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Subject: LNAPL and Screening Level Evaluation at the ExxonMobil/ADC Property and Site 

Everett, Washington 
  

This technical memorandum outlines the methodology used to determine conservative screening 
concentrations for light non-aqueous phase liquids (LNAPLs) used as remediation levels for the 
ExxonMobil/ADC property and Site, located in Everett Washington (“the Site”). This memorandum 
includes a brief review of the paper (attached) used to characterize the site’s LNAPLs (Brost and DeVaull, 
2002), an assessment of site-specific data, and a summary of how these site-specific data were used to 
develop remedial cleanup alternatives in the Site Characterization/Focused Feasibility Study (SC-FFS) 
Report for the Site (Wood 2019).1 

Background 
Source Area Alternative 1: LNAPL Area Excavation and Natural Source Zone Attenuation was identified in 
the SC-FFS Report as the preferred cleanup remedy for the Site. This alternative involves excavation and 
landfill disposal of soils in accessible areas of the site where potentially mobile LNAPL may be present. 
Areas to be excavated consist of areas where (1) LPH has been observed in wells, or (2) levels of total 
petroleum hydrocarbons (TPH) have exceeded residual saturation concentrations at some point during 
several decades of environmental investigations and interim remedial activities at the Site. Elevated levels 
of TPH at the site have occurred in three separate fractions, namely gasoline-range TPH (TPH-G), diesel-
range TPH (TPH-D), and oil-range TPH (TPH-O). Some of the historical investigations at the site did not 
include analyses for separate fractions, but rather analyzed for undifferentiated TPH. 

The residual saturation concentrations for the individual TPH fractions were determined based on the 
paper Non-Aqueous Phase Liquid (NAPL) Mobility Limits in Soil (Brost and DeVaull 2000).2 The data and 
methods cited by Brost and DeVaull were used to help characterize the LNAPL at the Site. The residual 
LNAPL concentration (technically referred to as “residual saturation”) in soil is defined as the 

 
1 Wood Environment & Infrastructure Solutions, Inc. (Wood). 2019. Site characterization/focused feasibility study 
report, ExxonMobil/ADC Property, Ecology Site ID 2728, Everett, Washington. Prepared for ExxonMobil Oil 
Corporation and American Distributing Company. August 23. 
2 Brost, E.J., and DeVaull, G.E. 2000. Non-aqueous phase liquid (NAPL) mobility limits in soil. API Soil and Groundwater 
Research Bulletin No. 9. American Petroleum Institute. June. 
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concentration below which TPH, if present, will not migrate due to water flow or gravity. The TPH remains 
immobile because when TPH concentrations are below the residual saturation concentration, the capillary 
forces in the soil exceed gravitational forces and forces associated with groundwater flow that mobilize 
the LNAPL. The residual LNAPL concentration in soil depends on many factors, including the liquid 
density, surface tension, liquid viscosity, soil porosity, soil organic carbon fraction, soil moisture content, 
and soil heterogeneity. For concentrations exceeding the residual saturation threshold, gravitational and 
groundwater flow can exceed capillary forces resulting in a mobile LNAPL. As the LNAPL migrates through 
unaffected soil, some residual chemical is retained in the soil column. Thus, the volume of mobile LNAPL is 
depleted farther from the source area and the LNAPL in residual saturation will ultimately become 
immobile. 

In a laboratory, residual saturation is determined by saturating a soil core with a given LNAPL, then 
flooding the soil core with water until several pore volumes of water have passed through the core. The 
core is then analyzed to determine how much of the parent material remains present in the core and 
immobilized in residual saturation. This type of test was developed for oil reservoir engineering in 
determining how much oil can be recovered from a given rock formation. 

Residual saturation concentrations are typically a fraction of the available soil porosity, which typically 
ranges from 30% to 40% for a given soil sample. Residual saturation concentrations are lowest for 
gasoline hydrocarbons and highest for oil-range hydrocarbons due to the higher surface tension and 
viscosity in the longer-chain hydrocarbons. Diesel-range hydrocarbon residual saturation concentrations 
would be at intermediate values between the gasoline and heavy oil-range hydrocarbons.  

As noted above, residual saturation concentrations vary based on characteristics of the soil and the LNAPL 
constituents. The ranges of residual saturation concentrations across a variety of soil types are presented 
below for the three hydrocarbon fractions: 

• Gasoline-range hydrocarbons: 1,700 mg/kg to 10,000 mg/kg; 

• Diesel-range hydrocarbons: 2,300 mg/kg to 27,000 mg/kg; and 

• Oil-range hydrocarbons: 5,100 mg/kg to 50,000 mg/kg. 

A concentration of 10,000 mg/kg is equivalent to 1% of the LNAPL constituents by mass. Coarser soils like 
gravels have lower residual saturation concentrations than finer grained silts and silty sands (Brost and 
DeVaull, 2002). According to Brost and DeVaull, the screening levels become increasingly more 
conservative for less-soluble, less-volatile hydrocarbons, such as diesel and oil. 

Because the residual LNAPL saturation threshold is dependent on site-specific LNAPL and soil properties, 
the measured concentrations of immobile LNAPL reported in literature vary considerably. While site-
specific soil and LNAPL data are required to empirically calculate the residual LNAPL saturation threshold, 
conservative screening values for LNAPL mobility can be estimated using historical analytical results for 
hydrocarbons in soil at the Site. The screening values recommended according to the Brost and DeVaull 
(2000) method are intended to be the worst-case estimates for mobility.  

Assessment of site data and screening levels 
The behavior of LNAPL at the Exxon-Mobil/ADC Site under both active and passive recovery techniques 
suggests that most of the LNAPL at the Site is in residual saturation and can be mobilized only under the 
extreme hydraulic gradients induced by dewatering, as documented in the SC-FFS Report. Many soil 
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samples have been collected at the Site, both on- and off-property, over many years of site investigation 
and interim remedial measures. The hydrocarbon concentrations measured from these investigations 
were examined to determine which range of concentrations measured at the Site represent the likely 
residual saturation concentration and those concentrations likely to represent mobile LNAPL.  

Tables 1 through 3 present a complete list of historical soil analytical results at the Site for each of the 
three TPH fractions when the analyte was detected above the reporting limit, with results sorted from 
highest to lowest detected concentration. Wood examined these data with respect to the likely ranges of 
residual saturation that would be expected for each respective hydrocarbon mixture based on similar 
hydrocarbon mixtures measured and summarized by Brost and DeVaull (2000). Site soil analytical data 
vary over many orders of magnitude from just above the reporting limit to several thousands of 
milligrams per kilogram in concentration. The data in Tables 1 through 3 were examined to identify 
concentrations near the ranges cited for sands and silty sands in the Brost and DeVaull paper. A large 
difference between successive values in the ascending concentrations would suggest an inflection point 
where residual saturation conditions were likely encountered in a given sample. These gaps in the 
ascending concentrations varied over a certain range due to slight differences in soil grain size. A second 
large gap in concentration at higher levels was considered to indicate an inflection point where residual 
saturation levels were likely exceeded and potentially mobile LNAPL had been encountered. 

The concentrations below the lowest residual saturation concentrations are considered to represent 
hydrocarbon which has been attenuated due to source zone depletion or dissolved hydrocarbons present 
in the soil. 

By applying the reasoning described above to the distribution of TPH data presented in Tables 1 
through 3, the following ranges of concentrations were used to define residual saturation concentrations 
for the three TPH fractions: 

• TPH-G: 2,470 to 3,410 mg/kg, 

• TPH-D: 4,800 to 8,840 mg/kg, and 

• TPH-O: 5,810 to 11,000 mg/kg. 

The undifferentiated TPH results are not presented in Tables 1 through 3. However, the residual saturation 
levels for TPH-G were applied in the SC-FFS for these undifferentiated TPH analyses to identify areas of 
residual saturation or mobile LNAPL, as those concentrations were most conservative. The lowest values in 
these ranges were applied as screening levels in the draft SC-FFS Report (Wood 2019), which was 
presented to the Washington State Department of Ecology (Ecology) on August 23, 2019. Hydrocarbons 
within these ranges were assumed to be present in residual saturation at the applicable sampling point. 
LNAPL was assumed to be present when concentrations exceeded the upper limit of the residual 
saturation concentrations. Diesel-range hydrocarbons (TPH-D) had the most reported detections. 
Sampling locations with TPH results greater than the applicable screening level were used in the SC-FFS to 
identify the area of LNAPL/residual saturation to be excavated. The preferred alternative includes removal 
and off-site disposal of soils both on- and off-property that exceeded the screening levels. 

When soils with residually saturated hydrocarbons are disturbed during excavation at or below the water 
table, they may produce a sheen. However, soils containing hydrocarbons at concentrations below 
residual saturation are also capable of producing a sheen. Because the presence of a sheen does not 
mean that mobile LNAPL is present, laboratory analytical data will be used to determine the extent of 
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excavation. We anticipate that Ecology will likewise require that excavation limits be decided based on 
results of analytical laboratory testing. 

Incorporation into the Site characterization/focused feasibility study 
report 
In preparing source area alternatives for the SC-FFS, potential residual saturation levels for TPH fractions 
were selected based on the sand and silty sand soil types typically encountered during historical soil 
sampling conducted at the Site. Source Area Alternative 1, which was selected as the preferred remedy by 
Ecology, includes the excavation to the maximum extent practicable of accessible source area soils 
impacted by LNAPL and/or TPH above residual saturation levels. Although ExxonMobil/ADC initially 
proposed using the upper limit of residual saturation discussed above, they agreed to use the lower limit 
of residual saturation concentrations after discussions with Ecology. Soils that exceeded the lower 
concentration screening level would be targeted for cleanup, and soils below the lower screening level 
would be left in place. Natural source zone attenuation would address these soils. 

ExxonMobil/ADC and Ecology agree that site-specific soil core and residual saturation data may 
potentially be collected in the future as part of remedial design to further define the extent of residually 
saturated soils at the site. However, the values presented above were sufficiently conservative for the 
purpose of the SC-FFS in selecting the preferred remedial alternative. 

Sincerely, 

Cardno Wood Environment & Infrastructure 
Solutions, Inc.  

John D. Long, LG, LHg 
Senior Geologist 

Leah R. Vigoren 
Project Manager 

Direct Tel.: (206) 713-9499 Direct Tel.: (206) 838-8470
Fax:  (206) 342-1761
E-mail: leah.vigoren@woodplc.com

JDL/LRV:al 
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Attachments: 
Table 1. TPH-G Concentrations in Soil Data 
Table 2. TPH-D Concentrations in Soil Data 
Table 3. TPH-O Concentrations in Soil Data 
Attachment A Non-Aqueous Phase Liquid (NAPL) Mobility Limits in Soil (Brost and DeVaull 2000) 



Sample ID Sampling Date

TPH-G 

Concentration

BN01-113011_11302011 12/5/2011 57,500

BN-P-01_12142011 12/16/2011 6,050

UG-9 2.5-4.5 09/26/00 6,050

UG-8 5-7 09/26/00 3,410

B-34/S-5_14 12/06/93 2,600

CE7-6_06132011 06/13/11 2,470

CE-SB02-5-101413 10/14/13 1,920

EA-SB06-6-102813 10/28/13 1,480

PE-SB02-7-102213 10/22/13 1,330

EA-SB06-5-101413 10/14/13 1,200

GP-9_8 03/20/96 880

AB5A  3-3.5_06222010 06/22/10 804

DUP 1 02/22/10 711

EA-SB01-5-101413 10/14/13 697

B-34/S-2_5.5 12/06/93 670

AP5-1.5_12072010 12/07/10 652

UG-9 10-12 09/26/00 630

EA-SB04-5-101713 10/17/13 613

B-POE 11/03/10 579

FA-SB02-5-101513 10/15/13 432

PE-SB07-5-020314 02/03/14 384

FA-SB06-7.5-102513 10/25/13 381

CE 2-4.5 02/22/10 367

B-WROW 07/01/10 365

AB2  4.5-5_06212010 06/21/10 354

CE 2-7' 02/22/10 348

SA-B-3_01032012 01/03/12 338

CE-SB01-9.5-102313 10/23/13 318

SA-B-4_01052012 01/05/12 315

DUP-1-111230_12302011 12/30/11 297

SA-B-1_12302011 12/30/11 249

PE-SB03-5-101613 10/16/13 210

A2_S-2-020408 02/04/08 203

PE-SB07-7-020714 02/07/14 193

AP6-1_11302010 11/30/10 184

MW-37/S-1_4 12/06/93 180

FA-SB03-6.5-102413 10/24/13 175

UG-1 5-7 09/25/00 173

MW-37/S-3_14 12/06/93 170

A1_S-2-020408 02/04/08 168

EA-SB05-5-102913 10/29/13 165

GP-11_6.5 03/20/96 160

GP-7_5.5 03/20/96 150

CE7-2_06132011 06/13/11 142

AB5-5_06252010 06/25/10 131

DUP-03-103013 10/30/13 124

PE-SB07-9-020714 02/07/14 123

EA-SB02-5-101413 10/14/13 120

PE-SB04-4-102213 10/22/13 115

TABLE 1: TPH-G CONCENTRATIONS IN SOIL DATA

ExxonMobil/ADC Property, Everett, Washington

(concentrations in milligrams per kilogram)
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Sample ID Sampling Date

TPH-G 

Concentration

TABLE 1: TPH-G CONCENTRATIONS IN SOIL DATA

ExxonMobil/ADC Property, Everett, Washington

(concentrations in milligrams per kilogram)

FA-SB01-5.5-101513 10/15/13 110

UG-3 7.5-9.5 09/25/00 108

FA-SB04-4-102413 10/24/13 106

EA-SB03-5-103013 10/30/13 98.6

CE 3-4.5 02/22/10 89.8

PE-SB08-11.5-020614 02/06/14 61.3

UG-2 10-12 09/25/00 55.3

DUP6-120710_12072010 12/07/10 51.8

MW-33/S-2_6.5 12/06/93 49.0

SA-B-7_02092012 02/09/12 46.7

PE-SB09-5.5-0210114 02/10/14 45.2

AP5-1_11302010 11/30/10 44.8

AP7-10_12072010 12/07/10 44.3

AP1-5_06242010 06/24/10 44.1

CE-SB01-4-102313 10/23/13 42.2

CE8-8_06132011 06/13/11 33.1

MW-31/S-3_14 12/06/93 31.0

FA-SB03-4-102413 10/24/13 30.3

MW-36/S-1_4 12/06/93 30.0

FA-SB05-4-102413 10/24/13 29.6

DUP1-061311_06132011 06/13/11 27.4

JP7-1 06/21/01 26.5

EA-SB01-20-102813 10/28/13 25.2

PE-SB07-13-020714 02/07/14 22.8

DM-7-99-5 12/08/99 20.1

KC-SB02-5-020414 02/04/14 15.7

FA-SB07-4-102513 10/25/13 14.3

PE-SB07-15-020714 02/07/14 14.3

FA-SB06-4-102513 10/25/13 13.8

PE-SB02-20-102213 10/22/13 13.2

DM-6-99-5 12/06/99 10.5

FA-SB06-20-102513 10/25/13 9.12

JP4-3 06/21/01 6.04

PE-SB08-21-020614 02/06/14 5.45

CE8-2.2_06132011 06/13/11 5.41

GP-8_7 03/20/96 3.90

CE6-7.5_06132011 06/13/11 3.83

TP-3_3.5_12/06/93 12/06/93 3.40

MW-35/S-3_14 12/06/93 1.30

CE6-4_06132011 06/13/11 1.12

Notes

Cells in orange are defined as LNAPL.

Cells in yellow are defined as residually saturated.

Abbreviations

LNAPL = light non-aqueous phase liquid

TPH-G = total petroleum hydrocarbon - gasoline
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Sample ID Sampling Date

TPH-D 

Concentration

BN01-113011_11302011 12/5/2011 410,000

BN-P-01_12142011 12/16/2011 192,000

UG-1 5-7 09/25/00 27,100

EA-SB01-5-101413 10/14/13 25,100

GP-9_8 03/20/96 12,000

AB5-5_06252010 06/25/10 8,840

PE-SB02-7-102213 10/22/13 8,790

AP5-14.5_12072010 12/07/10 8,660

UG-9 2.5-4.5 09/26/00 8,560

FA-SB02-5-101513 10/15/13 8,360

AB5A  3-3.5_06222010 06/22/10 7,580

CE-2 1-4' COMP 02/18/10 5,800

CE7 0.5-5_06132011 06/13/11 5,600

PE-SB07-5-020314 02/03/14 5,550

B-POE 11/03/10 5,540

CE6 5-8_06132011 06/13/11 5,390

CE8 0.5-5_06132011 06/13/11 5,290

PE-SB03-5-101613 10/16/13 5,180

UG-8 5-7 09/26/00 5,180

A1_S-2-020408 02/04/08 5,160

B-34/S-5_14 12/06/93 4,800

PE-SB07-7-020714 02/07/14 4,220

GP-7_5.5 03/20/96 3,800

MW-37/S-1_4 12/06/93 3,500

B-WROW 07/01/10 3,400

FA-SB06-7.5-102513 10/25/13 3,130

DUP2-061311_06132011 06/13/11 2,580

CE8 5-10_06132011 06/13/11 2,540

A2_S-2-020408 02/04/08 2,370

UG-9 10-12 09/26/00 2,170

CE 3  4-8' COMP 02/22/10 2,040

AP6-1_11302010 11/30/10 1,990

EA-SB02-5-101413 10/14/13 1,840

CE7 5-8_06132011 06/13/11 1,740

CE-SB02-5-101413 10/14/13 1,670

PE-SB07-9-020714 02/07/14 1,440

GP-3_6 03/20/96 1,370

EA-SB05-5-102913 10/29/13 1,300

EA-SB06-5-101413 10/14/13 1,200

MW-33/S-2_6.5 12/06/93 1,100

AP1-5_06242010 06/24/10 989

SA-B-7_02092012 02/09/12 822

CE-SB01-9.5-102313 10/23/13 786

AB2  4.5-5_06212010 06/21/10 752

EA-SB06-6-102813 10/28/13 750

(concentrations in milligrams per kilogram)

TABLE 2: TPH-D CONCENTRATIONS IN SOIL DATA

ExxonMobil/ADC Property, Everett, Washington
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Sample ID Sampling Date

TPH-D 

Concentration

(concentrations in milligrams per kilogram)

TABLE 2: TPH-D CONCENTRATIONS IN SOIL DATA

ExxonMobil/ADC Property, Everett, Washington

EA-SB03-5-103013 10/30/13 721

DUP6-120710_12072010 12/07/10 717

GP-5_8.5 03/20/96 703

MW-36/S-1_4 12/06/93 700

FA-SB01-5.5-101513 10/15/13 662

AP7-10_12072010 12/07/10 553

DUP-03-103013 10/30/13 534

B-34/S-2_5.5 12/06/93 500

CE 2  4-8' COMP 02/22/10 494

PE-SB08-11.5-020614 02/06/14 484

DM-7-99-5 12/08/99 482

AP5-1.5_12072010 12/07/10 440

GP-12_12.5 03/20/96 414

UG-7 2.5-4.5 09/26/00 402

GP-10_7 03/20/96 383

GP-12_11 03/20/96 382

MW-37/S-3_14 12/06/93 380

JP2-3 06/21/01 379

DUP 2 COMP 02/22/10 369

UG-2 10-12 09/25/00 364

GP-2_11.5 03/20/96 322

GP-4_6 03/20/96 297

SA-B-10_03272012 03/27/12 291

GP-1_10 03/20/96 276

MWA6-20_06252010 06/25/10 273

JP7-1 06/21/01 264

EA-SB04-5-101713 10/17/13 249

CE1 6.5-8' 02/19/10 237

JP5-3 06/21/01 210

UG-3 7.5-9.5 09/25/00 190

CE-4 0.5-4' COMP 02/18/10 189

EA-SB03-12-103013 10/30/13 180

JP4-3 06/21/01 180

DUP-1-111230_12302011 12/30/11 156

UG-11 5-7 09/26/00 153

FA-SB03-4-102413 10/24/13 144

JP2-0 06/21/01 134

FA-SB04-4-102413 10/24/13 105

SA-B-11_03272012 03/27/12 99.5

PE-SB09-5.5-0210114 02/10/14 96.3

KC-SB02-5-020414 02/04/14 95.1

EA-SB01-20-102813 10/28/13 87.2

FA-SB06-4-102513 10/25/13 86.1

FA-SB03-6.5-102413 10/24/13 77.6

GP-8_7 03/20/96 77.0
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Sample ID Sampling Date

TPH-D 

Concentration

(concentrations in milligrams per kilogram)

TABLE 2: TPH-D CONCENTRATIONS IN SOIL DATA

ExxonMobil/ADC Property, Everett, Washington

A1_S-1-020408 02/04/08 74.1

JP1-4.5 06/21/01 73.8

PE-SB07-13-020714 02/07/14 68.5

SA-B-1_12302011 12/30/11 61.6

SA-B-9_03272012 03/27/12 61.3

PE-SB06-7.5-020714 02/07/14 49.5

FA-SB05-4-102413 10/24/13 49.3

MW-31/S-3_14 12/06/93 49.0

EA-SB02-21-102813 10/28/13 46.4

DUP 2_06242010 06/24/10 46.1

AP6-23_12022010 12/02/10 45.3

AB1-14_12032010 12/03/10 44.7

AB1A-14_12032010 12/03/10 44.7

AP5-1_11302010 11/30/10 44.4

DM-8-99-5 12/01/99 44.4

DM-6-99-5 12/06/99 44.3

GP-11_6.5 03/20/96 40.2

A2_S-1-020408 02/04/08 33.3

SA-B-2_12302011 12/30/11 30.9

GP-5_3 03/20/96 30.4

BN-SB05-4-102113 10/21/13 27.1

JP6-6 06/21/01 26.6

PE-SB07-20-020714 02/07/14 25.1

PE-SB08-21-020614 02/06/14 24.9

MWA6-12_06252010 06/25/10 23.8

MW-36/S-3_14 12/06/93 22.0

EA-SB06-12-102813 10/28/13 21.8

CE-SB01-4-102313 10/23/13 20.2

DUP-1-020714 02/07/14 17.6

MW-32/S-3_14 12/06/93 17.0

CE4 5-7' COMP 02/19/10 16.0

MW-35/S-3_14 12/06/93 16.0

TP-3_3.5_12/06/93 12/06/93 16.0

GP-13_10 03/20/96 15.0

PE-SB05-9-020714 02/07/14 15.0

AP1-15_06242010 06/24/10 14.2

KC-SB02-7-021014 02/10/14 13.4

DUP5-120210_12022010 12/02/10 13.2

BN-SB04-4-102113 10/21/13 13.2

BN-SB08-5.5-020414 02/04/14 13.2

MW-31/S-1_4 12/06/93 13.0

BN-SB07-4-101813 10/18/13 12.8

PE-SB07-15-020714 02/07/14 12.5

MWA4-15_06242010 06/24/10 12.1

SA-B-5_01062012 01/06/12 11.1
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Sample ID Sampling Date

TPH-D 

Concentration

(concentrations in milligrams per kilogram)

TABLE 2: TPH-D CONCENTRATIONS IN SOIL DATA

ExxonMobil/ADC Property, Everett, Washington

MW-33/S-5_14 12/06/93 11.0

CE-5 0.5-4' COMP 02/18/10 10.1

MW7A-1_11302010 11/30/10 10.0

PE-SB08-23-020614 02/06/14 9.45

PE-SB06-11.5-020714 02/07/14 8.97

AP3-1_11302010 11/30/10 8.37

MWA3-10_06242010 06/24/10 7.63

MWA4-20_06242010 06/24/10 7.25

AP4-1_11302010 11/30/10 6.95

CE5 5-8' COMP 02/19/10 6.58

GP-8_8 03/20/96 6.55

PE-SB08-7.5-020614 02/06/14 6.12

EA-SB06-20-102813 10/28/13 6.05

PE-SB03-20-102213 10/22/13 5.98

PE-SB10-8.5-020614 02/06/14 5.63

AB1-27_12032010 12/03/10 5.20

DUP-2-021014 02/10/14 5.08

KC-SB02-20-021014 02/10/14 5.08

AP6-30_12022010 12/02/10 3.43

AP7-1_10282010 10/28/10 3.04

MW-7AB_12012010 12/01/10 2.36

CE6 0.5-5_06132011 06/13/11 1.47

Notes

Cells in orange are defined as LNAPL.

Cells in yellow are defined as residually saturated.

Abbreviations

LNAPL = light non-aqueous phase liquid

TPH-D = total petroleum hydrocarbon diesel
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Sample ID Sampling Date

TPH-O 

Concentration

BN01-113011_11302011 12/5/2011 156,000

BN-P-01_12142011 12/16/2011 129,000

UG-1 5-7 09/25/00 52,300

AB5-5_06252010 06/25/10 11,000

AP5-14.5_12072010 12/07/10 8,980

CE8 0.5-5_06132011 06/13/11 5,810

CE7 0.5-5_06132011 06/13/11 4,620

B-POE 11/03/10 4,560

GP-7_5.5 03/20/96 4,300

PE-SB02-7-102213 10/22/13 3,450

EA-SB01-5-101413 10/14/13 3,240

GP-9_8 03/20/96 2,900

CE8 5-10_06132011 06/13/11 2,850

DUP2-061311_06132011 06/13/11 2,820

PE-SB07-5-020314 02/03/14 2,700

PE-SB07-7-020714 02/07/14 2,200

CE7 5-8_06132011 06/13/11 2,030

UG-7 2.5-4.5 09/26/00 1,860

PE-SB03-5-101613 10/16/13 1,590

AP1-5_06242010 06/24/10 1,360

CE6 5-8_06132011 06/13/11 1,220

SA-B-7_02092012 02/09/12 1,040

JP2-3 06/21/01 942

JP7-1 06/21/01 923

SA-B-10_03272012 03/27/12 907

DUP6-120710_12072010 12/07/10 861

AP7-10_12072010 12/07/10 836

AB2  4.5-5_06212010 06/21/10 803

PE-SB08-11.5-020614 02/06/14 748

UG-8 5-7 09/26/00 730

CE-2 1-4' COMP 02/18/10 661

CE-SB01-9.5-102313 10/23/13 661

PE-SB04-4-102213 10/22/13 649

SA-B-9_03272012 03/27/12 649

SA-B-11_03272012 03/27/12 641

EA-SB02-5-101413 10/14/13 581

EA-SB05-5-102913 10/29/13 571

MWA8-6-102913 10/29/13 535

PE-SB06-7.5-020714 02/07/14 511

MWA6-20_06252010 06/25/10 482

PE-SB07-9-020714 02/07/14 450

CE-4 0.5-4' COMP 02/18/10 446

PE-SB09-5.5-0210114 02/10/14 435

EA-SB03-12-103013 10/30/13 410

B-WROW 07/01/10 406

(concentrations in milligrams per kilogram)

TABLE 3: TPH-O CONCENTRATIONS IN SOIL DATA

ExxonMobil/ADC Property, Everett, Washington
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Sample ID Sampling Date

TPH-O 

Concentration

(concentrations in milligrams per kilogram)

TABLE 3: TPH-O CONCENTRATIONS IN SOIL DATA

ExxonMobil/ADC Property, Everett, Washington

JP5-3 06/21/01 375

AP5-1_11302010 11/30/10 369

DUP-1-111230_12302011 12/30/11 363

EA-SB03-5-103013 10/30/13 357

UG-2 10-12 09/25/00 353

FA-SB02-5-101513 10/15/13 343

JP2-0 06/21/01 341

UG-9 2.5-4.5 09/26/00 327

UG-9 10-12 09/26/00 320

CE 3  4-8' COMP 02/22/10 304

A2_S-1-020408 02/04/08 290

CE1 6.5-8' 02/19/10 286

A2_S-2-020408 02/04/08 279

FA-SB03-4-102413 10/24/13 270

DUP-03-103013 10/30/13 249

BN-SB05-4-102113 10/21/13 236

MW7A-1_11302010 11/30/10 228

DM-7-99-5 12/08/99 225

CE-SB02-5-101413 10/14/13 205

SA-B-3_01032012 01/03/12 189

FA-SB01-5.5-101513 10/15/13 186

AP5-1.5_12072010 12/07/10 176

UG-11 5-7 09/26/00 176

SA-B-8_03262012 03/26/12 173

GP-8_7 03/20/96 160

EA-SB05-20-102913 10/29/13 149

AP6-1_11302010 11/30/10 129

SA-B-2_12302011 12/30/11 125

SA-B-4_01052012 01/05/12 123

SA-B-1_12302011 12/30/11 122

AP7-1_10282010 10/28/10 119

MWA6-12_06252010 06/25/10 119

FA-SB07-4-102513 10/25/13 112

AP4-1_11302010 11/30/10 111

KC-SB01-5-103013 10/30/13 109

FA-SB06-4-102513 10/25/13 107

AP3-1_11302010 11/30/10 106

FA-SB04-4-102413 10/24/13 103

DM-8-99-5 12/01/99 102

DUP-04-103013 10/30/13 102

JP1-4.5 06/21/01 100

DUP 2_06242010 06/24/10 81.1

A1_S-1-020408 02/04/08 79.5

UG-3 7.5-9.5 09/25/00 79.5

FA-SB03-6.5-102413 10/24/13 78.1
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Sample ID Sampling Date

TPH-O 

Concentration

(concentrations in milligrams per kilogram)

TABLE 3: TPH-O CONCENTRATIONS IN SOIL DATA

ExxonMobil/ADC Property, Everett, Washington

JP6-6 06/21/01 69.3

EA-SB02-21-102813 10/28/13 64.1

DUP-1-020714 02/07/14 62.2

DUP 2 COMP 02/22/10 60.8

FA-SB05-4-102413 10/24/13 60.0

GP-11_6.5 03/20/96 60.0

EA-SB06-12-102813 10/28/13 59.7

JP4-3 06/21/01 58.2

CE 2  4-8' COMP 02/22/10 55.9

BN-SB04-4-102113 10/21/13 54.6

PE-SB05-9-020714 02/07/14 50.7

EA-SB04-5-101713 10/17/13 50.1

EA-SB01-20-102813 10/28/13 49.1

PE-SB06-11.5-020714 02/07/14 49.0

KC-SB02-7-021014 02/10/14 46.9

GP-13_10 03/20/96 41.0

CE-5 0.5-4' COMP 02/18/10 40.6

CE4 5-7' COMP 02/19/10 40.5

SA-B-5_01062012 01/06/12 40.2

AP6-23_12022010 12/02/10 37.1

AP1-15_06242010 06/24/10 35.5

AP2-1_11302010 11/30/10 32.5

BN-SB06-4-102113 10/21/13 30.0

PE-SB07-13-020714 02/07/14 29.7

PE-SB08-21-020614 02/06/14 27.9

PE-SB07-20-020714 02/07/14 24.8

BN-SB07-4-101813 10/18/13 23.4

DUP-2-021014 02/10/14 22.4

MWA3-10_06242010 06/24/10 22.1

AB1-14_12032010 12/03/10 21.9

AB1A-14_12032010 12/03/10 21.9

CE5 5-8' COMP 02/19/10 20.7

PE-SB05-20-020714 02/07/14 20.7

CE-SB01-4-102313 10/23/13 19.2

BN-SB08-5.5-020414 02/04/14 19.1

BN-SB09-9-020414 02/04/14 19.1

MWA4-20_06242010 06/24/10 17.0

AP4-6_12072010 12/07/10 16.6

KC-SB02-20-021014 02/10/14 16.3

BN-SB07-24-101813 10/18/13 16.0

AP3-9_12072010 12/07/10 15.7

MWA4-15_06242010 06/24/10 12.2

DUP5-120210_12022010 12/02/10 10.5

AB3-20_06222010 06/22/10 9.40

AB1-27_12032010 12/03/10 9.37
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Sample ID Sampling Date

TPH-O 

Concentration

(concentrations in milligrams per kilogram)

TABLE 3: TPH-O CONCENTRATIONS IN SOIL DATA

ExxonMobil/ADC Property, Everett, Washington

AP2-14_12072010 12/07/10 8.98

PE-SB08-23-020614 02/06/14 8.97

CE6 0.5-5_06132011 06/13/11 8.46

AB4-17_06232010 06/23/10 8.36

PE-SB09-20-0210114 02/10/14 8.33

PE-SB07-17-020714 02/07/14 8.08

EA-SB03-20-103013 10/30/13 7.46

MWA3-20_06242010 06/24/10 6.81

CE-1 0.5-3' COMP 02/18/10 6.79

AB2-14_06232010 06/23/10 6.54

EA-SB06-20-102813 10/28/13 6.42

SA-B-6_01132012 01/13/12 5.98

KC-SB02-5-020414 02/04/14 5.93

AB5-22_06252010 06/25/10 5.45

MWA5-10_06242010 06/24/10 4.70

MWA5-20_06242010 06/24/10 4.06

MW-7AB_12012010 12/01/10 2.93

AP6-30_12022010 12/02/10 2.39

Notes

Cells in orange are defined as LNAPL.

Cells in yellow are defined as residually saturated.

Abbreviations

LNAPL = light non-aqueous phase liquid

TPH-O = total petroleum hydrocarbon - motor oil
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assessment. This paper is confined to discussion of the mobility
of non-aqueous phase liquids, either as pure chemicals or as 
chemical mixtures.

Many organic chemicals, including hydrocarbons, are nearly
immiscible in water. Release of a non-aqueous phase liquid
(NAPL) to near-surface unsaturated soil can result in downward
gravity-driven migration of the NAPL towards the water table.
At the water table, light nonaqueous phase liquids (LNAPL),
including petroleum, which are less dense than water, will
mound and spread horizontally. LNAPL may also move with 
the groundwater gradient. Dense nonaqueous phase liquids
(DNAPL) will migrate downward, mound, and spread 
horizontally, until a path of least resistance further downward
into the saturated region is found. This could be when the 
accumulation is great enough to exceed the capillary entry 
pressure into the saturated zone, or when the DNAPL mound
reaches a region of high vertical permeability, or when it reaches
a fracture.

The volume of mobile NAPL depletes as immobile residual
chemical is left behind through the soil column in which the
NAPL is descending. NAPL migration may be limited by this
depletion, or by physical barriers, such as low permeability 
layers. Our intent in this paper is to determine conservative
NAPL concentrations in unsaturated soil, below which the NAPL
will be immobile. By "conservative" we mean under-predicting
the concentration at which mobility would actually occur. 

PRESENCE OF A NAPL IN SOIL
For a pure chemical, NAPL will not be present at concentrations
below the soil saturation limit (USEPA, 1996; ASTM E1739,
PS104-98), defined as:

[1]

with

Csat,soil,i soil saturation limit for chemical i (mg/kg)

Si pure chemical aqueous solubility limit for 
chemical i (mg/L)

θw soil water content (cm3-water/cm3-soil)

SOIL & GROUNDWATER
RESEARCH BULLETIN

ABSTRACT
Conservative screening concentrations for non-aqueous phase
liquids (NAPL) that could be considered immobile in unsaturat-
ed zone soils are presented. Total concentrations measured at a
crude oil or petroleum product release site (using total petrole-
um hydrocarbon [TPH] or a similar analysis method) can be
compared to the screening concentrations to determine the
potential for NAPL to migrate in soil. The screening values are
based on an analysis of published data for a range of soil texture
classifications and a range of NAPL density from 0.7 to 1.5
g/cm3.

The paper includes summary tables and histograms of residual
NAPL void fraction, Sr, as a function of soil type. These provide
a basis for selecting conservative values used in calculating
screening concentrations for immobile NAPL.  For example, in
medium to coarse sands, with Sr = 0.06 cm3-oil/cm3-void, one
would expect that NAPL would be immobile in 90% of samples
with equivalent NAPL concentration levels for this soil type. 

Measured concentrations of immobile NAPL reported in the lit-
erature vary considerably with soil type, chemical composition,
and the measurement method.  The proposed screening levels
are conservative (lower range) estimates within the range of
measured residual NAPL concentration values. Higher values
could be applicable in many cases, both in unsaturated and sat-
urated soil conditions.

This paper addresses immobile bulk NAPL in soils at concen-
trations up to the threshold of mobility. This document does not
address the movement and flow of NAPL, the dissolution of
NAPL chemical into soil pore water solution, nor NAPL
volatilization into soil pore air. Transport by these mechanisms
may be estimated using other published and accepted methods.

INTRODUCTION
Organic chemicals released to soil may migrate as vapors in soil
gas, as dissolved constituents in soil pore water, or as a bulk
phase liquid which is immiscible in water.  Assessment of poten-
tial migration pathways for chemical releases into the 
environment are discussed in several related documents
(USEPA 1996, 1991; ASTM E1739, PS104-98). These 
migration pathways are important in a general risk-based site
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Petroleum Institute & GRI.
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Koc,i organic carbon/water partition coefficient 
for chemical i (L-water/kg-oc)

foc mass fraction of organic carbon in soil (g-oc/g-soil)

ρs dry soil bulk density (g/cm3)

Hi Henry's law coefficient for chemical i 
(cm3-water/cm3-air)

θa soil air content (cm3-air/cm3-soil)

For a pure chemical, Csat,soil is a value above which the chemical
is present in soil pore water at its aqueous solubility limit, and is
present in soil pore air at its saturated vapor concentration.
Equilibrium partitioning of the chemical between soil (sorbed),
pore water, and pore vapors at concentrations below Csat,soil,i is
presumed.

For mixtures of miscible chemicals that are fractionally soluble
in water, including petroleum, the concentration at which NAPL
will be present is a function of the mixture composition. The soil
saturation limit for the mixture, using methods presented in
Johnson et al., (1990), Mott (1995), and Mariner (1997), is:

[2]

with

Csat,soil,T soil saturation limit for the NAPL mixture, 
total concentration (mg/kg)

χi mass fraction of each chemical i in the NAPL
mixture (kg/kg)

N the number of individual chemicals in the mixture 

Note that Eq. [2] simplifies to Eq. [1] for a single chemical. The
component concentration of a chemical i at the soil saturation

limit in a mixture is (Csat,soil,T
. χi). The soil saturation limit 

calculated for a pure chemical, in every case, will be greater

than the chemical component concentration (Csat,soil,T
. χi) calcu-

lated for a mixture, that is:

Csat-soil,i
> Csat,soil,T

. χi

Eq. [1] overstates Csat-soil,i for components in a mixture because it
does not consider effective vapor pressure and solubility limits
(Rault's law) for the mixture components (USEPA, 1996). The
soil saturation limits for mixtures (and pure chemicals) tabulated
in this paper were calculated with computer codes included with
DeVaull et. al., (1999). This method is consistent with the 
references cited above.

RESIDUAL NAPL CONCENTRATION
Our intent in this paper is to define a soil concentration, Cres,soil,
below which the NAPL, if present, will not migrate due to 
convection or gravity. This refers to a pure chemical concentration
or a total chemical mixture concentration, as applicable. This
residual NAPL concentration in soil is specified as:

[3]

with

θo = Sr
. θT

and

Cres,soil residual NAPL concentration in soil (mg-res/kg-soil)

θo residual non-aqueous phase volume fraction 
(cm3-res/cm3-soil)

ρo density of chemical residual non-aqueous phase 
liquid (g-res/cm3-res)

ρs dry soil bulk density (g-soil/cm3-soil)

θT soil porosity (cm3-void/cm3-soil)

Sr fraction of residual non-aqueous phase filled void
(cm3-res/cm3-void)

Residual non-aqueous phase volume fraction (θo, or retention
capacity) is similarly defined by Cohen and Mercer (1990) and
Zytner et. al., (1993), but in dimensional units of (cm3-res/L-soil).
The value of Cres,soil is generally much larger than the soil 
saturation limit, Csat,soil. Eq. [3] includes only the residual NAPL
volume. Additional chemical mass within the soil matrix is 
contained in soil pore water and soil pore air, and is sorbed onto
soil. These volumes may be included in a slightly more compli-
cated equation consistent with the assumptions in Eqs. [1] and
[2]; these terms may generally be neglected. This leaves the
residual NAPL concentration in soil, Cres,soil, directly related to
the residual NAPL volume fraction in soil, θo, or the residual
NAPL fraction in the voids, Sr.

Below the residual NAPL concentration in soil, Cres,soil, capillary
retention forces are greater than the gravitational forces which
tend to mobilize the NAPL.  These capillary forces (in this 
context, including surface tension effects, van der Waals, and
Coulombic forces), particularly at low residual non-aqueous
phase levels, may exceed the gravitational force by several
orders of magnitude. The residual NAPL concentration in soil,
Cres,soil, may depend on NAPL properties including liquid density,
surface tension, and viscosity. It also may depend on soil 
properties including porosity, organic carbon fraction, moisture
content, relative permeability, moisture wetting history, and soil
heterogeneity.

For concentrations greater than the threshold Cres,soil level, 
capillary retention forces are less than the gravitational forces,
and the NAPL is mobile. Movement of NAPL in soil is beyond
the scope of this paper. It is covered in a number of references,
however, including Charbeneau (1999), Huntley and Beckett
(1999), USEPA (1991), Cohen and Mercer (1990), and
Pfannkuch (1983).

This paper describes the determination of screening values for
NAPL immobility in soil. Screening values are expressed as the
residual NAPL concentration in soil, Cres-soil, the non-aqueous
phase volume fraction in soil, θo, and the residual non-aqueous
phase fraction in the soil voids. Our study included a review of
existing measured data on residual NAPL concentration in soil,
published empirical models, and methods of field measurement.  

The calculated value, Csat,soil, as previously defined in Eqs. [1]
and [2] predicts the presence or absence of a residual NAPL.
Since a NAPL must be present to be mobile, it also represents a
conceivable screening concentration for NAPL mobility.
However, observed residual NAPL concentrations based either
on laboratory measurement or physical removal of NAPL from
impacted sites are typically several orders of magnitude higher
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than Csat,soil. The value Csat,soil specifies the presence or absence of
a residual phase; it does not address mobility. In this effort, we
have used available data to define values for Cres,soil which can be
conservatively used to screen sites for NAPL mobility. A
comparison of calculated Csat,soil values with measured values 
of Cres,soil is shown in Table 1 for selected chemicals and 
hydrocarbon mixtures.

The trend of Csat,soil in Table 1 decreases with decreasing chemical
(or mixture) solubility and vapor pressure.  The measured 
values of residual NAPL concentration in soil and residual
NAPL fraction in voids do not show a similar decreasing trend.
Therefore, using a calculated Csat,soil value as a screening level for
the mobility of a residual phase becomes increasingly and 
significantly more conservative for less soluble, less volatile
chemicals and chemical mixtures.

Screening levels for NAPL mobility consistent with the 
definition of residual NAPL concentration n soil, Cres,soil, have
already been implemented in a number of programs. The State
of Ohio [OAC 3745-300-08 Generic Numerical Standards] has
promulgated rules, including values of residual NAPL concen-
tration in soil, for several combinations of specified soil types
and petroleum composition ranges. The State of Washington
[WAC 173-340-747 Part VII Cleanup Standards] has proposed
values based on a similar methodology. CONCAWE (1979,
1981) provides residual NAPL concentration in soil values for a
range of petroleum products and soil types.

EXISTING MODELS AND METHODS
Monographs are available which detail the movement of NAPL
in soils (Charbeneau, 1999; Huntley and Beckett, 1999; USEPA,
1991; Cohen and Mercer, 1993; and Pfannkuch, 1983). Several
investigators have specifically developed empirical models for
predicting immobile NAPL, as a residual NAPL concentration
in soil, Cres,soil, for a limited number of NAPL types in various
soil matrices. Summaries of two published approaches follow.

Hoag and Marley (1986) proposed an empirical method to 
estimate residual NAPL saturation values for gasoline in dry
sand and in sand matrices containing moisture at field capacity.
Their equations, which relate measured gasoline retention at
residual saturation with soil particle surface area, are:

[4a]
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[4b]

with

Cres,soil residual NAPL concentration in soil (mg-res/kg-soil)

dp average sand particle diameter (cm)

ρw density of water (g/cm3)  =  1

Eqs. [4a] and [4b] refer, respectively, to residual NAPL
concentration in dry soil and soil initially at field moisture
capacity.  An assumption in these equations is that the soil 
particles and soil surface area can be defined by an average soil
particle diameter (Sauter mean diameter). These authors found
that changes in soil surface area adequately predicted changes in
residual NAPL saturation. Smaller soil particles have greater
available surface area in a given volume or weight of soil, and
the associated narrower pores will result in greater capillary
forces. Residual NAPL concentration in soil therefore decreases
with increasing particle size. At field capacity moisture content,
measured Cres,soil was reduced.  At field capacity moisture, many
of the smaller pore spaces are saturated with water.  This
reduces the overall pore volume available for trapping NAPL. 

Eqs. [4a] and [4b] were developed using Connecticut sands
sieved into three classifications; fine (dp = 0.0225 cm), medium
(dp = 0.0890 cm) and coarse (dp = 0.2189 cm ).  A fourth set of
experiments was conducted using mixed sands with the mixture
being made from equal portions of each of the above three clas-
sifications. Effectively, Eqs. [4a] and [4b] have been developed
for data in the range of:

0.02 cm <  dp <  0.22cm

Zytner et. al., (1993) correlated measured soil retention capacity
with soil porosity, soil bulk density, and NAPL density.  Their
experiments included several NAPL types in a variety of natural
soils.  The soils were air dried (less than 1.5% moisture), 
saturated with NAPL, and then allowed to drain.  Their empirical
equation, for dry soils is:

[5]

Table 1. Residual NAPL Concentration in Soil Compared to Soil Saturation Limit.



with

Cres,soil residual NAPL concentration in soil (mg-res/kg-soil)

θT soil porosity (cm3-void/cm3-soil)

ρo density of chemical residual NAPL (g-res/cm3-res)

ρs dry soil bulk density (g-soil/cm3-soil)

This study was limited to air dried soils and did not specifically
include sand. It does, however, show a dependence of Cres,soil on
soil porosity, θT, and chemical density, ρo. 

A wide range of natural soils was used in the development of
Eq. [5], including sandy loam (θT = 0.45), clay (θT = 0.466),
organic top soil (θT = 0.555), two different peat mosses (θT ~
0.8), as well as mixtures of these soils. Three NAPL types were
included in their work to assess the influence of NAPL density
on retention capacity: tetrachloroethene (ρo = 1.622 g/cm3),
trichloroethene (ρo = 1.456 g/cm3), and gasoline (ρo = 0.75 g/cm3).
Cres,soil values obtained in their study ranged from 414,000 to
6,894,000 mg/kg for PCE, 329,000 to 5,219,000 mg/kg for
TCE, and 94,000 to 2,738,000 mg/kg for gasoline. Effectively,
Eq. [5] has been developed for data in the range of:

[6]

The broad range of values for Cres,soil can be attributed to the
range in soil densities, from 0.2 g/cm3 (peat moss) to 1.5 g/cm3

(sandy loam).

Although the Cres,soil measurements used in developing Eqs. [4]
and [5] were conducted by different researchers using different
soils, a comparison of dry fine sand data (Hoag and Marley,
1986; θT = 0.4, and ρs = 1.6 g/cm3) with dry sandy loam data
(Zytner et. al., 1993; θT = 0.45, ρs = 1.5 g/ cm3) show very good
agreement of Cres,soil of 104,000 and 115,000 mg/kg, respectively,
for gasoline. 

MEASURED DATA AND COMPARISON WITH

MODELS
Cohen and Mercer (1990) compiled measured residual NAPL
saturation data from several investigators, including residual
NAPL fraction in the voids, Sr, or residual NAPL volume 
fraction, θo, for a number of organic liquids and soil types. These
values represent the residual amount of hydrocarbon remaining
in soil pore volume after the soil was saturated with hydrocarbon
and then allowed to drain. Values from Cohen and Mercer, with
additional tabulated data from other references, are included 
in Table 2 (see pages 5 and 6). This table also includes 
additional values derived from the experimental data, including
the residual NAPL concentration in soil, Cres,soil.

The values in Table 2 vary considerably between experiments,
soil types, and chemicals. While this may be due to differences
in laboratory test methods, it may also indicate the reasonable
range in measured residual NAPL concentration in soils encoun-
tered between different soil types, chemical types, and measure-
ment observations. 

Calculated values for the soil saturation limit, Csat,soil, for the 
indicated chemicals or chemical mixtures, are included in Table
2. These values are plotted in Figure 1. In all cases, Cres,soil is
greater than Csat,soil. As a measure of immobile NAPL, Csat,soil
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Figure 1. Comparison of data for residual NAPL concentration 
in soil, Cres,soil, to the calculated soil saturation limit, Csat,soil. All
plotted values are from Table 2. The solid diagonal line marks a
direct correspondence between residual NAPL concentration in
soil and soil saturation limit. For ranges of residual NAPL
concentration in soil data in the same test series (Table 2), the
upper and lower values are joined by a horizontal line. In all 
cases the calculated soil saturation limit is much less than the
measured residual NAPL concentration in soil.

Figure 2. Comparison of data for residual NAPL concentration in
soil, Cres,soil, from Table 2  to the models of Eq. [4a] Hoag and
Marley (1986), zero soil moisture; Eq. [4b] Hoag and Marley
(1986), field capacity soil moisture; and Eq. [5] Zytner et al.,
(1993). Filled points indicate the data value is within the 
intended range of model applicability. For ranges of residual
NAPL concentration in soil data (Table 2), both the upper and
lower values are shown as points. The solid diagonal line marks 
a direct correspondence between measured and modeled residual
NAPL concentration in soil. The plot indicates that the empirical
models generally predict higher residual NAPL concentration in
soil than the measured values given in Table 2.



Table 2. Summary values of residual NAPL concentration in soil, Cres,soil, residual NAPL volume fraction, θo, and residual NAPL
fraction in the voids, Sr.  Calculated values for soil saturation limit, Csat,soil, are also shown. Parameters for the calculations are shown 
in the second part of the table.
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Table 2. (continued) Values for soil properties used in the calculations.
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Several histograms of measured residual NAPL void fraction,
Sr, as a function of soil type, are shown in Figure 3. These his-
tograms are based on the relevant data in Table 2 and provide a
basis for estimating conservative values of Sr within a specified
statistical tolerance limit. Numerical values are given in Table
3. For example, with a medium to coarse sand, in specifying a
screening level of Sr = 0.06, we would expect 90% of individ-
ual samples with equivalent NAPL concentrations below this
level to be immobile in this soil type.

We expect that the tolerance limits in Table 3 and Figure 3 are biased
conservatively, given that the Table 2 data showed lower residual
NAPL concentration in soils than the empirical correlations of Eqs.
[4] or [5]. The data in Table 2 is for NAPLs with densities ranging
from about 0.7 to 1.5 g/cm3. The screening values for residual
NAPL fraction in the voids, Sr, in Table 3, should be valid and rea-
sonably conservative for this range in NAPL density.

Consolidated minimum values for Sr are shown in Table 4 for
the various NAPL types in Table 2 listed as "medium sands".
Again, these should be reasonably conservative screening 
values for NAPL mobility, for the indicated pure chemicals and
hydrocarbon mixtures. No tolerance limits are specified for the
Table 4 values, given the sparse data available when the screening
values are qualified by both soil type and NAPL composition. If
a tolerance limit is needed, or for chemicals not listed in Table
4 (with densities in the range of 0.7 to 1.5 g/cm3 including 
petroleum and crude oil), we suggest the use of the Sr parameters
in Table 3 as screening values. A tolerance limit of 90% is 
reasonable in most cases.

These screening values are intended to be worst-case estimates
for mobility. Higher values may be applicable on a site-specific
basis. For example, with an adequate distance in unsaturated

Figure 3. Cumulative distribution for measured residual NAPL
void fraction, Sr, as a function of soil type. These cumulative 
histograms are based on the data in Table 2. Values for the 
"medium to course sand" and the "fine to medium sand" are very
similar over the distribution. The "coarse sand and gravel" shows
much lower values and narrower distribution of Sr over the range
of different experiments. Tolerance limits for these distributions
are given in Table 3.

Table 3. Screening values for residual phase void fraction 
as a function of soil type. The tabulated values are based on 
distributions of data from Table 2 for each soil type. The 95% 
statistical tolerance limit indicates that 5% of individual measure-
ments showed lower values for Sr; the 50% tolerance limit is 
the median value for the soil type. The 90% tolerance limit is 
sufficiently conservative for most screening applications. The 
distribution of values is plotted in Figure 3.

Table 4. Residual Saturation Screening Values. Values are 
tabulated for medium to coarse sand and represent lower limits
from Table 2. If a tolerance limit is needed, or for chemicals 
not listed (but with densities in the range of 0.7 to 1.5 g/cm3,
including petroleum products and crude oil), we suggest the 
use of the Sr parameters in Table 3 as screening values.

underpredicts measured values of Cres,soil by a factor ranging
from 5 to over 50,000. As was noted in Table 1, the difference
between Csat,soil and Cres,soil increases with decreasing NAPL
volatility and decreasing aqueous solubility. 

A comparison of the data in Table 2 for residual NAPL concen-
tration in soil, Cres,soil to the models of Eq. [4a], [4b], and [5] is
shown in Figure 2.  Within the applicable range of values in the
original references, both models predict values of Cres,soil which
are, on average, biased high relative to the comparable values
listed in Table 2. In all cases, excepting point 38 (tetra-
chloroethene) in Table 2, for Eq. [4a], the model to data ratio
ranges from 0.7 to 69; for Eq. [4b], the ratio ranges from 0.3 to
27; for Eq. [5], the model to data ratio ranges from 0.3 to 11.
Point 38 has an exceptionally broad range of measured Cres,soil

values in the same soil.

Both the models of Zytner et. al., (1993) and Hoag and Marley
(1986) are correlations based on measured data. The indicated
bias between the models and data of Table 2 could be due to 
differences in data measurements methods, or may indicate the
reasonable range in variability for this type of measurement.

SCREENING VALUES FOR RESIDUAL NAPL
CONCENTRATION
Based on the model to data comparisons of the last section, it is
possible to specify conservative screening values for NAPL
mobility based on a range of qualifying information. In many
cases the screening levels will be very conservative estimates of
mobility. In such cases, site-specific measurements may be used
to refine the estimate, if necessary. Such measurements, for
example, could include observation (or lack thereof) of floating
and migrating hydrocarbon in shallow groundwater wells 
surrounding a known NAPL source area.
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ASTM E 1739-95: Guide for Risk-Based Corrective Action
Applied at Petroleum Release Sites, American Society for
Testing and Materials, West Conshohocken, PA.

ASTM PS 104-98: Standard Provisional Guide for Risk-Based
Corrective Action, American Society for Testing and
Materials, West Conshohocken, PA.

Boley, Troy M. and Thomas J. Overcamp, 1998.
Displacement of Non-wetting Liquids from Unsaturated Sands
by Water Infiltration, Ground Water Journal of the Association
of Groundwater Scientists and Engineers, September -
October, 1998.

Carsel, R.F. and R.S. Parrish, 1988. Developing Joint 
Probability Distributions of Soil and Water Retention 
Characteristics, Water Resources Research, 24(5): 755-769.

Cary J.W., J.F. McBride and C.S. Simmons, 1989a.
Trichlorethelene Residuals in the Capillary Fringe as Affected
by Air-entry Pressure, Journal of Environmental Quality,
18:72-77.

Charbeneau, R.J., R.T. Johns, L.W. Lake and M.J.
McAdams, Free-Product Recovery of Petroleum Hydrocarbon
Liquids, American Petroleum Institute Publication No. 4682,
Washington, D.C., June 1999.

Cohen, Robert M. and James W. Mercer, 1993. DNAPL
Site Evaluation; CRC Press, Inc., Boca Raton, FL.

CONCAWE (Conservation of Clean Air and Water -
Europe), DePastrovich, T.L., Baradat Y., Barthel R.,
Chiarelli A., and Fussell D.R., 1979. Protection of
Groundwater from Oil Pollution,  CONCAWE Report No.
3/79.

CONCAWE, Fussell, D.R., H. Godjen, P. Hayward, R.H.
Lilie, A Macro and C. Panisi, 1981.  Revised Inland Oil Spill
Clean-up Manual, CONCAWE Report No. 7/81, Den Haag,
150 pp.

Converly, M.P., 1979. The Behavior and Movement of
Petroleum Products in Un-consolidated Surficial Deposits,
M.S. thesis, University of Minnesota.

Huntley D. and G. D. Beckett, 1999. Assessment of LNAPL
Sources: Distribution, Mobility, Risk and Risk Reduction,
(American Petroleum Institute, Review Draft).

DeVaull, G. E., G. M. Deeley, C. C. Stanley, and W.
Hamilton, 1999. Development of Tier 1 Risk-Based
Corrective Action (RBCA) Tools for Application at
Exploration and Production Facilities, report prepared for Gas
Research Institute under GRI Contract No. 5097-210-3874,
Review Draft.

Hoag, G.E. and M.C. Marley, 1986.  Gasoline Residual 
Saturation in Unsaturated Uniform Aquifer Materials, Journal
of Environmental Engineering, ASCE, 112(3):586-604.

Johnson, P. C., Hertz, M.B., Byers, D. L., Estimates for
Hydrocarbon Vapor Emissions Resulting from Service Station

soil between the lower depth of a mobile NAPL and groundwater,
it may also be reasonable to account for potential NAPL redis-
tribution  in the unsaturated soil layer.  This redistribution would
decrease the concentrations of mobile NAPL to concentrations
in soil equivalent. to Sr. After this redistribution, an acceptable
distance between the deepest expected NAPL penetration and
the historical top boundary of the water table capillary fringe
must still remain.

These screening values, as already discussed, are intended for
use in estimating conservative limits of NAPL mobility. The
data of Table 2 may be used for other purposes, such as relating
a known released volume of NAPL to an equivalent soil volume
at the residual concentration level. While it is not the purpose of
this paper to detail this type of calculation, the variability of an
estimated residual concentration level, as illustrated in Figure 3,
clearly needed to be considered.

SUMMARY AND CONCLUSIONS
Screening values describing residual saturation of NAPLs in
unconsolidated vadose zone soils have been tabulated. These
values are proposed for use in estimating concentrations of
immobile NAPL in soil. The values, in Tables 3 and 4, are based
on measured, published values for residual NAPL concentra-
tions in soil, Cres,soil, in the unsaturated soil zone.

Another value, the soil saturation limit, Csat,soil, has already found
use as a screening level for NAPL mobility. Csat,soil is a calculat-
ed value estimating the presence of a residual NAPL. Data in
this paper shows Csat,soil, is a factor up to 50,000 times less than
the residual NAPL concentration in soil, Cres,soil. For screening
immobile NAPL concentrations the soil saturation limit is
exceptionally conservative. We would instead recommend use
of the values in Tables 3 and 4. 

A complete site assessment, in addition, would also include
evaluation of other potential transport mechanisms, including
soluble dissolution into mobile soil pore water, and volatiliza-
tion into soil pore air. These transport mechanisms, as noted 
previously, are discussed elsewhere.

Use of residual NAPL concentration in soil values for screening
immobile NAPL presumes homogenous soils and soil properties.
Consolidated soil matrices, macropores, and fractures will
greatly affect the flow and movement of NAPL and must be 
recognized when these screening values are applied. Further, we
note that the values have been developed using a limited data
set, from multiple authors, and no attempt has been made to
judge bias or error in the individual measurement techniques.
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