
Studies Identified by EPA Office of Water for the  
SAB Drinking Water Committee Lead Review Panel Meeting 

(as of March 23, 2011) 

 
TABLE OF CONTENTS 

 

1.  Full List of Studies Identified by EPA Office of Water……………………….…….. 2 
 
2.  Studies Available on Public Webpages………………………………….…………… 4 
 
3.  Studies Included in this Compilation Document………………………….………… 5 

Boyd et al., 2010……………………………….………………………………...… 6 
DeSantis et al., 2009……………………………………………………………..… 34 
Gittelman et al., 1992………………………………………………………………. 48 
Muylwyk et al., 2009…………………………………………………………….… 69 
Swertfeger et al., 2006……………………………………………………..………. 81 
USEPA, 1991b…………...………………………………………...………….…… 91 

 
 

 



1.  Full List of Studies Identified by EPA Office of Water 

 
Boyd, G. et al, 2004.  Pb in Tap Water Following Simulated Partial Lead Pipe Replacements.  
Journal of Environmental Engineering.  Vol. 130.  Number 10.  pp. 1188 – 1197. 
 
Boyd, G., Reiber, S., and Korshin, G., 2010.  Galvanic Couples:  Effects of Changing Water 
Quality on Lead and Copper Release and Open-Circuit Potential Profiles.  Proceedings of the 
2010 AWWA Water Quality Technology Conference.  Savannah, GA. 
 
Brown, M.J., et al., 2011.  Association between children’s blood lead levels, lead service lines, 
and water disinfection, Washington, DC 1998-2006.  Environmental Research, 111(1):67-74. 
 
Britton, A. and Richards, W.N.,  1981.  Factors Influencing Plumbosolvency in Scotland.   
Journal of the Institute for Water Engineers and Scientists.  Vol.  35, No. 5, pp.  349 - 364. 
 
DeSantis, M. et al., 2009.  Mineralogical Evidence of Galvanic Corrosion in Domestic Drinking 
Water Pipes.  Proceedings of the 2009 AWWA Water Quality Technology Conference.  Seattle, 
WA. 
 
Deshommes, E. et al., 2010.  Source and Occurrence of Particulate Lead in Tap Water.  Water 
Research.  pp.  3734 – 3744. 
 
Gittelman, T.S. et al., 1992.  Evaluation of Lead Corrosion Control Measures for a Multi-source 
Water Utility.  Proceedings of the 1992 AWWA Water Quality Technology Conference.  Toronto, 
Ontario, Canada. pp.  777 - 797. 
 
HDR Engineering, 2009.  An Analysis of the Correlation between Lead Released from 
Galvanized Iron Piping and the Contents of Lead in Drinking Water.  Prepared for the District of 
Columbia Water and Sewer Authority.  September 2009. 
 
Kirmeyer, G. et al, 2006.  Lead Pipe Rehabilitation and Replacement Techniques.  Prepared for 
the American Water Works Research Foundation, Report 90789.  
 
Muylwyk, Q. et al., 2009.  Lead Occurrence and the Impact of LSL Replacement in a Well 
Buffered Groundwater.  Proceedings of the 2009 AWWA Water Quality Technology Conference.  
Seattle, WA. 
 
Reiber, S., and Dufresne, L., 2006.  Effects of External Currents and Dissimiliar Metal Contact 
on Corrosion of Lead from Lead Service Lines.  Prepared for USEPA Region III.   
 



Sandvig, A et al., 2008.  Contribution of Service Line and Plumbing Fixtures to Lead and Copper 
Compliance Issues.  Prepared for the American Water Works Research Foundation, Report 
91229. 
 
Swertfeger, J. et al., 2006.  Water Quality Effects of Partial Lead Service Line Replacement. 
Proceedings of the 2006 AWWA Annual Conference.  San Antonio, TX. 
 
Triantafyllidou, S. and Edwards, M., 2010.  Contribution of Galvanic Corrosion to Lead in Water 
After Partial Lead Service Line Replacements.  Prepared for the Water Research Foundation, 
Report 4088b. 
 
USEPA., 1991a.  “Maximum Contaminant Level Goals and National Primary Drinking Water 
Regulations for Lead and Copper; Final Rule.”  Federal Register.  Vol. 56, No. 110, p. 26505.  
June 7, 1991. 
 
USEPA., 1991b.  “Summary: Peach Orchard Monitoring, Lead Service Line Replacement 
Study.”  Prepared by Barbara Wysock.  Office of Drinking Water Technical Support Division.  
April 1991. 
 
Weston and EES, 1990. Lead Service Line Replacement: A Benefit-to-Cost Analysis.  American 
Water Works Association, Denver, CO.  p. 4-46. 
 
Wujek, J.J. 2004. Minimizing Peak Lead Concentrations after Partial Lead Service Line 
Replacements. Proceedings AWWA Water Quality Technology Conference. San Antonio, TX. 



2.  Studies Available on Public Webpages 

 
HDR Engineering, 2009 (PDF,  1.9 MB, 56 pages) 
http://www.dcwater.com/waterquality/plumbing/Galvanized%20Project%20Report.pdf 
 
Kirmeyer et al, 2006 (PDF, 4.6 MB, 266 pages) 
http://waterrf.org/ProjectsReports/PublicReportLibrary/RFR90789_2000_465.pdf 
 
Reiber et al., 2006 (PDF, 877 KB, 26 pages) 
http://www.epa.gov/dclead/Grounding_Effects_Study_Final_November_2006.pdf 
 
Sandvig et al., 2008 (PDF, 5.7 MB, 523 pages) 
http://waterrf.org/ProjectsReports/PublicReportLibrary/91229.pdf 
 
Triantafyllidou et al., 2010 (PDF, 2.9 MB, 46 pages) 
http://www.waterrf.org/ProjectsReports/PublicReportLibrary/4088b.pdf 
 
USEPA, 1991a 
http://ecfr.gpoaccess.gov/cgi/t/text/text-
idx?c=ecfr&sid=826917d693a1a7b09af78ac84aed1b6d&rgn=div6&view=text&node=40:22.0.1.
1.3.9&idno=40 

http://www.dcwater.com/waterquality/plumbing/Galvanized%20Project%20Report.pdf�
http://waterrf.org/ProjectsReports/PublicReportLibrary/RFR90789_2000_465.pdf�
http://www.epa.gov/dclead/Grounding_Effects_Study_Final_November_2006.pdf�
http://waterrf.org/ProjectsReports/PublicReportLibrary/91229.pdf�
http://www.waterrf.org/ProjectsReports/PublicReportLibrary/4088b.pdf�
http://ecfr.gpoaccess.gov/cgi/t/text/text-idx?c=ecfr&sid=826917d693a1a7b09af78ac84aed1b6d&rgn=div6&view=text&node=40:22.0.1.1.3.9&idno=40�
http://ecfr.gpoaccess.gov/cgi/t/text/text-idx?c=ecfr&sid=826917d693a1a7b09af78ac84aed1b6d&rgn=div6&view=text&node=40:22.0.1.1.3.9&idno=40�
http://ecfr.gpoaccess.gov/cgi/t/text/text-idx?c=ecfr&sid=826917d693a1a7b09af78ac84aed1b6d&rgn=div6&view=text&node=40:22.0.1.1.3.9&idno=40�


3.  Studies Included in this Compilation Document 
 

(Some studies may not be in this compilation document, pending copyright release.) 



Galvanic Couples: Effects of ChangingGalvanic Couples: Effects of Changing 
Water Quality on Lead and Copper Release 

and Open-Circuit Potential Profilesand Open Circuit Potential Profiles
November 17, 2010

AWWA Water Quality Technology Conference

Glen R Boyd PhD PE

Savannah, GA

Glen R. Boyd, PhD, PE
The Cadmus Group, Inc., Seattle, WA

Steven H Reiber PhDSteven H. Reiber, PhD
HDR Engineering, Inc., Bellevue, WA

Gregory V Korshin PhDGregory V. Korshin, PhD
University of Washington, Seattle, WA

Reprinted by permission. Copyright © 2011, American Water Works Association.



Acknowledgements

3 0 C• WaterRF #3107 – Traci Case, Project Manager

• PAC – P Greiner, M Smith, & W Maier

• Participating Utilities - DC Water (Rich Giani), 
Seattle Public Utilities, WA, Washington Aqueduct, 
DC  Marin Metro WD  CA  Newport News WW  VADC, Marin Metro WD, CA, Newport News WW, VA

• Project Team – M McFadden, A Vetrovs, K Dewis, 
A Sandvig  and S HendricksonA Sandvig, and S Hendrickson

• Expert Panel - R Hunsinger, J DeMarco, and         
G Kirmeyery

Reprinted by permission. Copyright © 2011, American Water Works Association.



Outline
• Objectives & Approach• Objectives & Approach
• Methods

– Galvanic pipe loops
– Single-metal pipe loops
– Controlled water quality conditions

• Results• Results
– Grab sampling
– Open-circuit potential profiles
O i  St di  P li i  Fi di• Ongoing Studies – Preliminary Findings

• Conclusions

Reprinted by permission. Copyright © 2011, American Water Works Association.



Project Objectives & Approach

Project Objectives

• Determine effects of 
changing disinfectants 
(Cl2 vs  NH2Cl) on lead (Cl2 vs. NH2Cl) on lead 
and copper corrosion 
rates and release 

• Study effects of
• Galvanic coupling
• Existing scales
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Methods
Galvanic Pipe Loop Testing
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Methods
Single-Metal Pipe Loop Testing
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Methods
Single-Metal Pipe Loop Testing
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Methods  
Controlled Water Quality

Test Test 
No. 2007 Sequence of Water Quality Change

1 1 t Qt Dechld Dechld Cl NH Cl Cl Dechld Dechld 1 1st Qtr Dechld 
Tap

Dechld 
Tap Cl2 NH2Cl Cl2

Dechld 
Tap

Dechld 
Tap

2 2nd Qtr Dechld Alk Cl NH Cl Cl Alk Dechld 

Leaking Main

2 2nd Qtr Tap
Alk Cl2 NH2Cl Cl2 Alk

Tap

3 3rd Qtr Dechld 
Tap

pH  Cl2 NH2Cl Cl2 pH  Dechld 
Tap

Flooded Air Vac Vault

3 Q Tap
p 2 2 2 p 

Tap

4 4th Qtr Dechld 
Tap

PO4 Cl2 NH2Cl Cl2 PO4
Dechld 

Tap

pH 7.8-8.3; Alk = 20 mg/L CaCO3; T = 23-25C; TOC = 1 mg/L; Cl/SO4 = 2-3; 0.8 mg/L Cl2; no PO4

Flooded Air-Vac VaultTap Tap
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Methods  
Controlled Water Quality
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Methods - Weekly Sampling
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Methods - Weekly Sampling
Single-Metal Copper Pipe Loop
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Methods - Weekly Sampling
Galvanic-Couple Pb-Cu Pipe Loop
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Results
Single-Metal Lead Pipe 
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Results – Galvanic-Couple Pb-Cu 
vs. Single-Metal Lead Pipe
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Results
Single-Metal Copper Pipe
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Results – Galvanic-Couple Pb-Cu 
vs. Single-Metal Copper Pipe
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Results
Open Circuit Potential Profiles
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Ongoing Studies

Obj tiObjective

Compare potential profiles for 
lead and copper surfaces
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Independent Coupons 
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Jumpered (Wired) Coupons  
• Anodic/cathodic shifts extend 
over the entire surfaces
•Shifts are substantial and 
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Jointed (End-to-End) Coupons
• Produces a minor increase in 
corrosion on the lead surface
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Conclusions

Pi  l  th d  d l d t  • Pipe loop methods developed to 
evaluate effects of changing water 
quality on galvanic couples quality on galvanic couples 
– Lead and copper release

Open circuit potential profiles– Open-circuit potential profiles

• Changes in water quality caused 
Transient  lead (and corresponding – Transient  lead (and corresponding 
copper)

– Effect was short-lived (<3-4 weeks)Effect was short lived (<3 4 weeks)
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Conclusions (cont’d)

O i it t ti l t  • Open-circuit potential measurements 
revealed 

Gal anic effect s bstantial ( 600 mV)– Galvanic effect substantial (~600 mV)
– Galvanic reach is limited (<3”)

O i  St di  P li i  • Ongoing Studies – Preliminary 
Findings

Gal anic contact config ation (end to– Galvanic contact configuration (end-to-
end vs. jumpered) potentially can impact 
corrosion and metals release
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Conclusions (cont’d)

• More research needed
– Nature of transient lead & copper 

releases
Si ifi  f i it t ti l – Significance of open-circuit potential 
profiles
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Introduction 
Drinking water distribution system (DWDS) piping contains numerous examples of galvanically-
coupled metals (e.g., soldered copper pipe joints, copper-lead pipes joined during partial 
replacements of lead service lines).  The possible role of galvanic corrosion in the release of lead 
or other metals has been a subject of debate for more than 25 years. 
 
Previously, the effects of galvanic corrosion on drinking water pipe materials have been studied 
by measuring electro-potentials across the galvanic couple1-3 or by examination of dissolved 
metal concentrations4-6.  These studies have generally been short-term, prohibiting the significant 
development of corrosion solids.         
 
This study presents the results of a visual and mineralogical characterization of scales developed 
over long time periods (up to 115 years) at galvanically-connected lead-brass and lead copper 
joints from several different drinking water distribution systems.  The long-term exposure aspect 
of these samples allows: (1) a direct view as to which metal in the galvanic couple actually 
behaved anodically (i.e., corroded) over time, and (2) evaluation of mineral phases produced at 
these sites.  Although beyond the scope of the current study, the latter observations, coupled with 
knowledge of the bulk water chemistry, may be used to model the conditions under which the 
deposits formed. 
 
 
Methods 
Sample preparation: Prior to processing, the ends of each pipe were plugged with rubber 
stoppers and all loose material was washed from the outer surface, and then cut longitudinally 
using a band-saw.  Representative archival segments were set aside for photography, 
stereomicroscopic observations, and mineralogical descriptions.  Scale material was harvested 
from pipe sections in layers.  Harvested scale layers were manually ground with an agate mortar 
and pestle until able to pass through a 200-mesh (<75 μm grain size) stainless steel sieve. 
 
Photography/Morphological description: Digital macro-photographs were taken with a Canon 
G3 digital camera attached to a copy stand.  Micro-photographs were obtained using the Canon 
digital camera attached to the Zeiss stereomicroscope or with a Keyence VHX-600 digital 
microscope/camera.    
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Powder X-ray Diffraction (PXRD): Powder samples were analyzed using a Scintag or 
PANalytical diffractometer, both equipped with Cu X-ray tubes.  Operating conditions were 40 
kV, 40 mA, 0.02˚ 2θ step size, and a 1-3s count time for the Scintag diffractometer and  45 kV, 
40 mA, 0.02˚ 2θ step size, and a 40s count time for the PANalytical diffractometer.  Pattern 
analysis was performed using Jade software (Versions 7-9, Materials Data Inc.) and the 1995-
2002 ICDD PDF-2 database. 
 
 
Results 
This study presents the characterization of corrosion scale deposits developed on fifteen pipe 
joint samples harvested from four DWDSs with differing bulk water chemistry (Tables 1 and 2).  
Thirteen of the samples were lead service lines or goosenecks connected to brass fittings with 
Pb:Sn solder, two were copper pipe sections soldered to lead, and one consisted of copper and 
lead pipe joined by a brass compression fitting.  In-service periods for the samples ranged from 
81 to 114 years. 
 
Visual characterization of scale solids, combined with powder X-ray diffraction showed three 
different motifs defined by what is occurring in the galvanic zone.  Motif 1 is characterized by 
deep corrosion of the copper or brass pipe and little evidence of lead corrosion.  Motif 2 displays 
enhanced lead corrosion and little effect to the brass.  Motif 3 is defined by minimal difference in 
galvanic zone scales relative to the mineralogy of either adjacent pipe.    
 
Table 1. Pipe sample information    

Utility Sample Pipe 
Materials Joint Type Installed Extracted Years in 

service 

A A_1 lead-brass solder 1924 27-Apr-06 82 
 A_2 lead-brass solder 1913 11-Jul-06 93 
              
B B_1 lead-copper solder 1926 15-Apr-07 81 
 B_2 lead-copper solder 1926 15-Apr-07 81 
              
C C_1 lead-brass solder 1891 8-Dec-05 114 
 C_2 lead-brass solder 1916 19-Jul-05 89 
 C_3 lead-brass solder 1912 27-Jan-05 93 
 C_4 lead-brass solder 1934 2004 70 
 C_5 lead-brass solder 1910 21-Jul-05 95 
 C_6 lead-brass solder 1932 Apr-08 76 
 C_7 lead-brass solder 1922 22-Sep-08 86 
 C_8 lead-brass solder 1911 8-Oct-08 97 
 C_9 lead-brass solder 1910 14-Nov-08 98 
 C_10 lead-brass solder 1911 30-Apr-09 98 
              
D D_1 lead-brass compression 1915 2006 91 
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Table 2. Approximate Water Qualities, last 5 years before samples    
          
  all units mg/L 

 pH Alkal. Ca Cl SO4

Ortho-
phos.  

(as PO4) 

Poly- 
phos.     

(as PO4) 
Type of 

Disinfect. 
Approx. 
Residual 

Utility 
A 

7.2-
8.1 

35-98    
(62 
avg) 

44 16-85 34-
81 1.8-3.0 0 mono-

chloramine 3-3.4 

          
Utility 

B 
8.4-
8.7 60-80 30-

40 20-50 57-
119 0.1-0.2 0.3-0.5 free Cl2 1 

          
Utility 

C 
8.2-
9.4 24-27 11 ? ? 0 0 free Cl2 0.7 

          
Utility 

D 7.6 300 69 15 17 0 0 free Cl2 0.2-0.4 

 
 
Motif 1 (Galvanic corrosion of brass or copper pipe): Samples from two utilities fall into this 
motif.  Figures 1 and 2 show representative photographs and powder X-ray diffraction patterns 
for Utility A.  Figures 3 and 4 show a representative sample from Utility B.   
 
Utility A samples (n=2), brass pipe fitting solder to lead pipe, exhibited dealloying of the brass 
pipe for 1 cm immediately adjacent to the pipe joint as well and pitting of the pipe wall in a zone 
up to 6 cm back from the joint (Figure 1A, B). Minerals present in the dealloyed brass included 
cuprite, posnjakite, and anglesite.  The overlying copper scale deposit occluded much of the 
cross-sectional area of the pipe at the joint and extended onto the surface of the adjacent lead 
pipe.  This deposit was comprised primarily of brochantite, malachite, and nakauriite (Figure 2).  
This differed from the scale mineralogy of the non-galvanic portion of the brass pipe, which was 
characterized by mushistonite (Figure 2).   Porous copper scales extended onto the lead pipe 
(Figure 1C) surface had a similar mineralogy those occurring on the brass pipe, with the addition 
of small spherical crystal clusters of the mineral antlerite (Figures 1D, 2).  These deposits also 
differed significantly to the lead pipe scales developed away from the galvanic zone, which 
consisted of plattnerite, pyromorphite, hydrocerussite and litharge.  
 
Utility B samples (n=2) consisted of copper pipe solder to lead.  These samples exhibited deep 
pitting of the copper pipe wall up to 4 cm from the joint (Figure 3A, B).  The overlying porous 
copper solids had a similar mineralogy to that of Utility A, consisting of brochantite, malachite 
and nakauriite (Figure 4).  These also extended onto the adjacent lead pipe, in this area anglesite 
and cerussite were also present in the deeper parts of the scale, out of direct contact with the bulk 
water (Figure 4). Typical mineralogy of the lead scale away for the galvanic zone consists of 
plattnerite, and hydrocerussite (Figure 4).    
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Table 3. Key to abbreviations for mineral phases in PXRD patterns 
   
Abbrev. Mineral/Phase name Chemical Formula 

L Litharge PbO 
P Plattnerite PbO2

S Scrutinyite PbO2

C Cerussite PbCO3

Hc Hydrocerussite Pb3(CO3)2(OH)2

Pn Plumbonacrite Pb10(CO3)6(OH)6O 
Py Pyromorphite-F Pb5(PO4)3F 
PS Lead oxide sulfate Pb3O2SO4

A Anglesite PbSO4

Lr Laurionite Pb(OH)Cl 
Cp Cuprite Cu2O 
T Tenorite CuO 
M Malachite Cu2CO3(OH)2

N Nakauriite Cu8(SO4)4(CO3)(OH)6
 . 48H2O 

B Brochantite Cu4SO4(OH)6

Po Posnjakite Cu4SO4(OH)6 . H2O 
An Antlerite Cu3SO4(OH)4

Na Nantokite CuCl 
At Atacamite Cu2Cl(OH)3

Er Eriochalcite CuCl2 . 2H2O 
Cs Cassiterite SnO2

Mu Mushistonite CuSn(OH)6

Ho Hopeite Zn3(PO4)2 . 4H2O 
Sm Smithsonite ZnCO3

W Willemite Zn2SiO4

Zi Zincite ZnO 
Q Quartz SiO2

Ca Calcite CaCO3

Cu Copper (metallic) Cu 
Pb Lead (metallic) Pb 
Sn Tin (metallic) Sn 

Cu-Sn Copper-tin Cu6Sn5

Cu-Zn Copper-zinc (brass) varies 
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Figure 1. Photographs of pipe sample A_2. (A), (B): scale bar divisions are in mm.  (C): scale bar 
= 2 mm. (D): scale bar = 200 um.  
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Figure 3. Photographs of pipe sample  B_1. (A), (D) scale bar divisions are in mm. (B), (C), (E): 
scale bar = 1 mm.
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Motif 2 (galvanic corrosion of lead pipe): Motif 2 is characterized ten samples from Utility C 
(Figure 5).  The typical lead pipe scale mineralogy consists of and outer layer (L1) consisting of 
cerussite and hydrocerussite and a lower layer (L2) of litharge. (Figures 5B, 6).  Lead scales, 
developed in the 1-3 mm wide galvanic zone immediately adjacent to the soldered joint, were 
structurally distinct from the typical background deposits. The lower, litharge layer, is not 
present (Figure 5B) and the scale consists of lead hydroxychlorides, hydrocerussite, and cerussite 
(Figure 6).  The depth of corrosion of the lead pipe in this zone ranged from 1mm (Figure 5B) to 
as much as 3 mm (Figure 5C), with the latter case weakening the pipe wall enough to cause a 
failure at the joint. On the brass pipe the mineralogy of thin scales over different regions of the 
surface (Figures 5A,D,E, 6) is complicated by a thin layer of Pb:Sn solder over part of the 
interior, outlined by the color change in the scale about 4 cm from the end of the joint in Figure 
5A, E).  Importantly however, the brass shows little evidence of the deep pitting and dealloying 
exhibited by samples from Utility A. 
 
 
Motif 3 (Minimal evidence of galvanic corrosion): One sample from Utility D falls into this 
motif.  Figures 7 and 8 show representative photographs and powder X-ray diffraction patterns.  
The lead pipe mineralogy consists of a surface layer of cerussite, hydrocerussite, and 
plumbonacrite.  Small residual patches of plattnerite are locally present in the surface layer.  The 
lower layer is comprised of litharge (Figure 8).  On the brass fitting the scale consists of 
malachite.  Scales at the point of contact of these metals are mineralogically similar to those of 
the respective adjacent pipes.  The lead pipe showed a thickened litharge (PbO) layer at the joint 
(Figure 7B, C). 
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Figure 5. Photographs of pipe sample C_3.  (A), (D), (E): scale bar divisions are in mm. (B), (C): 
scale bar = 1 mm  
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Figure 7. Photographs of pipe sample D_1. (A), (B): scale bar divisions in both images are in 
mm. (C): scale bar = 200 um.  
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Implications 
Implications of the above observations include:  
 
(a) Deep corrosion localized in the area immediately adjacent to the pipe joints suggests a 
galvanic mechanism.  
 
(b) Examples from Utilities A and B, with evidence of brass or copper plumbing materials 
behaving anodically (corroding) when coupled to lead, run contrary to the conventional wisdom 
of commonly referenced galvanic series tables and standard electro-potential series7, which 
predict lead to be anodic.  Distribution system water chemistry, reflected by the “background” 
scale mineralogy of the adjacent pipes, likely influenced the anodic/cathodic relationships of the 
coupled metals, but exact mechanisms are poorly understood at this time.  
 
(c) Mineralogy of scale deposits developed near the joints indicates areas of locally altered water 
chemistry, at a lower pH compared to that of the bulk distribution system water. 
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Abstract

While the approach is not new, the application of the analysis and interpretation of lead
profile data contribute much needed information on the occurrence and potential control of
lead in well buffered ground waters, a water quality type for which limited but somewhat
unexpected results have been observed in other studies. For a system in which 20 to 40qo of
the residential and non-residential premise plumbing samples exceeded the lead action level,
this study was critical for i) documenting the extent and magnitude of lead occurrence, and ii)
assessing the feasibility of eliminating lead from the system to control lead measured at the

tap. Water from a groundwater system in southwest Ontario is the focus of this study.

Introduction and Background

Health Canada's proposed Guideline for Corrosion Control was published in 2007 and makes

significant changes to how lead is monitored and potentially controlled. In July 2007, Ontario
published Schedule 15.1 - Lead, a new regulation that also significantly changes how lead is
monitored and regulated. Both documents introduce monitoring requirements and control of
lead as measured at the tap using stagnation samples (30 minutes, up to four 1 L sequential
samples), rather than in the distribution system using a flushed sample. As a result, corrosion
control may be necessary in systems that previously did not measure lead based on the old
sampling protocol. The Ontario regulation differs from the USEPA's Lead and Copper Rule
in that the Ontario Drinking Water Standard of 0.010 mg/L for lead is used to trigger
corrosion control planning, based on more than 10 percent of samples exceeding 0.010 mg/L
in two of three successive sampling rounds.

The City of Guelph (City) is one of the largest municipalities in North America that is
exclusively a groundwater system. The City is located approximately 100 kilometers
southwest of Toronto, Ontario. The City has 18 groundwater wells and one infiltration
gallery, servicing over 100,000 people and geographically distributed throughout the City
and neighbouring townships over an area of approximately 150 square kilometers. Three of
the 18 wells are considered Ground Water Under the Direct Influence of Surface Water with
Effective In-situ Filtration (GUDIWEF). The Arkell Spring Grounds well field, located to the

southwest of the City, supplies up to 60 percent of the City's daily water use, and feeds the
F.M. Woods treatment and pumping station via a 6 km aqueduct. Disinfection is provided
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Table 1: Raw Water Quality Characteristics

Parameter Typical Range Minimum and Maximum Value

pH 7.0 lo 7.5 6.5 to 8.5

Alkalinity (mg/L as CaCOs) 267 mglLlo 277 mglL 24BmglL to 310 mg/L

Hardness 408 mg/L to 493 mg/L 340 mg/L to 612 mg/L

Temperature 8 to 10t
Lead Below Detection Limit (BLD)

using sodium hypochlorite for all of the 18 wells and ultra violet light (UV) for eight of the

18 wells. Sodium silicate at a dose of approximately 5 mg/L is used at two of the wells for
iron and manganese sequestration. A summary of raw water quality characteristics is

presented in Table 1.

Based on the physical characteristics of the City, including hilly terrain and two rivers that
divide the City, the distribution system operates with two pressure zones (zones 1 and 2) to
provide relatively constant pressure throughout the distribution system. Some of the buried
piping was installed approximately 130 years ago; the dominant water main materials used

include cast iron, ductile iron, and polyvinyl chloride (PVC). Areas of the City are fed from
different wells in response to water demand, and portions of the system cannot be

hydraulically isolated as a function of the source well.

The City's records indicate that approximately 2,500 of the 36,000 customer water service

lines in the City are known or suspected to contain lead. In 2008,71 LSLs were replaced.

The literature on lead control for analogous systems or well-buffered ground water systems is

limited (1,2). The Madison Water Utility explored a range of treatment based approaches for
corrosion control for its water characterrzed as a hard, alkaline water source with high DIC
(1). Alternatives examined included alkalinity and pH adjustment, calcium hardness

adjustment, polyphosphate and silicates inhibitors. All were deemed ineffective for lead
reduction with the exception of orthophosphate. However the application of orthophosphate
was limited by observations of elevated copper, increased phosphate loading at the

wastewater treatment plant, and increased phosphate levels in storm water run-off. As a

result, the Madison Water Utility pursued the use of lead service line (LSL) replacement as

the preferred approach to corrosion control on the basis of cost, environmental impact, and
public support. Under this program, both the utility owned and the privately owned portions
of the LSL are being replaced.

Alternatives to chemical treatment to control lead at the tap are being considered by the City,
including LSL replacement. To assess the feasibility of LSL replacement for corrosion
control, the City initiated a Lead Profiling Study to examine the impacts of partial and full
LSL replacement on reducing lead. Results from this effort are presented in this paper.
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Methods

The City implemented a "Lead Profiling Study" involving research and data collection at five
residential sample locations over the course of one year. Four homes participated in the

study: two with a full LSL replacement and two with a partial LSL replacement. Monitoring
started in June 2008, and fourth quarter sampling was completed in summer 2009.

Data for all five sites were analyzed in two ways. Lead profiles were generated to i) relate the

source of lead to the lead measured at the tap per Sandvig and Kwan, 2007(3), and ii) assess

the short-term impacts on lead levels due to disturbances to the scale during replacement.
Data for four weeks of sampling were used in this analysis (pre-replacement, days l,2, 3,

and7, andweeks 2,3and4).TheCityoffersfreeleadsamplingandanalysis,6,12, and 18

months after a municipally and/or residentially owned service line has been replaced to
monitor the impact of replacement on lead concentrations measured at the tap.

Site Selection
During the summer of 2008, five single family residential locations were selected to
participate in the sampling program based on the following criteria:

r Known or suspected lead on the city side of the water service
o Relatively high lead (above the standard of 10 ,rg/L)
o Homeowners willing to allow Operators into their home frequently over a period as

long as L3 months for sampling purposes

It was also important that any treatment device present could be bypassed for sampling (i.e.

water softeners or filters). Five single family residential homes participated in the Lead

Profile Study, and the results from three of the sites are presented here (see Table 2).

of Parti Si Lead Profile Stud
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Site lD
Description of LSL

Replacement System Characteristics

Site 1 *Feviewed in this paper Full LSL replacement in two
slages

Removed 11.0 m (36 ft) lead and 7.6
m (25 ft) iron

Site 2 No LSL;site removed from study No lead confirmed during excavation

Site 3 *Feviewed in this paper Partial LSL replacement Removed 6.1 m (20 ft) lead on
municipalside

Site 4 Full LSL replacement in two
stages

Removed 4.6 m (15 ft) lead on
municipalside

Copper installed on private side prior
to study

Site 5 *Fevrbwed in this paper Partial LSL replacement Removed 18.9 m (62 ft) of lead on
municipalside
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Sampling Protocol
Lead concentrations were monitored at the five locations to create a site specific lead profile.
These results were used to identify the source of lead (e.g., sources other than the LSL) and
the magnitude of lead release from the premise plumbing. One Operator visited each site to
charucteize the plumbing system, including:

r Length. diameter and material of in-home plumbing from service line to the kitchen
tap, with reference made to the location of the water meter and any other fittings

. Length, diameter, and material of the privately-owned service line

. Length, diameter, and material of the municipally-ownecl service line
o Material of main feeding the service line

Results from the site characterization were used to relate the sample volume collected to the
material used either within the home or in the service line.

The features of the sampling protocol used for the lead Profile study include:

o Collection of up to 13 samples over a one year period, including one prior to LSL
replacement and 12 after LSL replacement (or until the stabilization of lead levels
was observecl)

o Collection of three 1 L samples after a five minute flush, followed by a 30 minute
stagnation period and the collection of eight sequential L L samples

o The frequency of sampling after the LSL replacement was as follows:
. 1,2, and 3 clays after LSL replacement
. 1,2,3, and 4 weeks after replacement
c 2 and 3 months after replacemenf and
o quarterly sampling for up to one year after replacement

The parameters sampled varied with the sampling date, and included total lead, dissolved
lead, a full metal scan, alkalinity, total suspended solids, dissolved oxygen, and total organic
carbon. The sample collection schedule and the sampling parameters are shown in Table 3.

Schedule lR was followed for samples collected prior to LSL replacement (pre-sample), day
1, and day 7. The "A" beakers were collected after a five minute flush but prior to a 30
minute stagnation period; the "B" beakers were collected after a five minute flush and 30
minute stagnation period. Each beaker was used to collect a 1 L sample; beakers 1A and 24
were collected sequentially after a five minute flushing period. Beakers 18 to 98 were
collected sequentially after an additional 30 minute stagnation period. Schedule 2R was
followed for samples collected on all sampling days (up to three months for some sites
included in this report) excluding samples collected prior to LSL replacement, day 1, and day
7. Schedule 3R was followed for samples collected at hydrants upstream of the homes for the
pre-sample, day 1, and day 7 after a five minute flushing period.
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Table 3: Protocol for Lead Profile Stud

The following analytical methods were employed in this study:

Dissolved Oxygen APHA 45OO OG

Total Lead
Dissolved Lead
ICAP scan

Lab Filtered Metals by ICPMS
Metals Analysis by ICPMS (as received)

EPA 6020

Total Organic Carbon EPA 415.1 modified

Total Suspended Solids SM 2540 D

Results and Discussion

Data collected from three of the participating five sites are presented in Figures 1 to 6 to
demonstrate the impact of full (Site 1) and partial (Sites 3 and 5) LSL replacement. Data for
each site are presented in a similar manner, using two methods of analysis:
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i) lead profiles were generated to relate the source of lead to the lead measured at

the tap (per 2) to determine the impact of LSL replacement on lead release

ii) charts of lead results with time were developed using data in samples collected

using Ontario's regulated sampling protocol (based on the higher lead result

measured in two sequential 1 L samples following a 30 minute stagnation period)

to assess the impact of LSL replacement on regulatory compliance, including any

short-term impacts on lead levels due to disturbances to the scale during LSL
replacement

Two charts are presented for each site based on the above descriptions. In the lead profile

charts (e.g., Figure 1), the pre-LSL replacement samples are denoted by a thick black line;

the blue lines in various shades are used to represent the results from lead samples taken after

LSL replacement, with lighter blue getting progressively darker as the sample period

progressed. The yellow affows represent the water that may be present in the premise

plumbing and service line, based on site characterrzation information. In the regulatory

compliance charts (e.g., Figure 2), data for the lead sample that would be used to determine

regulatory compliance is presented with time, starting with a sample collected prior to LSL
replacement. Arrows are used to indicate the approximate timing of full or partial LSL
replacement.

Site 1- Full Lead Service Line Replacement
Lead concentrations observed as part of the Legislated Sampling Program were 14 ug/L in
round 1 (January 2008) and 22 ug/L in round 2 (June 2008). In samples collected

immediately prior to the LSL replacement, lead concentrations above 80 ug/L were observed.

Based on the site charactenzation data, the lead peaks appear to correspond with the LSL
(municipal and private side).

During the replacement of the service line, 11.0 m (36 ft) of 12 mm (Vz inch) lead pipe was

removed on the City side and an additional 7.6 m (25 ft) of iron pipe was removed seven

days later on the residential side. As a result of LSL replacement, lead concentrations below
10 ug/L were consistently observed at this site and as a result, sampling was discontinued

after 12 weeks (see Figures 1 and 2).The results for this site demonstrate the potential of full
LSL replacement to reduce lead concentrations measured at the tap, consistent with studies

by others in the literature (2, 3).The disturbance to the lead scale was observed to be

minimal at this site based on the short-term elevations in lead levels in the days immediately
following LSL replacement (see Figure 1).

Site 3 - Partial Lead Service Line Replacement
Lead measured in samples collected as part of the Legislated Lead Sampling Program varied

from non detect in round I (January 2008) to 37 uglL in round 2 (June 2008). In the sample

collected the day prior to the LSL replacement, lead peaks greater than 25 ug/L were

measured at this site and all pre-LSL replacement samples were above 20 ugll- (see Figure

3). Based on the site characteristics, the privately owned service line is represented by

samples Standing L2 and Standing L3, and the municipal owned service line is represented

by Standing IA.ln replacing the service line, 6.1 m (20 ft) of 12 mm (Yz inch) lead pipe was

removed from the City side. It was estimated that approximately 10.7 m (35 f0 of 12 mm (Yz
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inch) of lead piping was installed on the residential side from the curb stop to the water
meter. Results from the site survey indicated that there was 9.1 to 13.7 m (30 to 45 ft) of
unexposed internal plumbing, and this length is also suspected to be lead. After two months
of sampling, concentrations of 15 ug/L were still being observed at this location (Figure 4).

Site 5 - Partial Lead Service Line Replacement
Lead measured in samples collected as part of the Legislated Lead Sampling Program in
round 2 (June 2008) were as high as 45 ug/L for this site. In the samples collected
immediately prior to the LSL replacement, lead concentrations varied from 50 to 160 ug/L.
Based on the site characteristics, the privately owned service line is represented by samples
Standing L2 and Standing L3, and the municipal owned service line is represented by
Standing Lzl (see Figure 5). In replacing the service line, 18.9 m (62 ft) of 12 mm (72 inch)
lead pipe was removed from the City side. On the private side there is estimated to be
approximately 3.0 m (10 ft) of 12 mm (Vz inch) lead pipe from the curb stop to the water
meter, and I2.2 m (40 ft) of unexposed intemal plumbing that is suspected to be lead. It is
evident that the partial LSL replacement at this location was successful in decreasing lead
concentrations at this site; however, after one month of monitoring, lead continues to be
measured at concentrations of 20u'glL indicating that other sources of lead still remain at this
location (see Figures 5 and 6). Results for the 6 month and 12 month sample following LSL
replacement were 10 and 1l ug/L, respectively, and the magnitude of the improvement
observed at this location is very promising.

Summary
A summary for all five sites that participated in the lead profile study is presented in Table 4,
based on samples that would be used to determine compliance (as measured in the higher of
the first or second I L sample).

Table 4: S of Results for Lead Profile Studa :5U

Site Type of
LSLR

lmpact on
Lead

Levels

Lead
Before
LSLR

(ug/L)'

Lead
After
LSLR

(ug/L) 2

Time
After

LSLR 3

o/o Lead
Reduced

Less than
10 pg/L?

Site 1 Full Reduced 24 2.2 2 months 91o/" Yes

Site 2 None N/A 3 3 NiA N/A Yes

Site 3 Partial Reduced 23 13 9 months 43o/" No

Site 4 Fulla Reduced 77 3.4 6 months 96% Yes

Site 5 Partial Reduced 60 9.8 6 months 84% Yes

Notes:

1. Based on the higher result measured in the first two 1 L samples collected after a 5 minute
flush and 30 minute stagnation period.

2. Based on achieving equilibrium or latest result if equilibrium not yet achieved.
3. Time after LSL replacement to reach reported results.
4. Homeowner's effort to reduce the number of lead soldered joinls was necessary to achieve

this performance.
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The data suggest that if the full LSL is replaced (site I and 4), or if there is no LSL (site 2),
lead can be measured at levels well below 10 trrgll-, with reductions of 91 to 96 percent
observed. If the LSL is only replaced on the municipal side (sites 3 and 5), variability in the
results can be observed. For the sites with partial LSL replacement, lead levels increased
temporarily and ultimately decreased to levels below concentrations observed before LSL
replacement, but not necessarily to levels below 10 pg/L. Reduction of lead varied from 43 to
84 percent following a partial LSL replacement.

Results for site 4 are important in that the efforts by the homeowner to remove of old copper
pipe and lead soldered joints in the premise plumbing were required for a higher removal
efficiency of 96 percent, which was 6 percent higher than the results achieved after the LSL
replacement.

Results that were a factor of almost 20 times higher than the regulatory standard were
observed at some locations in samples that went beyond the sampling protocol defined by the
regulations (e.g., in the 4th and 5th sequential sample rather than the lst or 2nd sample).
Despite these high peaks, partial and full LSL replacement were observed to reduce lead; of
interest however, is whether or not the reductions are enough to bring the site - and the
system as a whole - into compliance. To determine this, lead compliance charts were
generated using results only for the lst and 2nd sequential 1 L sample to assess the long-term
impacts on LSL replacement. Results showed that following a short term increase (lasting
from days to two weeks), lead levels were reduced (at sites with full LSL replacement) or
maintained (at sites with partial ISL replacement).

Conclusions and Recommendations

The results from this study have primarily examined the feasibility and benefits of corrosion
control by non-treatment with LSL replacement. Further investigation is needed to refine the
cost estimates and to assess water quality performance. This may include a pipe loop study to
determine appropriate chemical treatment (with phosphates and./or silicates) or additional
lead profile studies to determine the effectiveness of LSL replacement. It is crucial that the
number of LSLs identified in the City's system be better defined. All financing and timeline
determinations depend solely on this number: if the number is not accurate, the schedule -
and performance - will be compromised. The City continues its pursuit of identifying lead in
the system and undertakes LSL replacements on the municipal side. New information will
also be available to homeowners on the importance of replacing lead services. Additional
discussions will be held with the regulator to review the feasibility of lead replacement for
corrosion control.

The purpose of this study was to determine the feasibility of lead removal as a feasible
approach to corrosion control based on the City's unique system features. The City uses a
well-buffered ground water made up of 18 wells; there is limited literature on similar systems
to assist in the determination of the most appropriate corrosion control alternative. Results
from the lead profiling study using samples collected both before and after LSL replacement
were mixed:
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' As expected, full LSL replacement resulted in reducing lead levels to below the
ODWS of 10 vg/L, although temporary spikes in lead levels were observed (Site 1)

o Partial LSL replacement resulted in either a minor impact (Site 3) or a noticeable
decrease in lead levels (Site 5); however in both cases temporary spikes were
observed but lead levels were still greater than 10 ug/L one to two months after
replacement.

Results from other sites (data not included in this presentation) indicated the success of full
LSL replacement as well as of partial LSL replacement, suggesting that the benefits of partial
LSL replacement is site dependent in the City's water.

Cost estimates were generated for alternatives based on non-treatment (LSL replacement)
and treatment (phosphates or silicates, with or without pH adjustment). The distribution
system configuration together with the localized nature of lead occurrence in the City lends
itself to a non-treatment solution for corrosion control such as LSL replacement. However,
the success of a conosion control strategy based on LSL replacement - while fundamentally
correct in that lead is eliminated from the system - is limited by property ownership issues,
homeowner participation in private LSL replacement, the number of LSLs that can be
replaced per year, and the water quality impacts of partial LSL replacement. The results from
this study are being used by the City to assess alternatives for corrosion control in its system,
and to develop a corrosion control strategy.

Acknowledgements

This work was undertaken while the lead author was employed with Stantec Consulting.
The support of Iva Danilovic (Stantec Consulting) to complete this study is appreciated.

References

1. Denig-Chakroff, David ,2001. "If the Regulation Fits, Wear It - If Not, Stretch It A
Case Study of Compliance With the Lead and Copper Rule,,. AWWA.

2. swertfeger, Jeff, David J. Hartman, cllff shrive, Deborah H. Metz, and Jack
DeMarco. 2006. "Water Quality Effects of Partial Lead Line Replacement", in proc.
AWWA Annual Conference and Exposition. American Water Works Association.
Denver, CO.

3. sandvig, A.s., and P. Kwan. 2007. Minimizing Lead spikes. opflow, vol. 33,Issue 9,
September 2007, P ages 16-19.

Copyright O 2009, American Water Works Association. All rights reserved.

o

2009 O American Water Works Association WQTC Conference Proceedings All Rights Reserved

Reprinted by permission. Copyright © 2011, American Water Works Association.



Figure 1: Site 1 (Full LSL Replacement), Lead Profile
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Figure 3: Site 3 (Partial I LSL Replacement), Lead Profile

Site 3 (LSL Replaced July 22 on City Side Only; Lead on private)
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Figure 5: Site 5 (Partial l LSL Replacement), Lead Profile

Site 5 (LSL Replaced August 5 on City Side Only; Lead on Private)
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INTRODUCTION 
 
The Lead and Copper Rule (USEPA 1991a) was promulgated in 1991 for the purpose of 

controlling lead and copper leaching into the drinking water.  The rule did this by mandating that 
utilities optimize corrosion control practices to reduce lead and copper leaching.  Under this rule, 
systems are required to monitor lead and copper levels at the taps of specific types of locations.  
A system is considered optimized if the 90th percentile of all required sampling is below the 
action levels of 15µg/L for lead and 1.3 mg/L for copper.  If a system should have 90th percentile 
values above the action level for lead, the system would then be triggered into specific actions 
including specific public notification, a re-optimization of the system, and the system would be 
required to replace 7% of its lead service branches per year until all of the lead service branches 
are removed from the system or the system has two consecutive monitoring periods with lead 
90th percentiles below the action level. 

 
The purpose of the lead service branch (LSB) replacement requirement was to remove a 

potentially significant source of lead from the distribution system.  However, utilities only have 
the ability to replace the portion of the lead service branch which they own.  Typical utility 
ownership is from the water main to the property line, but local jurisdictions may interpret the 
exact point of ownership differently (Kirmeyer et al., 2000, AWWA 2005).  Therefore, unless 
the customer is willing to replace their portion of the LSB, a partial replacement of the LSB is 
performed.  The cost of replacing the customer portion of the LSB can run several thousand 
dollars and as a result, utilities have had little success getting customers to voluntarily replace the 
privately-owned portion of the line (AWWA 2005). 

 
In addition to the LCR mandate for non-optimized systems, there are several other 

circumstances in which partial LSB replacements are performed.  Some utilities have established 
LSB replacement programs that replace the portion of lead branches owned by the utility.  In 
most instances, partial replacement of LSB is necessary when replacing a main that has LSBs 
connected to it.  Sometimes partial replacement of LSBs is necessary because a leak develops on 
the service branch or the branch becomes damaged for some other reason.  In all of these cases, 
though, replacement of part of the branch still leaves some of the LSB in service.   
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Several studies have been performed that indicate that physical disturbance of the LSB can 
result in elevated lead levels at the customers’ taps when part of the lead service branch is left in 
place (Briton and Richards 1981; AwwaRF-GVGW 1985; Hulsmann 1990).  It has also been 
reported that by coupling the existing lead branch with a new copper pipe galvanic mechanisms 
can exist which can accelerate lead corrosion and result in elevated lead concentrations in the 
water.  It may also be possible that by cutting a lead branch, a fresh unpassivated surface is now 
created at the cut which can leach elevated levels of lead to the water until a passivating film is 
formed. 

 
The 1991 Lead and Copper Rule did not resolve the problem of elevated lead levels after 

replacement.  The 2000 amendments to the rule (USEPA 2000) attempts to address this by 
requiring system which do partial replacements because of action level exceedance to notify the 
customers at least 45 days in advance of the work then sample the customer’s water within three 
days of the work and notify the customer of the sample results within three days of receiving the 
results.  To mitigate the high lead levels that may occur as a result of the service branch 
replacement activities, the USEPA advises that the water be flushed before it is used for 
consumption or food preparation.  However, it has been shown that flushing is not successful in 
all cases to reduce the lead concentration and can even result in higher lead concentrations even 
after a flush of 10 minutes (Edwards and Dudi 2004). 

 
Because partial LSB replacement is a widespread practice it is very important that the impact 

of partial LSB replacement be better defined both for the resulting lead concentrations and the 
duration of exposure to higher lead levels after replacement at the consumers tap.   

 
Objectives and approach.  The objectives of this study were to examine the short-term and 

long-term impact of partial LSB changeover on lead concentrations measured at the consumers’ 
taps.  The impacts from partial LSB changeover were also compared with the results from 
performing complete changeovers as well as from performing no service branch work at all.   

 
The approach used to accomplish these objectives was to perform lead analyses at twenty-one 

homes with lead service branches.  These sites were divided into four groups.  For five of these 
sites, the Greater Cincinnati Water Works (GCWW) replaced the entire service branch from the 
water main up to the house.  For another 5 sites, GCWW performed partial replacement of the 
service branch from the water main to the property line leaving the original lead branch in tact 
from the property line into the house.  At 6 sites, GCWW performed partial replacements, but 
covered the freshly cut end with a Teflon shrink wrap tubing.  The final five sites acted as 
control sites with no work performed on the lead service branch.  All sites were sampled initially, 
one week after work was performed (except the control sites), and at one month intervals for a 
year.  Sampling at all sites consisted of a first draw after standing a minimum of 6 hours, after a 
three minute flush, and after a ten minute flush. 
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MATERIALS AND METHODS 
 
Description of sampling sites.  The locations used in this study consisted of twenty-one 

single family residences constructed before 1927 with complete lead service branches in use.  
None of the sites reported any internal plumbing and all sites reported no malfunctioning 
plumbing such as dripping faucets or leaking toilets.  All of the sites had a history of lead 
detections during previous Lead and Copper Rule compliance sampling. 

All residences were provided with end of the faucet type water purification devices and 
replacement filters to obtain drinking water and water for food preparation during the study 
period to remove high lead levels that may occur as a result of the study.  However, the filtration 
systems were bypassed for the purposes of sample collection. 

 
Description of line replacement.  After the pool of sites was identified, the pool was 

randomly divided into four groups.  The “Complete Changeover” group had the entire service 
line replaced from the main into the house replaced with copper.  The “Partial Changeover” 
group had only the portion owned by the GCWW replaced with copper.  This portion was the 
part of the lead line between the water main and the curb stop.  In these locations, the customer 
owned portion of the service line running from the curb stop into the house was not disturbed 
other than what was necessary for the partial replacement.  After performing the work, the 
service line was flushed to remove metal filings, etc. that may have resulted from the work.   

The “Partial with Sleeve” group had part of the service line removed as was performed in the 
“Partial Changeover” group.  However, before coupling the property owner’s portion of the line 
(which was lead) into the new copper line, the installation crew slid a piece of Teflon heat shrink 
tubing (Ain Plastics, Mt. Vernon, NY) and heated it so the tubing would shrink and adhere 
tightly to the lead line and cover the freshly cut end.  Once installed, the tubing formed a barrier 
between the cut end and the water.   

Given the quantity of work, the service branch or partial service branch removal could not all 
be completed at the same time. The work was organized so that the locations in each study group 
was performed within a few week period of other members of the same group. 

 
Sample collection.  For all sampling, the residents of the sites collected the samples 

following written instructions provided by GCWW.  Residents were instructed to collect first 
draw after a 6 hour period of no use, immediately followed by a three minute flush and sample 
collection, and a ten minute flush and sample collection.  The volume of each sample was 750 
ml.  All samples were collected in high density polyethylene (HDPE) bottles. 

Initial samples were collected in October 1998 before any work was performed on any service 
branch.  This sample provided an initial baseline sample.  Partial, partial with sleeve, and 
complete changeover sites provided samples 1 week after the work was completed.  These sites 
also provided samples at approximately monthly intervals for lead analyses for one year.  The 
sites where no work was performed collected samples for 15 months in order to yield 
corresponding samples with all of the study groups. 
 

Sample analysis.  All lead samples were preserved at the GCWW laboratory with nitric acid 
within 14 days of collection.  Lead analyses were performed as per Standard Methods 3113B 
using a flame atomic adsorption spectrometer (Atomic Absorption Spectrometer Graphite 
Furnace Varian SpectrAA 640Z) 
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Water quality.  GCWW’s Richard Miller Treatement Plant (RMTP) provided water to all of 
the study sites.  The RMTP obtains its water from the Ohio River.  Treatment at the RMTP at the 
time of this study consisted of alum and cationic polymer coagulation, flocculation, and 
sedimentation.  Following sedimentation, lime was added to raise the pH to a little over 8.  After 
the initial pH adjustment, the water was filtered through rapid sand filters and then granular 
activated carbon contactors.  The final steps consisted of free chlorination, fluoridation, and final 
pH adjustment with sodium hydroxide.  Carbonate passivation by pH adjustment was the 
corrosion control method at the RMTP.  Table 1 provides a summary of select water quality 
parameters during this study.  

During the initial sample collection, the finished water pH supplied to the sites was 
approximately 8.5.  However, in January 1999, soon after the initial sample collections, GCWW 
began adjusting the pH upward ultimately to 8.8.  This adjustment was necessary to maintain 
internal goals of lead control throughout the system.  The timing of the adjustment was 
coincidental to this study.  This pH adjustment affected all of the study sites at about the same 
time, but after the initial sample.  The pH remained approximately 8.8 for the duration of the 
study.  All study samples except the initial samples and the 1 month sample for the Complete 
Changeover sites were collected under the 8.8 pH condition.  Typically, there is little if any pH 
change in the distribution system as compared with the plant effluent. 

 
 
RESULTS AND DISCUSSION 

 
Initial spike.  The lead results of all of the first draw samplings are reported for each group in 

Figure 1.  In the figure, sites N1 through N5 represent the No Work sites in which no work was 
performed on the service lines, sites P1 through P5 represent the partial changeover sites in 
which a partial service branch changeover was performed, sites PS1 though PS 6 represent sites 
in which a partial service branch changeover was performed and a Teflon shrink wrap sleeve was 
used to cover the end of the freshly cut lead line, and sites C1 through C5 represent the complete 
changeover group in which entire service branches were replaced. 

The first set of samples for all groups was collected in late October 1998 with the target pH of 
8.5 leaving the plant.  This set of samples was collected before any work was performed.  With 
the pH increase to 8.8 in January 1999, it was expected that the first draw lead levels at all 
locations would decrease and this decrease was seen in all of the No Work sites and the 
Complete Changeover sites even though work was performed at the Complete Changeover sites. 

In three of the eleven sites from the two partial replacement groups the first draw lead values 
did not decrease as seen in the No Work and Complete Changeover groups.  In sites P1 and P2, 
spikes in lead concentrations occurred with lead concentrations reaching 185 µg/L, and 600 
µg/L, respectively in the samples collected within a few days after the work.  Site PS4 did not 
show an increase after the work compared to the initial sample nor did it show a decrease in lead 
levels as was observed in most of the other lines. 

Additionally, at site (PS1) the first draw sample collected after the work was lower than the 
initial sample.  However, both the 3 minute and the 10 minute flush samples showed a marked 
increase reaching 170 and 210 µg/L, respectively in the week and month following the work as 
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depicted in Figure 2.  Even though the increase was not observed in the first draw sample, the 
increase in the flush samples’ lead levels was probably related to the service line work. 

In this study, no spike in lead concentrations occurred in the No Work or the Complete 
Changeover sites following the work, but this spike was evident in 4 of 11 (36%) of the sites 
following a partial replacement.  High concentrations of lead occurring in some locations after 
the completion of partial service line changeovers have been demonstrated by others (Britton and 
Richards 1981, USEPA 1991b).  Although the exact cause of this high concentration is not 
known, it can likely be attributed to some aspect of performing a partial renewal of the service 
line.  Some possible reasons for this could be the physical disturbance of the service lines 
causing the release of particulate lead, galvanic corrosion facilitated by joining the lead line to 
new copper material, or even the exposure of a freshly cut lead surface to the water. 

The purpose of the placement of the Teflon sleeves on sites PS1 through PS6 was to cover the 
cut LSB ends and act as a barrier to prevent lead dissolution at the freshly cut ends.  The sleeves 
may have acted as a barrier, but since two of the six sites exhibited high lead concentrations in 
the first draw or the flush samples, it is evident that the high lead concentrations after the work 
can not be entirely attributed to the exposure of the freshly cut end.  

The temporary increase in lead concentrations was considered by the EPA when developing 
the 2000 revisions to the Lead and Copper Rule.  In the preamble the EPA discusses the 
possibility but the agency states “It is expected that potential for temporary increased in lead 
levels will be minimal for those systems where corrosion control has been fully implemented and 
optimized according to the rule” (USEPA 2000).  Since implementation of the Lead and Copper 
Rule, the GCWW system has always met the action level so the system could be considered as 
having “fully implemented” corrosion control and be “optimized according to the rule.” 

 
 
Steady state lead concentrations.  For the purposes of this evaluation, steady state is defined 

as the time period starting one month after the work was completed until 12 months after the 
work.  This time period excludes any initial elevated concentration spike that may have occurred 
as a result of the service branch replacement work.  This time period was more typical of the lead 
concentrations occurring at the tap throughout the year. 

The results of the steady state lead monitoring are given in Table 2 for each of the test 
locations.  The data on the table represent two time frames:  January to December of 1999 and 
April, 1999 to March, 2000.  Separating the sites into two time frames is necessary because all of 
the work on all of the sites was not able to be accomplished at the same time.  All of the work for 
both sets of partial replacements was completed around March of 1999 so the one month sample 
was taken around April 1999.  All of the work for the complete changeover sites was 
accomplished in December 1998 so the one month sample was collected in January 1999.  Data 
collection for the No Work sample was extended to cover both time frames and the statistics for 
each time frame for the No Work samples is also represented on the table.  This allows for a 
direct comparison between the No Work data and the data collected for each of the other groups. 

The average steady state data for the various groups are reported in Figure 3.  Both time 
periods for the no work locations averaged around 11.5 µg/L for the steady state period.  
Partially replacing the service lines on average showed little improvement averaging 10 µg/L for 
the study period.  Based on these averages, there would be little, if any, benefit to the customer 
of replacing a partial service branch.  In addition, since these were the steady state values, the 
large spikes in lead concentrations demonstrated in 2 of the 5 partial replacement lines were not 
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included.  If these spikes were considered, then the benefit to the consumer is further diminished 
as not only is there little reduction in overall lead concentration compared with doing no work, 
but the customer may be exposed to elevated concentrations of lead for a period of time 
immediately following the partial service line replacement. 

The partial branches with the sleeve did show some improvement compared with no work 
with an average value of 6.3 µg/L in the steady state period.  Even though covering of the end of 
the lead branch did not eliminate the occurrence of the initial spike, it may have offered some 
protection as measured in the longer term effects on lead concentrations at these sites.  Some 
work has been done on rehabilitation methods for lead service lines (Kirmeyer et al, 2000.), but 
these studies did not evaluate the effect on water quality by the different rehabilitation 
techniques.   

The complete changeover group showed the biggest improvement on average with a mean 
value of 3.4 µg/L as compared with the 11.5 µg/L of the No Work groups.  Although the 
Complete group did not have lead in their service lines during the steady state phase, the data 
show that there are still sources of lead at these locations that can contribute to the lead 
concentration.  This can be expected as lead solder, brass fittings, and faucets can be significant 
sources of lead at the tap.  It is also possible that lead particulates may have been present similar 
to what Cantor (2006) reportedly found from homes years after lead service branch removal. 

 
 

CONCLUSIONS 
 
Utilities with lead service branches face many challenges in compliance and day-to-day 

operational issues associate with the branches.  Because of ownership issues, there are situations 
in which partial replacement of lead branches may be unavoidable such as in main replacement 
and some repair work. 

Although removing sources of lead is generally considered to be a positive action, the partial 
replacement of lead service branches may not necessarily be effective in reducing water lead 
levels compared with doing no replacement at all. 

In this study, partial replacements of lead lines resulted in much higher lead levels in the 
water for up to 1 month after replacement even though the system was optimized for corrosion 
control.  In addition, the sites with partial replacements had similar water lead concentrations as 
the sites in which the entire lead line was left in place.  In this study, only completely replacing 
the lead service line resulted in reduction in short and long-term water quality improvements in 
all of the sites tested. 

The use of a Teflon sleeve or some other method of treating the portion of the line remaining 
in service may help to protect water quality, but much more needs to be done in this area to 
identify construction techniques or materials that will protect water quality when partial lead 
service line replacement is necessary. 
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Table 1:   GCWW finished water quality parameters during the study period (October 1998 – 
March 2000). 
 pH Total 

Alkalinity 
(mg/L as 
CaCO3) 

Total 
Hardness
(mg/L as 
CaCO3) 

Calcium 
Hardness 
(mg/L as 
CaCO3) 

Total 
Dissolved 

Solids 
(mg/L) 

Temperature 
(ºF, ºC) 

Free 
Chlorine 
(mg/L) 

Average 8.8 70 145 105 273 60, 15 1.15 
Minimum 8.4 44 92 76 120 37, 2.8 0.92 
Maximum 9.2 100 215 177 629 88, 31 1.44 

 
 
Table 2:  Effect of service branch changeover on first draw steady state lead concentrations. 

January 1999 - December 1999 April 1999 - March 2000

Site

Min Lead
Conc. 
(µg/L)

Max Lead
Conc. 
(µg/L)

Average
Lead Conc. 

(µg/L)

 Month 1
Lead Conc. 

(µg/L) 

Month 12
Lead Conc. 

(µg/L)

Average
Lead Conc. 

(µg/L)

Month 1
Lead Conc. 

(µg/L) 

Month 12
Lead Conc. 

(µg/L)

Summer 
Humps

Present?
N1 5.2 17.7 10.4            7.2              7.4              10.3             12.8               12.7              Yes
N2 3.4 12.8 7.8              9.8              4.6              7.0               8.1                 3.4                Yes
N3 4.7 26.5 12.9            9.7              8.9              7.6               5.4                 4.1                Yes
N4 3.2 30.9 17.5            5.4              10.7            19.2             3.2                 11.3              Yes
N5 4.1 11.9 8.4              7.4              4.8            13.7           7.8               10.7            Yes
P1 12.6 29.1 16.2             13.4               12.7              Yes
P2 0 7.3 2.6               3.4                 1.1                No
P3 15.7 40.6 23.5             16.6               11.4              Yes
P4 1.5 4.5 2.7               4.0                 1.1                No
P5 2.8 9.6 5.1             5.9               2.7              Yes
PS1 2.6 12.6 8.2               12.1               2.6                No
PS2 4.2 23.5 11.0             11.6               4.2                Yes
PS3 1.2 6.8 3.8               4.2                 1.2                No
PS4 4.9 13.8 9.5               8.2                 6.7                Yes
PS5 1.3 5.6 3.0               5.2                 1.5                No
PS6 0 4.4 2.4             2.5               1.2              No
C1 1.3 6.9 3.7              4.6              1.3              No
C2 1.3 6.1 2.9              6.1              1.3              No
C3 1.1 1.6 3.9              5.3              2.1              No
C4 1.1 8.2 5.3              9.3              No Sample No
C5 0 2.9 1.3              1.9              <1.0 No  

N = No Work 
P = Partial LSB Replacement 
PS = Partial LSB Replacement with Teflon Sleeve 
C = Complete LSB Replacement
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Figure1:  First draw lead concentrations from all study sites.  The red dashed line represents the date of work on 

the service branches and the grey dashed line represents time of pH adjustment from 8.5 to 8.8. 
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Figure 2:  First draw, 3 minute flush, and 10 minute flush lead concentrations from site PS1. 
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Figure 3:  Steady state average data for first draw samples from each study group. 
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