methods which
have proved useful to the author and
co-workers in research and consult-
ing work on pipelines.>”

Viable culture tests can deter-
mine the types and numbers of mi-
crobes present in samples. Performed
correctly, these tests are simple and
Quantitative. Viable culture tests

MP/May 1995

should be done immediately after
sample collection. The samples must
be processed carefully to avoid kill-
ing microbes of importance to a

proper diagnosis. Detailed proce-
dures for sample collection and pro-
cessing are given by Pope.” Certain
field sampling and culture kits also

7
\\
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It is thought that most of the nodule is corrosion product -
live bacteria are present in crust of nodule

FIGURE 5

MIC development model. (a) Phase 1. Recognition of desirable sites. (b) Phase 2. Colony formation and

crevice corrosion begins and anode is fixed. (¢} Phase 3. Nodule is formed over “mature” pit.
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FIGURE 6

Surface pit showing corrosian product in pit.

provide detailed instructions for
sample collection, processing, and in-
terpretation.

Monitoring MIC

in the laboratory is quite
different from that
in actual pipelines.

Microscopic examination of
samples can be done on-site or later.
The sample can be examined using a
light or fluorescence microscope af-
ter staining with a dye that attaches
to biological materials. Specific types
of microbes in samples can be de-
tected using fluorescently labeled an-
tibody probes. These techniques
require the use of a relatively expen-
sive microscope and a trained ob-
server, but they offer considerable
useful information regarding the
numbers and types of microbes in
the sample, their physiological sta-
tus, and their relationship to the cor-
rosion site or products.

Because the presence of certain
chemical species is indicative or sup-
portive of the diagnosis of MIC,
chemical characterization of the cor-
rosion products is important. For ex-
ample, the presence of ferrous iron,
sulfide, and low pH and the absence
of carbonate and calcium at an exter-
nal corrosion site would support the
diagnosis of MIC. This should be con-

firmed by microbiological culture and

26

metallurgical characterization of the
site, along with consideration of the
conditions (coating, CP, soil, etc.) at
the site. Qualitative tests for such
chemical species as sulfide, ferrous
iron, and pH should be done imme-
diately after sample collection; other-
wise, changes in the chemical species
or pH can occur. These tests can be
done in the field using simple, rapid,
and inexpensive techniques and com-
mercially available test kits.
Metallurgical characterization of
the potential MIC site should be done
in the field, if possible. Some guide-
lines are available that may assist met-
allurgical examination.** Examples of
metallurgical features associated with
an underdeposit acid attack form of
MIC are shown in Figures 6 and 7.
Monitoring MIC in laboratory
settings is quite different from that in
actual pipelines. The author and col-
leagues involved in research for vari-
ous clients have concluded that a
monitoring program should include
determination of as many of the fol-
lowing characteristics as possible.

Monitoring Internal Sites

When monitoring for MIC at in-
ternal sites, one should determine lo-
cal conditions, including the presence
of water and water quality (pH, pres-
ence of salts, CO,, sulfides, etc.), vi-
able microbes in liquids and
especially on metal surfaces, and op-
erational conditions (pipeline pig-
ging, treatment with corrosion

FIGURE 7

Same pit after cleaning with a nylon brush (note cup-like pits inside large pit).

inhibitor and biocides, etc.). Itis criti-
cal that coupons used in monitoring
be of the same metallurgy and sur-
face condition as the pipe itself. Pol-
ished coupons will rarely be
colonized or corroded in the -ime
way or to the same extent as mill-
finished coupons. Itis also crucial that
the coupons be located where condi-
Hons are conducive to the develop-
ment of MIC, that is, the worst-case
conditions for the pipeline under con-
sideration.

Coupons used for MIC monitor-
ing should be removed and prc -zssed
immediately using culture and mi-
croscopic examination for microbes
and corrosion.” An attempt must be
made to correlate the presence and
activities of microbes to corrosion;
simply the presence of microbes ina
sample is rarely sufficient to prove
MIC involvement in the corrosion
events at the site.

Monitoring External Sites

For external sites, soil chemistry,
conditions of coating, and levels of
CP should be monitored as best pos-
sible. This might be done using cou”
pons with coatings, holidays, CP, etc.”

Mitigating MIC
Mitigation of internal MIC st
be done only after careful monitor
ing and consideration of the local sitt”
ation; otherwise, considerable time
and money can be spent performing
unnecessary treatment or possibly

MP/May 1995




st be

1S10M;
sina ‘
Jrove
osion

\iStrYr
els of

it pos-
g cou-
P, etc”

- must
s

¢ timeé -

Jssibly

Wy 1995ﬂ

CATHODIC & ANODIC PROTECTION
i e B M e R et

- [E3srs MAPB [l Iron = Effective Biocide |

Bacterial Level (Log Base 10)
o
1
]

Date (Week) Sample Collected

200
- 180

|

=
2 a8
Two-W " i -+ 160 =
Sample Taken After Two-Week Shut-In 1 14140 ©
5 w
i - 120 &
= [3°]
i - 100 ©
* =
i -80 2
i -60 S
1 -40 T
; - 20 2
0
H SO DO D> > N> M
ST EFF LT
AN N

FIGURE 8

Data for a well at a gas storage field after treatment with an effective biocide. Note the eflects of discontinuing treatment durnng a shut-in,

undertreating the pipeline. A more
detailed discussion of mitigation
methods, their application, and moni-
toring of treatment success has been
published.”

Physical Methods

If possible, pigging, especially
with the aid of a cleaning agent such
as alcohol during the first few runs,
appears to be an effective means of
combatting MIC and other forms of
internal corrosion. Pigging is effec-
tive because it disturbs the corrosion
sites and removes water, microbes,
corrosion products, and food for mi-
cribes. It also allows treatment chemi-
cals access to the area of active
corrosion in the pits, which gives
them a better chance to do their job.

Chemical Methods

Corrosion inhibitors and biocides
can be useful in combatting MIC, es-

MP/May 1995

pecially in preventing MIC from be-
coming established. However, it is
imperative that treatments be tested
on actual samples, including metal
surfaces, from the sites to be treated,
to determine whether the treatment
regime will work there and to avoid
overtreating. Details of field tests and
methods of testing mitigation mea-
sures have been reported.”

Significant incompatibilities can
exist between corrosion and scale in-
hibitors and some biocides. These
must be checked before chemical
treatment is implemented.

Chemical treatments can be used
with great success and economy, and
minimal exposure of the environment
and personnel if the principles of tar-
geted treatment, optimization, and
minimization are followed. This re-
quires finding the sources of the mi-
crobes, water, etc., and applying
treatment as close to the source as

possible using the minimum amount
of biocide or corrosion inhibitor nec-
essary. This must be followed by ag-
gressive monitoring to make sure that
the treatment continues to work.
Targeted treatment was used in
an offshore, 30-location production,
gathering, and transmission system
that suffered from MIC. Two plat-
forms were found to contribute most
of the microbes to the system.
Treating the separators on these plat-
forms resulted in clean-up of the en-
tire system, with a large decrease in
MIC problems and cost of treatment.
Figure 8 shows the results of treat-
ment at a gas storage field well with
an effective biocide and the effects of
discontinuing treatment during a
shut-in. This graphic also demon-
strates the utility of confinued moni-
toring to optimize treatment.
Another biocide, a quaternary
amine (QA), used at the same field
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failed to control microbes in the fluid
phase; however, on fresh metal sur-
faces, the QA formed a film that ap-
parently discouraged microbiological
colonization of the metal surface and
subsequent corrosion. The reasons for
this are under study, as are attempts
to optimize the use of such chemicals
to combat MIC. This has important
industrial implications because QA
biocides also inhibit other corrosion
mechanisms and are much more en-
vironmentally benign than other ef-
fective biocides.

Conclusion

MIC is a type of corrosion attack
influenced by the presence and activ-
ity of microorganisms. It almost al-
ways acts in concert with other
corrosion mechanisms, and at times
may appear as other types of corro-
sion attack. For external MIC, rela-
tionships of local environmental
conditions and CP levels are impor-
tant. For internal MIC, relationships

regarding fluids chemistry, flow con-
ditions, and physical and/or chemi-
cal treatments must be investigated.
Involved in MIC are surface-associ-
ated microbiological communities;
these may include slime-forming,
acid-producing, and sulfate-reducing
bacteria, among others. It is impor-
tant to review and analyze all chemi-
cal, biological, operational, and
metallurgical information when a di-
agnosis of MIC is made. Treatment of
systems should be targeted as close
to the source of microbes as possible.
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Microbiological
and Electrochemical Types
of Corrosion: Back to Basics

John G. Stoecker I

Stoecker & Associates, 740 Penny Court, Manchester, MO 63011

The topographic characteristics of electrochemically corroded metals and alloys are
classified with respect fo the types of corrosion. Case histories demonstrate that
chemical environments can produce the same topographic characteristics as microbes
with or without microbiological involvement. The causes of this electrochemical and
microbiological corrosion are examined from the perspective of thermodynamic energy

exchange.

~ Vifteen years ago, papers and
}1 presentations on microbiologi-
cally influenced corrosion
(MIC) created various reactions of
disbelief. The hostile respondents
usually pointed out that the MIC
damage being shown was typical of
damage done in a specific chemical
environment on the metal or alloy
under consideration. Those of us
whose primary focus was corrosion
by chemical environments knew this
to be true, but fortunately, many of
us maintained an open mind to other
possibilities. In this article, several
cases of “look-alike” MIC and chemi-
cal corrosion are reviewed to point
out the differences that led to the con-
clusion of cause.

Today MIC is a legitimate field
of study in the overall task of com-
bating corrosion. The fear is that our
MIC roots have been forgotten in this
fapidly expanding and very lucra-
tive field of study. This fear was rein-

!' x| MP/May 1995

forced recently by several authors
who used the term “classic” when
referring to damage attributed to MIC.
This author has never found a classic
case of MIC in 15 years of study.

Thermodynamics

Most metals exist in their natural
state as compounds (oxides, carbon-
ates, sulfides, etc.). This is their ther-
modynamically stable state. Humans
dig these compounds out of the
ground, use energy to extract the
metal, and then make it into useful
items.

Using iron as an example:

Hematite (iron oxide plus impurities) +
coke (carbon) + limestone (removes

impurities) + energy =
Fe (iron as metal) + carbon monoxide/
dioxide + slag (impurities) (1)

Iron is extracted from one of its
ores, hematite. Coke is the source of
carbon that removes the oxygen from
the iron, and lime is used to remove

impurities, leaving the iron with ap-
proximately 4% residual carbon. The
main point to consider in this equa-
tion is the energy necessary to re-
move the metal from its ore.

If these metals are exposed to a
natural environment, they will revert
to their natural state by corroding to
form compounds. Corrosion is pos-
sible only if its products are more
thermodynamically stable than the re-
actants. Most corrosion reactions are
electrochemical, and this discussion
is restricted to this phenomenon.

Types of Corrosion
The cases that follow are in-
tended to supplement the examples
presented by C.P. Dillon of the sev-
eral forms where look-alike MIC and
chemical corrosion have been identi-
fied.!

General Attack

Figure 1 shows a 1/2-in. (1.27-
cm)-diam copper pipe that has suf-
fered general attack because of
éxposure to ammonium sulfate and
moist air.? Ammonium sulfate was
sprayed on a wooden structure as a
fire retardant. Copper lines were then
attached to the bottom of the coated
floor joists in a very damp crawl
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FIGURE 1
General attack of 1/2-in. (1.27-cm)-diam copper
pipe.

FIGURE 4
Photomicragraph of a section through a typical
deposit and pit in the wall of the tank (magrufication
12.8x, reduced 43%; 10% oxalic etch).
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“‘Large” 5 micrometer microbe

FIGURE 2
Microbe's view of surface defects of various depths.

FIGURE 3
Typical deposits assaciated with a vertical seam
weild inside a type 304 SS demineralized hot water
tank. Deposits are rust colored, changing 1o dark
brown 1o black at the metal surface, which is typical
for MIC.
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FIGURE 5
Photomicrograph of intergranular grain lifting
corrosian of the same attack as shown in Figure 4
(magnitication 400x. reduced 39%]).

FIGURE 6
Microbiological deposit at a seemingly unaffected
iocation an the surface of an allay plate in the tank.

space. Within two to three months,
the corrosion of the copper by moist
ammonium sulfate penetrated the
pipe at every joist support location.
This example shows general attack
that is localized to the contact loca-
tion with the corrodent.

Microbes are not usually associ-
ated with general attack like this be-

cause of their size and minuscule foot-
print. Bacteria are usually 0.2 to 5 pm
wide and 1 to 10 pm long, although
some filaments may be several hun-
dred micrometers in length.’ Figure 2
provides a graphic size relationship
between a large 5-um microbe and a
surface defect that is 381 pm deep in
steps of 127 pm.

Intergranular Attack

Intergranular corrosion is caused
by specific anodic areas along the
grain boundaries, which corro. -
more rapidly than the grains them-
selves. These areas may be interme-
tallic or formed by heat-induced
metallurgical changes, such as weld-
ing or stress relief. Intergranular at-
tack is often observed in the
heat-affected zones (HAZ) of welds.

Many case histories on MIC
show that microbes are attracted o
welds and HAZ, where they parti.i-
pate in the corrosion process. Figure
3 shows typical deposits associated
with the HAZ of a vertical seam weld
inside a type 304 stainless steel (S5)
(UNS S30400) tank.* These deposits
were proved to have been “built” by
gram-positive rods that appeared to
form both spores and slime, sugzest-
ing a Bacillus spp. in the hot deri.:.=1-
alized water environment in this tank-
Figure 4 shows a typical deposit and
the corrosion damage in the tank wall
beneath the deposit.

The corrosive attack initially ap-
peared to be a grain boundary phe-
nomenon. Figure 5 shows that regions
close to the original surface appeared
to contain exposed entire grains.
Deeper within the cross section,
where gross attack ceased, grains
were observed that seemed to have
detached from the metal matrix. If
that were the case, as further corro-
sion occurred and after sufficiept
amounts of the surrounding matrx
were removed, entire grains would
be free to literally drop out «+f the
matrix and be washed from chelf
original area within the section.

Why microbes are attracted t©
welds and HAZ has been a matter of
conjecture for some time. It appear™
that microbes are attracted to thesé
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locations because of heat-induced
changes in the energy level in the
metal or alloy. The microbes seem to
be able to identify these variations in
ervrgy levels and the anodic loca-
tions where they can more easily in-
fluence the corrosion process. This
ability to identify anodic locations
could explain why microbes will colo-
nize a point in the middle of a seem-
ingly unaffected plate, as shown in
Figure 6 (from the same tank already
mentioned).

It has also been observed that
microbes “build” deposits and tu-
bercles required for their survival in
a specific environment. In the case
above, the deposits were hard, which
tended to protect the thermophilic
microbes from the hot 75 to 90°C dem-
ineralized water. On the other end of
the scale, Figure 7 shows what ap-
poar to be “depressions” in the bot-
tom of a galvanized steel cooling
water tower basin.® No discrete
mounds or deposits were found, but
rather, within each pit was a very
loose collection of fine, dark-brown
particles. Typical bright and aclive
pits were found after the basin was
drained and dried. The Thiobacillus
@ .«d Desulfovibrio species that were
identified in this environment evi-
dently did not require protection from
high temperature, velocity, etc., and
built their “home” using loose, fine
particles.

Dealioying Attack

Dealloying attack, sometimes
colled selective leaching, is the selec-
tive removal of elements, phases, or
constituents from a metal alloy. Ex-
amples include: dezincification of
brasses, where the corrosive loss of
zinc leaves weak, porous copper;
denickelification of alloy 400 (UNS
N04400), where the loss of nickel also
leaves weak, porous copper; and
graphitization of cast iron, where
tize loss of iron leaves weak, porous
carbon. Leached alloys usually have
a sponge rock appearance.

Microbes have been shown to
participate in dealloving attack.® Fig-
ure 8 shows an alloy 400 heat ex-
changer tube that was corroded in
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FIGURE 7
Pits (white spots) with residue intact. as seen through
water in cooling tower basin. Note the apparent
absence of (normally dark) corrosion product and
discrete bacteria mounds. (Photo courtesy of R.A.
Schuitz )

FIGURE 8
Localized corrosion ot alloy 400 heal exchanger
lube,

FIGURE 8
Micrograph of a corrosion cell on the inside surtace
of the alloy 400 tube.

Gulf Coast water service. Figure 9is a
scanning electron micrograph of a
corrosion cell on the inside surface of
the same heat exchanger tube. Chemi-
cal analysis tended to support the ob-

servation of selective leaching of
nickel from this alloy, with the prob-
able participation of Pseudomonas, sul-
fate-reducing, and sulfate-oxidizing
bacteria.®

Localized Attack

Localized attack can exhibit a
number of configurations. Pitting is
the most common term used to de-
scribe localized corrosion, whether
the damage is shaped like potholes;
deep, small-diameter needles; or any-
thing in between. Even crevice corro-
sion, which is the most prevalent form
of localized attack in the chemical in-
dustry, is often referred to as pitting,

MIC generally produces local-
ized attack because of the microbes’
minuscule size and footprint, as de-
scribed previously. However, the
damage caused by chemical corro-
sion and MIC can look exactly alike,
Figure 10 shows crevice attack in the
weld between the side wall and the
tray support in a type 304 SS column
in a chemical process. Based only on
this section view as evidence, the
damage might easily be identified as
MIC “classic” tunneling. However,
microbes cannot exist in this chemi-
cal environment: No water is present,
the temperature is too high, the
chemical is toxic, etc. Formic acid,
formaldehyde, formalin, and other
chemicals under specific conditions
can produce the same tunneling crev-
ice attack as MIC.

Figure 11 shows a section
through a type 304 SS pipe and weld
that has suffered “classic” MIC tun-
neling. MIC is thought to have caused
the damage shown in Figure 11 be-
cause this piping system’s only expo-
sure was to potable hydrotest water
at ambient temperature. The reader
should be the judge as to whether the
exclusiveness of the term classic can
be used to describe tunneling dam-
age that is thought to be caused by
MIC.

Chemicals can also produce cor-
rosion damage in pipelines that looks
almost exactly like that caused by
MIC. Figure 12 shows a section
through a 3-in. (7.62-cm) extra-strong
carbon steel pipe that exhibits local-
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FIGURE 10
Section through a type 304 SS chemical finishing
column showing crevice attack of a weld between
the side wall and a tray support.

ized attack along its bottom inside
surface. Water was readily available
inside this piping system, and the
temperature was maintained at a
level conducive to bacterial growth.
However, the chemical in the piping
system was heavier than water, which
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FIGURE 11
Weld cross section showing a typical subsurface
cavity (magnification approximately 15x. reduced
51%).

forced the water phase to the top of
the pipe, where MIC would be ex-
pected. In addition, the chemical in
this piping system is not palatable to
any form of life and therefore rules
out any form of MIC.

Cracking Phenomena

Stress corrosion cracking (SCC)
of metals and alloys is a common
problem along with other stress-
induced forms of corrosion damage.
Usually tensile stress, chemical con-
centration, temperature, and other
factors control SCC. Caustic will crack
and embrittle steel, ammonia and
amine will crack brass, and chlorides
will crack stainless steels.'

Microbes seem to have the abil-
ity to gather and/or produce chemi-
cals and compounds to assist them in

-influencing a corrosion process. As

an example, Figure 13 shows chlo-
ride SCC of type 304 SS initiated in
the pit under the microbiological de-
posit shown in Figures 3 and 4. Al-
though chlorine is toxic to most
bacteria, this particular microbe gath-
ers and uses chloride ions. The chlo-
ride is then available for processes to
damage the SS. Electron probe mi-
croanalyses elemental plots across a
typical crack found that the Bacillus
spp. had increased the chlorine, prob-
ably as chlorides, content deep in the
cracks near their tips. The concentra-
tion of the chlorides, the 75 to 90°C
operating temperature, and the re-
sidual stress in the alloy all worked
together to crack the austenitic SS.
This bacteria’s use of chlorides is
not unusual. Chloride SCC was also

FIGURE 12
Section througha 3-in, (7.62-cm) extra-strong carbon
stesl pipe showing localized attack along the bottom
inside surtace.

FIGURE 13
Photomicrograph at higher magnification of cracks
shown in Figure 4. The branched transgranular
cracks are typical of chloride SCC of austeniic
stainless steel (magnification 125x, reduced 50%,
10% oxalic etch).

found in association with the austen-
itic SS damage shown in Figure 11.
Gallionella iron bacteria is thought to
have been involved in this corrosion
damage.
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