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Overview

The Problem, the Approach, and the Headline Result

•  Roughly 2 million lead service lines are confirmed in the United States, and a further 23.5 million connections remain of 

unknown material.

•  The 2024 Lead and Copper Rule Improvements require full replacement within ten years and count every unknown as 

lead - a utility carries the full replacement liability for any connection it cannot affirmatively classify as non-lead.

•  Replacement is a solved civil-engineering problem; verification is not. No fielded non-invasive technique both locates a 

buried service line and identifies its material.

•  This internship adapted and applied ULEMA - an ultra-light multi-static time-domain electromagnetic induction array 

developed over two decades for unexploded-ordnance discrimination - to the service-line problem, under ESTCP Project 

EW25-8806.

•  Three strands of work: a regulatory and economic analysis of the verification bottleneck; a physical analysis of whether 

copper, lead and galvanized steel are separable by EMI; and the design, fabrication and field deployment of ULEMA-P, a 

non-metallic pipe-survey configuration of the instrument.

•  Result: steel separates decisively from the non-ferrous metals; copper and lead separate narrowly by decay 

shape; discrimination was demonstrated successfully at both shallow emplacement and at operational burial 

depth (4–6 ft).
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Section 1

Introduction and Context

•  Lead was a deliberate material choice for service lines — ductile, corrosion-resistant, inexpensive — required by many U.S. plumbing 

codes into the 1930s.

•  Toxicological mechanism: Pb²⁺ substitutes for Ca²⁺/Zn²⁺ (ionic mimicry). Neurological damage in children is irreversible at blood-lead 

levels below 5 µg/dL; adults face hypertension, renal and reproductive effects.

•  Environmental pathway: bioaccumulation and biomagnification through wetland sediment and aquatic food webs. Lead does not 

degrade, so every gram released remains in the environment indefinitely.

•  U.S. regulatory timeline: 1986 SDWA ban on new lead plumbing → 1991 LCR (7%/yr rule, largely inoperative) → 2021 LCRR 

(mandatory inventory) → 2024 LCRI (10-year full replacement; unknowns treated as lead).

•  Europe: no consolidated EU count; ~120 million people potentially exposed. National prevalence spans <5% to 90%. Germany and 

the Netherlands have effectively retired lead service lines; the UK and France still hold millions.

•  Verification bottleneck: excavation is definitive but costs $320–1,120 per line and does not scale to the ~25 million lines requiring 

verification nationally.

•  Host project: ESTCP EW25-8806 (Dartmouth / Shubitidze group), phase-one testing at an EPA test bed.

3



Section 2 (1 of 2)

Data and Methods — Physics and the ULEMA Instrument

•  Electromagnetic induction sensing: Faraday's and Ampère's laws in the quasi-static regime. Skin depth δ = √(1/πfμσ); soil is 

effectively transparent across the working band.

•  Material decay time constant τ ∝ σμL². Copper and lead are both non-ferrous — no permeability contrast, only a 12–13× conductivity 

ratio. Galvanized steel's σμᵣ product is ~17× copper's and ~220× lead's — a decisive, permeability-driven separation.

•  ULEMA: multi-static, tri-axial, time-domain array. Four transmit coils fired sequentially; four tri-axial receivers; 10 MSPS FPGA 

acquisition; RTK GPS + IMU for direct geolocation.

Fig. 1 — Induction geometry Fig. 2 — Skin depth vs. frequency Fig. 3 — ULEMA signal chain
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Section 2 (2 of 2)

Data and Methods — Fabrication and Field Deployment

•  ULEMA-P: pipe-survey configuration. Larger transmit coil to reach 4 - 6 ft depth; every structural element is non-metallic, since it sits 

inside the array's own primary field.

•  Personal contribution: designed and fabricated the frame, the robot mounting interface, and assembled the sensor head 

and electronics, iterated through successive versions to ruggedize the assembly for towed field operation. Executed a week 

of field testing. Managed and educated team of two.

•  Real-time operator display in three modes — static, dynamic, and a coverage heatmap — so survey gaps can be closed during the

same visit. Field testing conducted with the group at the EPA test bed.

Fig. 4 — Coverage heatmap (example) Fig. 5 — Sensor mounting plate Fig. 6 — Electronics under assembly Fig. 7 — ULEMA-P under tow, field
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Section 3

Results

•  Static-mode transients: steel separates decisively from copper and lead; copper and lead separate narrowly, over roughly the middle 

decade of the recorded decay.

•  Joint-diagonalization eigenvalues from the pipe-configured array agree closely with the established handheld instrument — validating 

the ULEMA-P build.

•  Early-time amplitude does not order by conductivity: material is carried by decay shape, not signal strength.

•  Discrimination demonstrated successfully at shallow emplacement and at 4–6 ft — within the depth at which service lines 

are actually buried. Rate quantification is ongoing.

Fig. 8 — Static-mode response, Cu / Pb / steel Fig. 9 — Joint-diagonalization eigenvalues
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Section 4

Discussion and Analysis

•  Measured decay ordering agrees with the σμᵣ-based prediction, at both shallow and operational burial depth.

•  The economic case rests on avoided replacement liability ($6,930–12,500 per line), not avoided excavation ($320–1,120 per line) 

— the two are frequently conflated.

•  Throughput is the binding constraint: clearing the national inventory by 2034 requires on the order of 2.5 million determinations 

per year, a rate no method requiring individual property access can reach.

•  Limitations: the point-dipole inversion basis does not strictly apply to a linear target; the shallow-depth margin is not the

operational-depth margin; transmitter synchronization faults were open at the close of the reporting period.

•  Challenges: the copper/lead discrimination window is narrow and one-dimensional; every structural material is constrained by the 

non-metallic requirement; hardware, mounting and processing were all under revision simultaneously.
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Section 5

Conclusion and Perspectives

•  Ferrous rejection is decisive. Copper–lead discrimination — the harder case the project turns on — was demonstrated in kind, at 

both shallow and operational depth; quantifying the margin at depth is the outstanding measurement.

•  Recommendations: extend the inversion to a linear-target basis; close the transmitter synchronization fault; quantify the 

classification margin at operational depth; report ferrous rejection and copper–lead accuracy separately.

•  Phase two moves to a Department of Defense installation, without the documented ground truth of the test bed.

•  The underlying method is transferable beyond lead service lines — to any buried-metal inventory problem, including gas 

distribution networks and utility-strike prevention.

•  Personal contribution: original research on the regulatory and environmental framework; assembly and fabrication of 

the electronics and sensor head; design and iteration of the sensor mounting; field testing with the group and the 

inversion / joint-diagonalization processing of the resulting data.

8



References (1 of 2)

References

[1] U.S. Environmental Protection Agency, Service Line Inventory Dashboard, national totals as 

of 1 December 2025. 

https://sdwis.epa.gov/ords/sfdw_pub/r/sfdw/sdwis_fed_reports_public/service-line-inventory

[2] U.S. Environmental Protection Agency, “National primary drinking water regulations for lead 

and copper: Improvements; Final rule,” Federal Register, vol. 89, no. 210 (2024), pp. 86418–

86667.

[3] F. Shubitidze (Principal Investigator), “Demonstrating the application of advanced, lightweight 

EMI sensors for detecting, locating, and identifying lead and copper pipes in real field 

conditions,” ESTCP Project EW25-8806, Energy and Water focus area, Dartmouth College; 

projected completion 2028. https://serdp-estcp.mil/projects/details/97111662-532d-40d5-a175-

010ba3d0df25

[4] L. Fawkes and G. Sansom, “Preliminary study of lead-contaminated drinking water in public 

parks,” International Journal of Environmental Research and Public Health, vol. 18, no. 12 

(2021), art. 6443. doi:10.3390/ijerph18126443

[5] Health Canada, Guidelines for Canadian Drinking Water Quality: Guideline Technical 

Document — Lead. Ottawa: Water and Air Quality Bureau, 2019.

[6] P. K. Rai, “Heavy metal pollution in aquatic ecosystems and its phytoremediation using 

wetland plants,” International Journal of Phytoremediation, vol. 10, no. 2 (2008), pp. 131–158. 

doi:10.1080/15226510801913918

[7] Safe Drinking Water Act Amendments of 1986, Pub. L. No. 99-339, §109(a), 100 Stat. 642 

(1986), codified at 42 U.S.C. §300g-6.

[8] U.S. Environmental Protection Agency, “National primary drinking water regulations for lead 

and copper; Final rule,” Federal Register, vol. 56, no. 110 (1991), pp. 26460–26564.

[9] U.S. Environmental Protection Agency, Accelerating the Removal of America's Lead Pipes: 

EPA's Proposed Updates to the Lead and Copper Rule, fact sheet, 17 October 2019.

[10] U.S. Environmental Protection Agency, “National primary drinking water regulations: Lead 

and Copper Rule Revisions,” Federal Register, vol. 86, no. 10 (2021), pp. 4198–4312.

[11] European Parliament and Council, Directive (EU) 2020/2184 of 16 December 2020 on the 

quality of water intended for human consumption (recast), OJ L 435 (2020), pp. 1–62.

[12] U.S. Environmental Protection Agency, Drinking Water Infrastructure Needs Survey and 

Assessment: Seventh Report to Congress, EPA 810-R-23-001 (2023).

[13] CDM Smith, Considerations When Costing Lead Service Line Identification and 

Replacement. Final report prepared for the American Water Works Association, November 

2022. U.S. EPA docket EPA-HQ-OW-2024-0561-0010, Attachment A.

[14] E. W. Betanzo and V. Speight, Lead Service Line Replacement Costs and Strategies for 

Reducing Them. Safe Water Engineering LLC, prepared for the Natural Resources Defense 

Council, February 2024.

[15] C. Cartier, M. Bannier, M. Pirog, S. Nour and M. Prévost, “A rapid method for lead service 

line detection,” Journal AWWA, vol. 104, no. 11 (2012), pp. E596–E607. 

doi:10.5942/jawwa.2012.104.0143

[16] Infrastructure Investment and Jobs Act, Pub. L. No. 117-58, 135 Stat. 429 (2021), Div. E, 

Title L, §50105.

9



References (2 of 2)

References

[17] T. M. Grzegorczyk, B. E. Barrowes, F. Shubitidze, J. P. Fernández and K. O'Neill, 

“Simultaneous identification of multiple unexploded ordnance using electromagnetic induction 

sensors,” IEEE Transactions on Geoscience and Remote Sensing, vol. 49, no. 7 (2011), pp. 

2507–2517. doi:10.1109/TGRS.2011.2108302

[18] F. Shubitidze, K. O'Neill, S. A. Haider, K. Sun and K. D. Paulsen, “Application of the method 

of auxiliary sources to the wide-band electromagnetic induction problem,” IEEE Transactions on 

Geoscience and Remote Sensing, vol. 40, no. 4 (2002), pp. 928–942. 

doi:10.1109/TGRS.2002.1006378

[19] F. Shubitidze, J. P. Fernández, B. E. Barrowes, I. Shamatava, A. Bijamov, K. O'Neill and D. 

Karkashadze, “The orthonormalized volume magnetic source model for discrimination of 

unexploded ordnance,” IEEE Transactions on Geoscience and Remote Sensing, vol. 52, no. 8 

(2014), pp. 4658–4670. doi:10.1109/TGRS.2013.2283346

[20] F. Shubitidze, B. E. Barrowes, I. Shamatava, J. P. Fernández and K. O'Neill, “The 

orthonormalized volume magnetic source technique applied to live-site UXO data: Inversion and 

classification studies,” SEG Technical Program Expanded Abstracts 2011, pp. 3766–3770. 

doi:10.1190/1.3627990

[21] M. Orman-Kollmar, R. Reynolds, B. E. Barrowes, M. Maxson, C. Hartshorn and F. 

Shubitidze, “Single-pass handheld and unmanned ultra-light electromagnetic arrays for UXO 

detection and classification,” FastTIMES (Environmental and Engineering Geophysical Society), 

vol. 28, no. 1 (2024). https://fasttimesonline.co/single-pass-handheld-and-unmanned-ultra-light-

electromagnetic-arrays-for-uxo-detection-and-classification/

[22] M. N. Nabighian and J. C. Macnae, “Time domain electromagnetic prospecting methods,” in 

Electromagnetic Methods in Applied Geophysics, vol. 2, M. N. Nabighian, Ed. Tulsa: Society of 

Exploration Geophysicists, 1991, pp. 427–520. doi:10.1190/1.9781560802686.ch6

[23] W. M. Haynes, Ed., CRC Handbook of Chemistry and Physics, 97th ed. Boca Raton: CRC 

Press, 2016, “Electrical resistivity of pure metals.”

[24] G. J. Palacky, “Resistivity characteristics of geologic targets,” in Electromagnetic Methods in 

Applied Geophysics, vol. 1, M. N. Nabighian, Ed. Tulsa: Society of Exploration Geophysicists, 

1988, pp. 52–129. doi:10.1190/1.9781560802631.ch3

[25] J. R. Wait, “Some solutions for electromagnetic problems involving spheroidal, spherical, 

and cylindrical bodies,” Journal of Research of the National Bureau of Standards B, vol. 64B, no. 

1 (1960), p. 15. doi:10.6028/jres.064b.002

[26] C. R. Hayes and N. D. Skubala, “Is there still a problem with lead in drinking water in the 

European Union?” Journal of Water and Health, vol. 7, no. 4 (2009), pp. 569–580. 

doi:10.2166/wh.2009.110

[27] C. Hayes and E. J. Hoekstra, Technical Digest on Lead in Drinking Water. Luxembourg: 

European Commission Joint Research Centre, EUR 24265 EN (2010). doi:10.2788/66352

[28] Drinking Water Inspectorate (England and Wales), lead-in-water reporting; industry 

replacement totals as compiled in press analysis, 2023.

[29] Conseil général de l'environnement et du développement durable, Plomb et qualité de l'eau 

potable, Report 008435-01. France, February 2013.

[30] Umweltbundesamt, Bleileitungen in der Trinkwasser-Installation, Texte 74/2023. Dessau-

Roßlau, Germany, 2023.

[31] A. Dash, M. Dignum and M. Blokker, “Dutch drinking water sector readiness for stricter 

European Union lead norm,” Cambridge Prisms: Water, vol. 4 (2026), art. e17. 

doi:10.1017/wat.2026.10026

10


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10

