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FOREWORD

API1 PUBLICATIONS NECESSARILY ADDRESS PROBLEMS OF A GENERAL NATURE.
WITH RESPECT TO PARTICULAR CIRCUMSTANCES, LOCAL, STATE, AND FEDERAL
LAWS AND REGULATIONS SHOULD BE REVIEWED.

API IS NOT UNDERTAKING TO MEET THE DUTIES OF EMPLOYERS, MANUFACTURERS, OR
SUPPLIERS TO WARN AND PROPERLY TRAIN AND EQUIP THEIR EMPLOYEES, AND OTHERS
EXPOSED, CONCERNING HEALTH AND SAFETY RISKS AND PRECAUTIONS, NOR UNDERTAKING
THEIR OBLIGATIONS UNDER LOCAL, STATE, OR FEDERAL LAWS.

NOTHING CONTAINED IN ANY APl PUBLICATION IS TO BE CONSTRUED AS GRANTING ANY
RIGHT, BY IMPLICATION OR OTHERWISE, FOR THE MANUFACTURE, SALE, OR USE OF ANY
METHOD, APPARATUS, OR PRODUCT COVERED BY LETTERS PATENT. NEITHER SHOULD
ANYTHING CONTAINED IN THE PUBLICATION BE CONSTRUED AS INSURING ANYONE
AGAINST LIABILITY FOR INFRINGEMENT OF LETTERS PATENT.

All rights reserved. No part of this work may be reproduced, stored in a retrieval system, or transmitted by any means,
electronic, mechanical, photocopying, recording, or otherwise, without prior written permission from the publisher.
Contact the publisher, API Publishing Services, 1220 L Street, N.W., Washington, D.C. 20005.

© 2002 American Petroleum Institute
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EXECUTIVE SUMMARY

For many decades, the oil production industry has recognized that significant limitations exist to
complete extraction of oil from geologic formations. Attempts to recover fuels and crude oil (collec-
tively known as light nonaqueous phase liquids or LNAPL) accidentally released to the subsurface
encounter similar limitations. This report explains how multiphase fluid mechanics (mixed presence
of LNAPL, water, vapor) relate to these recovery limitations. The report further explains how the
endpoints to recovery relate to both the longevity of the LNAPL as a source of dissolved-phase and
vapor-phase constituents and to the downgradient dissolved-phase concentrations. This work is
focused on LNAPLSs, but the general principles also apply to many aspects of dense nonaqueous
phase liquid (DNAPL) recovery and risk.

Release of an LNAPL to the subsurface introduces the potential of several risk factors to nearby
receptors: (1) Vapor phase migration of volatile constituents from LNAPL in the vadose zone to the
surface. (2) Dissolution of constituents from LNAPL in the vadose zone through infiltration of
recharging waters, and subsequent downgradient movement of those constituents once those waters
encounter the water table. (3) Release of sufficient LNAPL that it exceeds the capacity of the vadose
zone to absorb it, resulting in the accumulation of a mobile LNAPL lens above and below the origi-
nal groundwater table. (4) Upward vapor phase migration of volatile constituents from the above
LNAPL lens to the land surface, and (5) Downgradient migration of dissolved-phase constituents
resulting from dissolution of the LNAPL lens.

This report was prepared to synthesize the physical and chemical behavior of LNAPL in contact with
groundwater, and to link those aspects to cleanup expectations. It does not deal with the mechanisms
related to risk factors (1) and (2) above, which are processes limited to the vadose zone. The report
deals with the zone between the top of the LNAPL capillary fringe and the lowermost observation of
LNAPL in the aquifer. The report outlines the following:

1. The fundamental theory, with supporting field and laboratory observations, that controls the

distribution and mobility of LNAPL and water between the top of the LNAPL capillary
fringe and the lowermost occurrence of LNAPL in the aquifer.

2. The effect of remediation on the distribution and mobility of both the LNAPL and water
within the zone of interest.

3. The dissolution of compounds from the LNAPL into groundwater flowing both through and
below the LNAPL-impacted interval.

4. \olatilization of that LNAPL. Documents
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5. The effects of all of the above on the concentrations of soluble LNAPL constituents both
within the source area and downgradient of the source area.

When LNAPL distribution and cleanup are linked to chemistry, the hydraulic recovery limitations

can be placed in a risk-benefit context. The linked physical and chemical calculations show why,
under many conditions, hydraulic recovery of LNAPL may have little or no benefit in reducing the
magnitude or longevity of the risk downgradient from the LNAPL source area. The technical evalua-
tions also show that chemical alteration of the LNAPL source may achieve compound specific
cleanup goals that cannot be reached through hydraulic methods. For any remediation strategy, the
short and long term benefits can be evaluated against the cost, time, and probability of achieving
cleanup targets.

The fundamental principles described in this report have been organized into a software utility,

called LNAST LNAPL Dissolutionand Transporfcreeningl ool). This software ultility links the

series of analytic solutions that predict LNAPL distribution, dissolution, volatilization, and
downgradient dissolved-phase concentration through time, both with and without remediation

through hydraulic means. Because the assessment described in this report has several linked aspect
or “tools”, for assessing LNAPL impacts, cleanup, and chemical transport, we will refer the combi-
nation of the underlying principles, the resulting mathematical solutions, and the software as a
“toolkit”.

Because the solutions are analytic, they make many simplifying assumptions. Therefore, the
linked suite of physical and chemical calculations will not provide a detailed representation of the
site. The calculations described in this report, whether solved in a spreadsheet environment or
using the software utility, are designed as screening tools only. The results of the calculations
cannot be precisely calibrated to site conditions, just as the results of other screening models
cannot. The toolkit described in this report is most properly considered as a quantitative concep-
tual model to be used for screening decision-making. There is a deliberate compromise between
screening analytic methods versus numerical calculations that can consider a more complete
range of complexities. While it is clear that conditions not considered by the software utility,

such as complex vertical and lateral variations in soil properties, seasonally varying groundwater
elevations, and laterally varying groundwater flow velocities near the LNAPL are important, the
parameters necessary for such evaluations are not often available. Further, the effort involved in
numerical multiphase, multidimensional modeling is significant. The approach presented here is
therefore designed to use available information in the best manner possible, but it should be clear
that uncertainty will exist in the results. The recommended use of the toolkit is expected to
produce conservative results. If more accurate or detailed assessment is needed, numerical mod-
eling and/or advanced data collection will be warranted, consistent with the higher-tiered levels of
effort in many risk assessment guidelines (e.g., Risk-Based Corrective Action, ASTM 1995; Risk
Assessment Guidance for Superfund, EPA, 1995). Therefore, while simple to use, this screening
conceptual evaluation method requires good user judgment and awareness of the limitations.
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The presence of multiple phases (water, LNAPL, vapor) in porous material influences the movement
and transport of each phase under ambient or remediated conditions. Multiphase fluid mechanics
and other principles are used to estimate the pore fluid fractions and their mobility under a variety of
conditions. The distribution and composition of the LNAPL then determines the equilibrium chemi-
cal partitioning into groundwater and vapor. Ultimately, the application of these principles results in
estimates of the time dependent concentration of soluble components partitioning out of the LNAPL
and into groundwater, with a link to vapor flux under ambient flow and partitioning conditions. For
instance, one could look at chemical partitioning from an LNAPL source that has had no remediation
action, or one could consider the same source after some cleanup effort (but not during that effort).
This toolkit does not directly consider institutional controls, such as plume containment, that are
often an important component of risk management. However, one could use the toolkit to consider
the time frame over which an institutional control might be appropriate.

Chemical concentration is the metric of this toolkit. All other things being equal, risk is proportional to
the chemical concentration reaching receptors. Therefore, one can evaluate the risk/benefit of various
LNAPL remediation strategies by looking at the concentration reduction associated with remediation.
Specific site risk must be calculated separately by the user, as risk depends not only on the concentra-
tions reaching the receptors, but also other factors in the exposure scenario, including the receptor
characteristics, current and future land use, and other factors that are not part of this work.

In developing this multiphase approach, several observations and conclusions have been reached
regarding the importance of LNAPL distribution, its chemical character, and source remediation.
Several technical issues are isolated and summarized below.

The Efect of SoilType

For a given observed well thickness,
3 LNAPL saturation and mass de-
o= Silty soil, 3,560 kg === Silty sand, 8,000 kg creases strongly in the zone be-

is also, dependent on the groundwa-

E

25 — — : ] | _

S U reand. 2000K9 1 tween the LNAPL/air and LNAPL/
g \ X - . .

2 2 water interfaces in the well as the
S} / ; I pore size gets smaller (Figure E-1).
(8]

g 15 This, in turn, has a strong impact on
o the relative source longevity, which
g

<

N

o
al =

the same net regional groundwater
0.00 0.20 0.40 0.60 0.80 1.00 f!ow 'through a.II 50|Is,. then d.eple-
Saturation (fraction pore space) tion is fastest in the fine-grained

. . . _materials, because of less mass and
Figure E-1. Gasoline saturation curves for 2 m observed well thhickness

in several soils at vertical equilibrium. The total mass is for a 10 x 5 gf€ater relative water flow (Figure
areal extent. E-2a). If the same (Rsetiridents
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Figure E-2a. Source depletion of benzene from Figure E-2b. Source depletion of benzene from gasoline
gasoline where the regional flow is the same for where the hydraulic gradient is the same for each soil (no
each soil (no biodecay in the source zone). biodecay in the source zone).

assumed for all soils, then the flow through the finer-grained units is small and the source
depletion time is long (Figure E-2b). Therefore, the soil type exerts a strong influence on
source residence time with or without cleanup. These estimates do not include volatilization
from the LNAPL, which will be discussed below.

Effect of LNAPL Thickness

The mass distribution of LNAPL and the related 10
source longevity for any compound of interest are
exponentially related to soil and fluid capillary E
properties, and to capillary pressure, which can, i 1
turn, be related to the LNAPL thickness observe =

in a monitoring well at vertical equilibrium (VEQ).2
For a range of thicknesses from 0.25 to 2.0 mete%o.l 1

—(25m, 284kg |

in a fine-sand, the volume varies over nearly two{<g 0.5m. 1,390 kg

orders of magnitude (Figure E-3). This has a very Lom B
e—2.0 m, 14,550 kg

large impact on the chemical component depletiorv.o1 :

from the LNAPL under natural groundwater flow 0.01 0.10 1.00

Saturation (fraction pore space)

conditions (Figure E-4).

Sfectof LNAPL Residual Saturton oo s g o s
LNAPL residual saturation is the smallest satura-

tion remaining in the formation against applied hydraulic recovery and is the theoretical endpoint
of LNAPL hydraulic recovery. lItis also a highly optimistic endpoint because real hydraulic
variability, well efficiency, well interference, aquifer heterogeneity and other factors all combine

to diminish actual recovery and leave more LNAPL in the formation. For inﬁa%eufmsrhtl?' ial
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gasoline thickness of 1 m, we find that the 1.E+02
benefit of LNAPL removal decreases and the
source benzene concentration residence tim% 1.E+01
approaches that of a non-remediated condi- s
tion as the residual gasoline saturation in-
creases from 5 to 30% for a sand soil (Figures 1.-01
E-5). Since one cannot hydraulically reduce
LNAPL saturations below residual saturation 'E92 ;
this factor is very important for any site 1E.03 | 1 ] %
where hydraulic recovery may be considered 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05

of potential benefit. Time (yrs)
Figure E-4. Depletion curves for benzene associated with the
vertically equilibrated (VEQ) profiles from 0.25 to 2.0 m.

1.E+00

Concentration

Contrast in Components of Concern
The effective solubility and mole fractions of
the various compounds in fuels have a signifi-

1.E+02

. — 1.E+01
cant effect on the longevity of the compounds?
within the source. For example, we have ¢
. . .= 1.E+00
compared MTBE and benzene in gasoline wﬂ.@
naphthalene in a diesel for 2 m of observed S —+—Sro=5%
& 1EO01 4 Sro = 10%

thickness in a fine-sand (Figure E-6). Becausg —o—Sro=20%
the effective solubility of MTBE and benzene§ 1502 | ii?;eﬁfp
are high relative to naphthalene, the source

longevity between the components is separated , _ . | | |
by several orders of magnitude, with naphtha- 1.E+00 1.E+01 1.E+02 1.E+03 1E04
lene present for tens of thousands of years for Trme (vee)

the conditions considered (Figure E-7).

4

Figure E-5. Benzene source depletion calculation for
various gasoline specific retention values in a fine-sand.

e The actual value for many sands in this class would be 15
Component/olatilization to 30%.

Volatilization is another potential mass loss

mechanism from the LNAPL source depending on fuel volatility and site subsurface conditions.
Using the example above, we have looked at free volatilization from the source. MTBE and benzene
both have substantially higher vapor pressures than naphthalene. Comparison of Figure E-7 (source
depletion without volatilization) to Figure E-8 (depletion with volatilization) demonstrates that
inclusion of volatilization as a mechanism of source depletion causes a reduction in the potential
source longevity of MTBE and benzene, but naphthalene longevity remains essentially unchanged.
Be aware that free volatilization from the LNAPL source in the water table zone is rare. There are
almost always impeding horizons such as surface covers and geologic conditions to be considered.
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This is not to say that component losses in
the vadose zone are not significant as the
LNAPL spill migrates downward to the
water table region, particularly for volatile
compounds like MTBE.

Remediation as a Function of Soil Type

There is a large contrast in the potential
gains of hydraulic free product removal
between coarse- and fine-grained soils, all
other things being equal. Although fine-
grained soils have lower LNAPL masses
for the same observed LNAPL thickness
condition, this lower saturation condition
also significantly limits hydraulic recov-
ery compared to coarser-grained soils.
The same may be said for the air-phase if
considering remediation by vacuum-
enhanced methods. A comparison be-
tween source longevity for hydraulically
remediated and non-remediated condi-
tions in a finer-grained soil shows
remediation impacts source longevity
only slightly (Figure E-9). In contrast,
for the same initial condition of 2 m of
gasoline, remediation of coarser soils
results in a more significant decrease in
source longevity.

Effect of Regional Groundwater Flow Rate

The regional groundwater flow rate
controls the source depletion rate in the
absence of volatilization because it is
responsible for the mass partitioning from
the LNAPL. Therefore, one observes
more rapid source depletion and more
rapid decreases in the downgradient
extent of a dissolved-phase plume more
quickly in cases of high flow for the same
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Figure E-6. Saturation profiles for 2 m observed
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Figure E-7. Comparison of different fuel components and their
longevity in the source under ambient conditions.
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Figure E-8. The estimated source depletion graph for MTBE,
benzene, and naphthalene allowing free volatilization from the
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dissolved plume is almost en-
tirely independent of the LNAPLE
source area conditions (Figure E:i
10). Possible exceptions are
highly soluble compounds or
very small LNAPL mass distri-
butions in the source area.
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Figure E-10. The effect of groundwater velocity on the
downgradient extent of benzene at a uniform decay rate.

ing biodegradation, is not strongly dependent on groundwater flow velocity. This is likely due to the

fact that biodegradation is often limited by the mass flux of oxygen and other electron receptors to

the zone of biodegradation, which in turn is affected by groundwater flow velocity. This suggests

that one might estimate higher biodecay rates in high flow settings, with a resultant diminishment in
the dimishment in the downgradient extent of the plume.

KEY POINTS

From the points above and those developed in the body of this report, several summary observations and

conclusions can be drawn. These observations and conclusions are derived from theory supported by lab

and field data from the environmental field and many decades of petroleum production experience. The
term “risk magnitude” is used as a relative indicator of risk potential based on the eﬁgzgﬁ Fﬁnéﬁlirgtion of
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a compound in groundwater or in the LNAPL phase. Whether or not a “risk” exists depends not only on
concentration, but also on the nature of the potential receptors. Risk “longevity” refers to the time frame
over which the risk magnitude remains relatively static.

1) For the groundwater and vapor exposure pathways, risk magnitude is strongly dependent on the
chemical characteristics of the LNAPL source and the nature of potential receptors, whereas the risk
longevity is strongly dependent on the mass distribution in the formation. The mass distribution
depends strongly on soil properties and the characteristics of the LNAPL release. The zones of
greatest LNAPL saturation within the source zone usually control the risk magnitude and longevity
of groundwater and vapor impacts.

2) Under most conditions, hydraulic removal of LNAPL does not reduce the magnitude of risk in
groundwater or vapor exposure scenarios, although there is a risk longevity reduction when mass is
recovered. In permeable soils and under best-case conditions, the risk longevity reduction may be
about an order of magnitude, or possibly a little more in rare cases. In lower permeability soils, risk
longevity may be reduced only a few percent.

3) Hydraulic LNAPL recovery is not generally effective at mitigating existing groundwater risks
unless both LNAPL and groundwater containment are successfully achieved. Hydraulic recovery
has virtually no risk benefit in most cases with respect to the vapor phase exposure pathway. Under
most conditions, free product containment intervention for the free phase must occur near the time of
the release before excessive spreading and mobility reduction has occurred. Recovery and contain-
ment of dissolved-phase plumes are viable risk management options to mitigate groundwater recep-
tor pathways, but will do little to treat the LNAPL source zone.

4) Any process that decreases the LNAPL saturation will decrease its mobility and recoverability.
This means that LNAPL plumes become less mobile and recoverable through time as spreading
results in smaller saturations. The pool becomes immobile when the LNAPL gradient is less than
the capillary forces resisting further water displacement. This also means that LNAPL remediation
is a self-limiting process since reducing saturations reduces the potential for further recovery.

5) In situ removal of specific chemicals of concern in LNAPL, using approaches such as vapor
extraction, heating, or other enhancements, when feasible, reduces the risk magnitude of the release
in approximate proportion to the corresponding mole fraction reduction in the source. The effective-
ness of most cleanup technologies, however, depends on the ability to thoroughly contact the
LNAPL with the remediation stream throughout the source area. Therefore, understanding of the
LNAPL source characteristics and distribution is meaningful to any risk reduction strategy.
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6) There is a widely held belief that the measured LNAPL thickness in a monitoring well exagger-
ates the thickness of LNAPL present in the formation adjacent to the well. However, fluid physics
theory indicates thaat vertical equilibrium, the thickness of the LNAPL-affected interval in the
aquifer will be greater than the LNAPL thickness observed in the well. In a few instances in the
field, however, there may be situations where the LNAPL thickness appears greater in the well than
the LNAPL-affected formation outside of the well. Heterogeneity and conditions where vertical
equilibrium does not exist may produce this apparent thickness exaggeration.

From a corrective action perspective, it is important to recognize that the thickness of LNAPL in a
well may exaggerate thlumeof in-place and recoverable LNAPL in the formation. LNAPL

exists at a variety of saturations in the formation over the vertical interval suggested by the thickness
of the LNAPL in the well. However, substantial amounts of the LNAPL outside of the well will

occur at low saturations that renders it immobile within the formation and unrecoverable.

7) For most conditions, observable plume thickness in observation wells and risk are unrelated,
particularly under small observable LNAPL accumulations. However, large accumulations of
LNAPL that return quickly to a well after bailing can imply local area mobility of the free phase
product. Transport of the free phase LNAPL can often have undesirable outcomes and present a
significant risk.

8) For the same capillary pressure conditions, LNAPL saturations are substantially smaller in fine-
grained soils than in coarse-grained soils, all other things being equal. This effect combines with the
low intrinsic permeability of fine-grained soils to produce very low mobility and potential recover-
ability in fine-grained materials. When the regional groundwater flow and volatilization from the
fine-grained materials is small, the lifespan of LNAPL in these materials can be long.

9) LNAPL viscosity varies significantly for various petroleum products and crude oils and is
inversely proportional to the effective LNAPL conductivity. Thus, for the same soil and product
saturation, a fuel oil pool may be up to 50 times less mobile and recoverable than a similar pool of
gasoline.

10) Industry and regulatory experience indicate that it is rare for hydraulic LNAPL removal schemes
to recover more than 30% of the oil in place, although exceptional instances may yield 50-60%.
When groundwater is produced, the ratio of product to water is usually less than 0.01 and typically
decreases further with time.

11) For biodegradable constituents, the downgradient extent of the dissolved-phase plume is largely
unrelated to the LNAPL mass distribution, unless the mass is very small. The maximum extent of the
dissolved-phase plume is controlled by the groundwater velocity and degradati%@@fl Mfrg\y be
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related. Typical biodegradable plumes are expected to become stable in less than a few years.

12) The expected groundwater residence time of some compounds from LNAPL sources is on the
order of decades to thousands of years. The residence time increases for larger pools with high
LNAPL saturation and as the component solubility and its mole fraction in the source becomes
smaller. Therefore, low volatility and solubility fuel components such as polynuclear aromatic
hydrocarbons may persist at low concentrations for very long times. However, these same chemical
attributes, coupled with bioattenuation and other factors, often buffer the risk magnitude of plumes
from the long-lived sources.

13) From a technical standpoint, risk in a given exposure scenario depends on the points of compli-
ance selected. If plumes are long-lived but also attenuated at some distance, there is obvious poten-
tial risk from direct contact within a certain radius of the plume, but no risk outside that zone.
Therefore, the public, responsible parties, and regulators may benefit from a technical consensus on
how to define and maintain compliance zones.
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Section 1.0
ABSTRACT

Light nonaqueous phase liquids (LNARLK.a.petroleum fuels, “product” and crude oil) are com-

mon sources of hydrocarbons in both water and vapor phases, with all phases presenting potential
health, resource, and environmental risks. Ample environmental and oil reservoir data have shown
that complete recovery of oil from geologic formations is not generally feasible. Even at residual
saturation (trapped and immobile), the LNAPL phase has a mass that is typically several orders of
magnitude greater than normally present in sorbed, water, or vapor states, implying the potential for
long-term impacts.

Regulatory agencies usually require a responsible party to “remove free product to the maximum
extent practicable.” Lacking in ways to easily assess the mobility and long-term risks of LNAPL
pools from site to site, arbitrary maximum LNAPL thickness in wells (e.g., 0.1 feet) is often adopted
as endpoints for free product recovery. However, observed LNAPL thickness in wells has little or no
relationship to the magnitude of risk presented before or after cleanup attempts. Often, free product
recovery efforts are undertaken with little understanding of how much product can be recovered,
how long the recovery will take and whether the site conditions will change significantly after the
recoverable product is removed. This report is intended, in part, to assist in evaluating these issues.

This study provides quantitative theory and tools to evaluate LNAPL sources, their chemistry, and
the effects various remediation strategies may have on groundwater and vapor exposure pathways.
These exposure pathways are often a critical component of quantitative risk assessment. The study
was designed to link the multiphase and chemical processes controbiigL NAPL distribution,

mobility, and cleanup to quantify estimates of the time dependent concentrations within and
downgradient of the LNAPL source. This work considers active flow of groundwater through the
LNAPL impacted interval, which has generally not been considered in other analytic evaluations.

The results of this work suggest that the physical limitations to hydraulic free-phase recovery using
current technology are such that significant health or resource risk reduction is gained only within a
narrow range of chemical and geologic conditions. The greatest risk reductions, as measured by
concentration reduction along an exposure pathway, occur in highly permeable soils and for volatile
and soluble fuel components. The least effective risk reductions occur in low permeability materials
and for fuels that have small volatility and solubility. Under many conditions, it is likely that
LNAPL-sourced dissolved and vapor plumes will be present for decades to centuries unless treat-
ment options improve significantly. The evaluation methods presented here can be used to show that
the field endpoint, both chemical and physical, of any given cleanup method controls the long-term

i | risk.
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Section 2.0
INTRODUCTION

This report provides a series of linked analytic methods (or tools) to evaluate light non-aqueous phase
liquids (LNAPLS) and their impacts in the water table region. The LNAPL conditions may be con-
ceptualized under a range of conditions, including application of simplified cleanup strategies, under
equilibrium conditions, and under user-defined conditions. The purpose is to assist in building con-
ceptual site models that account for key processes and properties affecting the longevity and magni-
tude of chemical impacts associated with LNAPL spills in the water table region. As human and
ecological risks are in part dependent on the chemical concentrations reaching receptors and the
timing of those impacts, this technical methodology can assist in risk-based comparisons of various
site LNAPL scenarios, including remediation endpoints. The metric of this evaluation method is
concentrations in groundwater as a function of the LNAPL source conditions through time, with or
without volatilization. There are no explicit risk calculations, as those are site and receptor dependent.

The report is focused on multicomponent petroleum products, although many of the principles apply
to other NAPLSs, including dense non-aqueous phase liquids (DNAPLs). Throughout the report, the
term LNAPL will be used to describe petroleum fuels, crude oil, and other water immiscible com-
pounds having a density less than water.

The impetus for developing this methodology has been decades of petroleum recovery experience
coupled with more recent environmental experience that clearly demonstrates significant limits exist
to complete LNAPL recovery from geologic materials. This suggests it would be useful to consider
the various factors controlling LNAPL distribution and recovery and link those to the associated
differences in the magnitude, longevity, and distribution of groundwater impacts. Obviously,
LNAPL mass reduction seems inherently good, but the question is how to technically define “good.”
If, for instance, a risk to groundwater is presented by a fuel release and we find that our common
recovery technologies do not mitigate that risk, we would probably all agree that this is not “good.”
Conversely, if mass removal reduces fuel mobility and risk longevity in a meaningful way, we would
also probably agree that this is “good.” The intent of this toolkit is to help the user to distinguish, in
a site specific context, between effective and ineffective remediation using concentration reduction
as a consistent benchmark.

The building of this LNAPL screening method depends on several related attributes of LNAPL
spills affecting the water table region. First, the multiphase hydrogeologic aspects of LNAPL in the
water table region is considered for a range of possible initial conditions. Second, the partitioning
and transport of chemicals from the LNAPL in groundwater is linked to the mass distribution and
chemical composition of the LNAPL. Volatilization of compounds from the LNbDbaﬁmlé?]tig
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considered. Because the screening evaluation method is based on several linked methods or “tools,”
the term “toolkit” will be used throughout this report to refer to one or more of the various technical
aspects. The “toolkit” is also organized in a software utility called API-LNASTAPL Dissolu-

tion and Transpor&creeningT ool), which will be discussed subsequently. The LNAST program is
primarily an organizational tool to aid the user in performing the linked dissolution, volatilization,

and solute transport calculations. Use of the program is not necessary, as all the pertinent informa-
tion, equations, and methodologies are also provided in this report.

The remainder of this introduction will develop an overview of concepts important to the LNAPL
problem in the groundwater system, touch briefly on risk concepts, and discuss what this methodol-
ogy considers. Following this overview, the report will discuss geologic, fluid, and chemical param-
eters important in the underlying description of the problem. Remediation aspects will also be
developed to assist in bracketing the possible LNAPL conditions as a function of the cleanup strat-
egy applied. Following this background and description of the important controls and parameters, a
User’s Guide is developed for the included software utility API-LNAST. Example problems are also
provided to assist in showing how evaluations might proceed.

Throughout this manual, the active use of equations will be minimized and graphical examples will
be used instead wherever possible to keep the focus on the principles, with some simple equations
presented for elucidation of key ideas and concepts. Comprehensive development of necessary
equations is provided in Appendices A and B. Appendix C provides a synopsis of parameter ranges
for the various inputs needed for the calculations. Appendix D provides a brief overview of field
“reality” checks that might be of assistance when considering the best application of the toolkit and
the appropriate input parameters. Appendix E shows example input and output files.

2.1 LNAPL SPILL CONTEXT AND METHOD OVERVIEW

The body of field observations, supported by multi-phase fluid and chemical partitioning theory,
indicates that the release of a fuel hydrocarbon will undergo the following evolution:

1. An LNAPL release begins with vertical drainage of LNAPL under gravity and capillary
gradients (Figure 2-1a). The drainage is strongly influenced by soil characteristics and
occurs most rapidly in dry, high permeability soils, and more slowly in wet or low permeabil-
ity soils. As the LNAPL moves downward through the vadose zone it will be subject to
physical and chemical process that include volatilization, entrapment of part or all of the
LNAPL as residual phase (immobile), and dissolution of LNAPL components into soil pore
water.
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2. If the release is sufficiently large to
exceed the residual retention capacit
of the vadose zone soils, the LNAPL
will eventually encounter the capil-
lary fringe above the water table
(Figure 2-1b); this also occurs for
perched water table zones. As
LNAPL encounters pore spaces
completely or partially saturated wit
water near the water table, the weig
of the LNAPL causes it to displace
pore water until hydraulic equilibriu
is achieved. At the same time, the
large vertical gradient through the
vadose zone dissipates into a lateralf
gradient in the capillary and water

table zones. The lateral gradient is

often semi-radial because of mound- Figures 2-1a & b. Multiphase calculation showing
downward LNAPL spill propagation in cross-section at

ing of free product due to the resis- 2 weeks and 1 year. Notice deflection of oil by the silt

tance of the water wet materials to bed & later-time mounding in the water table region.

freely transmit the oil. The result is a free product mound, with a gradient that often has little
relationship to the groundwater gradient.

AQUIFER

3. Once the release of free product stops, the LNAPL in the water table region will eventually
cease to move as the resistive forces in the water wet sediments balance the driving forces in
the LNAPL pool. An absolute endpoint of this movement is when the LNAPL reaches field
residual saturation, a condition where the effective hydraulic conductivity of the LNAPL is
zero. This leaves a mass, often large, of LNAPL for secondary dissolved and vapor-phase
transport (Figure 2-2). When immobile, the LNAPL presents a risk only as a source of dis-
solved-phase and vapor-phase compounds to the environment. It is important to understand
that in the interval below the top of the oil capillary fringe, LNAPL and wadekistin a
zone often characterized by observed free product in a monitoring well (the theory will be
discussed subsequently). In this zone, both water and product “fight” for space, and interact
chemically as well (Figure 2-2).
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Figure 2-2. Schematic of an LNAPL spill showing different zones of impact from the source, in this case an
underground storage tank (modified after White et al., 1996).

During the evolution of the LNAPL lens, external hydraulic factors may act to re-distribute

all or portions of it. For example, water table fluctuations will tend to smear LNAPL verti-
cally throughout the range of hydraulic variation, and often below the normally observed oil/
water interface in a monitoring well.

As soon as the LNAPL encounters groundwater at or below the top of the groundwater

capillary fringe, dissolution of soluble components of the LNAPL by groundwater moving
below and through the LNAPL impacted interval begins. Thus a dissolved-phase plume
starts to develop and, with time, grows in the downgradient direction.

6. For biodegradable constituents, the dissolved phase groundwater plume continues to grow
until equilibrium is established between the rate of dissolution of the soluble LNAPL con-
stituents and the rate of biodegradation. At this point, the plume stabilizes spatially. For
non-biodegradable constituents, the dissolved-phase plume continues to expand until equilib-
rium is reached between the rate of dissolution from the LNAPL source area and the rate of
dispersion (spreading) and dilution.
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7. As dissolution and volatilization of soluble and volatile LNAPL compounds continues, the
LNAPL becomes increasingly depleted of these compounds, resulting in decreasing concen-
trations of these constituents in the source area and a resulting contraction of the dissolved
phase plume. This continues until the LNAPL is completely depleted of a constituent, and
the dissolved-phase plume for the constituent disappears.

Overall chemical transport pathways (i.e., risk factors) potentially associated with this process
include: (1) Volatilization of compounds from LNAPL in the vadose zone and upward migration of
the resulting vapors to the surface; (2) Impacts to groundwater from dissolution of soluble com-
pounds in LNAPL in the vadose zone (leachate); (3) Lateral movement of LNAPL in the water table
region; (4) Volatilization of compounds from the LNAPL lens in the water table region and upward
migration of the resulting vapors; (5) Dissolution and transport of soluble LNAPL constituents by
groundwater moving through and below the LNAPL; (6) Potential volatilization and upward migra-
tion of vapors directly from the dissolved-phase groundwater plume. Remediation is designed to
mitigate one or more of the risk factors above. When LNAPL is present, most remediation
stratiegies target LNAPL mass reduction or changing the LNAPL chemistry such concentrations in
the dissolved and/or vapor phase are reduced. Risk management and institutional control strategies
may elect to address transport pathways without attempting to mitigate LNAPL impacts directly.

This technical methodology explicitly addresses items 4 and 5 above, with combined consideration
of simplified aspects of remediation. Site specific parameters (estimated or measured) may be used
to: (1) Evaluate the potential for LNAPL mobility; (2) Estimate the longevity and strength of the
dissolving LNAPL source under conditions ranging from ambient conditions to those after some
period of remediation; and (3) Simulate the behavior of the associated dissolved plume over time
and distance downgradient of the source, in response to the selected degree of source removal. The
method may be viewed as a site conceptual model that is mathematically based. As mentioned, the
focus of the toolkit methods will be primarily on chemical concentrations in groundwater as a func-
tion of various LNAPL source and chemical conditions. However, the toolkit can also be used to
evaluate simple mass reduction strategies, which could be a goal independent of groundwater con-
centrations or risk.

Human and ecological risks are in part dependent on the concentration reaching receptors; therefore one
goal of this technical methodology is to assist in risk-based comparisons of various site cleanup options.
The reader is reminded that the purpose of this work is not risk quantification, as that is strongly site

and receptor dependent. The purpose is to provide links between LNAPL source conditions and result-
ant concentrations in groundwater under a range of scenarios that can be compared with independently
estimated cleanup targets, risk-based or otherwise. If a specified condition fails to meet chemical target
levels within a zone of compliance or time, then one would typically look at altenﬁ%/&ﬁmegﬁis
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The technical method developed in this report allows the user to specify LNAPL conditions (e.g.,
saturation and spatial distribution) in the water table region for any combination of homogeneous
soil and fluid properties. The LNAPL conditions in the water table region may then be acted upon
by remediation, or left under the user specified ambient conditions. The toolkit also allows user
prescribed conditions for simple layered systems without explicit hydraulic recovery estimates.
Whichever path is taken by the user results in an estimated distribution of oil in the formation. That
distribution then controls the dissolution of hydrocarbons out of the LNAPL into the groundwater
and vapor phases. The user can specify the chemical compounds of interest within the LNAPL, and
the time dependent concentrations of those compounds are calculated based on the initial mass and
the progressive depletion of mass from the LNAPL source zone. Biodegradation of the LNAPL
source is not considered, but biodegradation is allowed to act on the dissolved-phase plume, as
specified by the user.

The vertical interval considered in the calculations is from the top of the oil capillary fringe to the
lowermost occurrence of LNAPL in the formation. This includes: (1) the interval from the top of the
oil capillary fringe to the oil/air interface in a monitoring well, where oil, water and air co-exist in

the pore space; (2) the interval from the oil/air interface to the oil/water interface in a monitoring
well, where oil and water coexist in the pore space and the oil may have significant mobility; and (3)
the zone below the oil/water interface, where immobile oil may be trapped at residual saturations due
to a rise in the water table. Some workers refer to the entire interval described above as the “smear
zone”. However, the term “smear zone” has been used by a variety of hydrogeologists and engi-
neers to mean different things. A search of the use of the term “smear zone” on the internet reveals
that the term is most commonly applied to the portion of the vertical profile above the water table
where variations in the water table elevation has “smeared out” LNAPL in the vadose zone. For
example, the U.S. Environmental Protection Agency (Office of Solid Waste and Emergency Re-
sponse) defined it as;

“Smear zone is the area immediately above the groundwater table, which, in this application, was
the area from the top of the well screens to the water table, and which was contaminated by hydro-
carbons.”

A similarly common definition was the zone below the oil/water interface in a monitoring wells where
LNAPL has been smeared out due to water table fluctuations, such as the following definition;

“the zone of seasonal or climatic groundwater fluctuation”
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Many workers included both of the above intervals in their definition, but in virtually all cases it was
stated implicitly or explicitly that the “smear zone” was due to seasonal or climatic water table fluctua-
tions. Because we wish to make it clear that LNAPL is distributed below the water table without any
water table fluctuations, and because we are specifically not dealing with the portion of the vadose
zone above the oil capillary fringe, we will avoid the use of the term “smear zone”, and simply refer to
the vertical interval of interest as the “hydrocarbon impacted interval” or “LNAPL source zone.”

The LNAPL source zone treated is a simplified one, consisting of a rectangular box through which
groundwater flows in contact with variable vertical saturations of LNAPL, as determined by the
user’s specifications. Unlike most previously published methods, this toolkit considers groundwater
transporthroughthe LNAPL zone. Groundwater flow is one dimensional with dispersion and
reactions in all directions. The geologic medium is homogeneous, as is the distribution of other
related fluid and hydraulic properties. Simplified soil layering may also be implemented. Mass
balance is accounted for in the partitioning from the LNAPL source to the water and vapor phases —
that is, the total LNAPL mass as well as that of each of the soluble constituents within the LNAPL is
recalculated for each time step. However, as mass is depleted from the LNAPL through dissolution
and volatilization, the distribution (saturations) of the LNAPL is not recalculated from the initial
condition, nor is the groundwater flux through the source zone re-calculated as the zone is depleted
of LNAPL. Therefore, while the method considers relatively complicated multiphase and multicom-
ponent cleanup and transport issues, it is critically important to remember that the homogeneity and
simple dimensionality assumed by the toolkit are generalizations of a much more complicated
system. The intended use of the toolkit is to bracket a range of physical and chemical expectations
using site specific ranges of data. This manual provides guidance and field back-checks on the key
assumptions, where possible.

There are many uncertainties and assumptions involved in use of this toolkit, and the user is cautioned
to be fully aware of these before using the results for planning purposes. One prevailing source of
uncertainty is site characterization, where generally sparse data sets must be broadly interpreted across
the site. Itis also common to find key multiphase parameters unmeasured, necessitating user estima-
tion of one or more key factors. It is of fundamental importance to test toolkit assumptions against
available field data and site specific parameter measurements to ensure that the scenario outcomes
considered are generally realistic. As a conceptual screening tool, part of the analysis process should
be to generate realistic conceptualizations of site conditions that can be extended to make site manage-
ment decisions. Because of the potentially infinite variability in geologic and chemical parameter
distributions, the toolkit can only address one set of parameters and distributions at a time. The toolkit
is not a numerical model where highly complex site conditions can be reasonably represented. How-
ever, even at complex sites, the principles and estimates of the toolkit can be used to bracket a range of

risk and cleanup expectations to guide corrective action strategies.
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We have touched briefly and generally on the inherent assumptions in this evaluation method. A
comprehensive list of assumptions is provided in Section 5, the User’s Guide. The assumptions will
be better understood once all the linked hydraulics and chemistry factors are described. Realizing
that the intent of this method is to assess the benefit of various source treatment actions, it is very
important that the assumptions and limitations are fully understood.

2.2 RISK BACKGROUND

Risk is a global term encompassing potential threats from contaminant releases to humans, re-
sources, and the environment. Risk assessment practices allow clear identification of the potential
chemical receptors, such as groundwater users, and the protection goals that may be appropriate.
Risk is only one basis for setting target cleanup goals, as regulatory standards, public policy, busi-
ness liability, and other factors may all be relevant. What one does with the concentration estimates
derived from the toolkit depends directly on the context of the site and the applicable environmental
restoration goals.

Many of the modern corrective action assessment frameworks have streamlined risk assessment
practice by integrating site characterization, initial response action, exposure assessment, and risk
management (e.g., Risk Assessment Guidance for Superfund, EPA, 1995; Risk-Based Corrective
Action, ASTM, 1995). Regardless of the framework used, most quantitative risk assessment is based
on four main components:

1. Hazad identificationentails a qualitative assessment of site conditions and operating history
to identify potential compounds of concern. For typical gasoline station operations, these
compounds could include aromatic hydrocarbons and fuel oxygenates such as methyl ter-
tiary-butyl ether (MTBE).

2. Dose Responsantails defining the chemical hazard and toxicologic properties of the com-
pounds of concern identified in the previous step. The result is a quantitative relationship
between chemical dose and potential health hazards for either acute or chronic effects.

3. Exposue Assessmenivolves assessing the potential contaminant receptors and calculating
the potential chemical concentrations at receptor points of contact. Receptors can include
both people and environmentally sensitive habitats and animals. Chemical fate and transport
calculations are included in this component. The points of contact often coincide with
regulatory points of compliance.
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4. Risk Characterizatiofs the quantitative synthesis of the preceding steps under which the
nature of the contaminant, its pathways, and receptors are combined to estimate specific risks
of potential deleterious effects from the contaminant release.

Of the four risk assessment components above, exposure, chemical fate and transport (F&T), and
remediation assessment often have the widest latitude for site specific scientific evaluation. This is
because both hazard identification and dose response aspects are derived from epidemiological
studies characterizing the potential environmental impacts to humans and other receptors of various
chemical compounds. These studies are often statistically difficult and may involve inferences from
one receptor to another that may or may not be valid in all instances (e.g., mice to people). Toxico-
logic studies are also time consuming and expensive and open to significant interpretation. There-
fore, the general practice is to use standard chemical toxicity information provided by the U.S. EPA
or other qualified sources.

For the reasons discussed, the degree of risk for a given site strongly depends on the results of
receptor and fate and transport evaluations. Fate and transport evaluations are also the cornerstones
of remediation planning and system design, since natural and artificial transport (i.e., cleanup) are
both controlled by the same processes. This is reflected in the remediation selection aspects of risk-
based frameworks.

When a risk reduction is suggested to be necessary, or when target thresholds are exceeded, the
chemical concentrations reaching receptors must be reduced, or pathways eliminated, and methods
should be selected based on their capability to effectively reach the desired goals. Risk reduction
and current cleanup technology are often not synonymous because cleanup limitations often preclude
significant risk reduction. In these cases, other risk management techniques are as protective of
environmental and human health. The focus of this work is to aid users in deciding if common
cleanup technologies will meet the site specific risk-based goals or other targets that may apply.
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Section 3.0
HYDROGEOLOGY OF LNAPL FLOW IN THE SUBSURFACE

The fundamental principles of LNAPL hydraulics are identical to basic groundwater hydrogeology,
but the devil is in the details. The differences between the flow of a single fluid in porous media and
the flow of multiple fluids in the same media are significant, and directly impact mobility, recover-
ability, and risk associated with all phases (water, air, LNAPL). Every complexity of standard
hydrogeology is magnified by the presence and interaction of multiple fluid phases. Often these
effects are synergistic. For example, where there is a three order of magnitude range in the mobility
of water between a medium-grained sand and a silt, there will be as much as a six order of magnitude
difference in the mobility of an LNAPL under typical conditions. In the interest of time and sanity,

we have attempted to bring some of the most salient concepts together in this section about LNAPL
hydrogeology. Since whole volumes of work are dedicated to the subject, it is obvious that we must
skip over many of the finer points in order to develop the technical story required to make this toolkit
work. The bibliography scratches the surface of the works available in multiphase fluid mechanics
and related disciplines; for those wishing more insight, however, it is a good place to start.

The main points of multiphase fluid hydrogeology can be highlighted in a few sentences, and are
therefore not conceptually difficult. (1) Fluids flow downgradient — LNAPLs and water frequently
have different gradients and gradient directions, so directions of groundwater movement and LNAPL
movement must be assessed separately. (2) For a fixed set of fluid pressures, the size of the pore
space controls the relative percentage of the pore space (phase saturation) occupied by each fluid —
LNAPL and air displace water more readily from large pore spaces than from small pore spaces.
However, once LNAPL has invaded a small pore space, it is more difficult to displace it with water
than from a large pore space. (3) Fluids flow less readily when other fluids block their way — as
LNAPL saturation increases, the mobility of LNAPL increases and the mobility of water decreases.

These are several of the key concepts necessary to build an understanding of multiphase flow. The
following sections provide the individual pieces that link a description of the LNAPL source distri-
bution to chemical transport from that source.

3.1 DISTRIBUTION OF LNAPL, WATER, AND AIR

The first controls of importance in the problem are the distribution of LNAPL, water, and vapor in the
pore space. From these distributions come the mass of the impacts in the conceptual zone of interest,
the relative mobility of each phase in the presence of others, and related factors like residual saturation.
The following sections develop the fundamental hydraulics of multiphase fluid conditions.
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3.1.1 CapillaryTheory
The first subject deserving consideration in a multiphase fluid system is how to describe the distribu-

tion of the various phases (LNAPL, water, and air) in the subsurface. Granular soil may be view as
an assemblage of tortuous pore tubes. In any small pore, capillary forces are usually a key element
to the distribution of multiple phases in that pore, and therefore can be expected to play a critical role
in multiphase hydraulics. Capillary forces are derived from the attraction of the surface of a liquid

to the surface of a solid, which either elevates or depresses the liquid depending upon molecular
surface forces. For most silicate granular soils, water rises in pore spaces in proportion to the inter-
facial tension of the water and inversely with the pore throat diameter, as discussed below. We will
develop key concepts using the capillary tube analogy, and expand from there to natural granular
soils. Only background is provided here; more expansive treatments can be found in the bibliogra-
phy to this report (key capillary equations are in Appendix A).

Capillary tubes are a well-known physics/chemistry experiment. When a small diameter glass tube
is placed in an open water bath, the water will rise in the tube due to capillary forces (Figure 3-1)
exerted by the interaction of the pore wall material with water molecules (for this example). Since
the water level in the bath is at atmospheric pressure, as is the surrounding air, it follows that the
water that has risen in the tube must be held under tension. The capillary pressure at the top of the
water column will be a function of the radius of the capillary tupar{d the air-water interfacial

tension, or surface tensioa, (), as given by’ = 20, /r. Capillary head, or equivalently the height

of the water riseh) in the capillary tube, is simply the pressure divided by the unit weight of water,
orH =20  /y,r. Therefore, the capillary pressure and the height of capillary rise in a pore space are
proportional to the interfacial tension and inversely proportional to the pore throat radius.

Air A ﬂ‘fﬁf
. Negative
W " Sub- ll"' pressure
amosphericy | potential
] pressure
~ [ ] Y
Positive
pressure
H,| Super- otential
atmospheric
Water— U U pressure
i ’

Figure 3-1. Schematic of a capillary tube bath. The water Figure 3-2. Capillary bath for 3 fluid phase
in the tubes is less than atmospheric above the open water couplets, water in blue, oil in red, air in white.

table of the bath.
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Water and air, like water and LNAPL and LNAPL and
air are immiscible, so it is not surprising to find there
is analogous capillarity to LNAPL/water and LNAPL/
air systems (Figure 3-2). In fact, the capillary pressure
at the LNAPL/waterR °¥) and LNAPL/air P>
interfaces in a capillary tube of radiusan be scaled
to the capillary pressure at the air/water interface by
recognizing thaP = 2o0_ /r and P**= 20_/r, where
o, ando_, are the oil-water and oil-air interfacial

_ _ . _ _ tensions, respectively. Because the radigsa
A ees I fommon factor,al apillary couplet systems can be

a variety of pore-throat sizes are present resulting inelated and scaled to a common system, usually the
this kind of variable saturation distribution.

air-water system for convenience.

Extending these principles, soil can be viewed schematically as a suite of tortuous capillary tubes of
differing pore diameters, with each size “packet” causing a different capillary rise (Figure 3-3). The
usual graphical representation of the pore throat distribution (or capillarity) is often called the soil
characteristic curve, the shape of which depends on the distribution of pore sizes for each soil (Fig-
ure 3-4). Atequilibrium in a homogeneous media, these curves represent the water content as a
function capillary pressure, or equivalently for the water-air couplet, elevation above the water table.
As one moves upward in elevation above the water table (i.e., increasing capillary pressure), only the
smaller pore throats hold water and
1.E+06 the average moisture content de-
\ _ﬁ.‘;;’“éinia”d creases as air saturation increases.

1.E+05 e Fine Sand ]
\ e Silty Sand
= Clayey | As long as the fluid phases are

1.E+04 \

\\ \ continuous, the relative saturation of
1.E+03 \\ \ each is controlled by the capillary
1.E+02 K\ pressure and pore radius distribution.

K Capillary pressurer) is simply the
difference between the fluid pressure
1.E+00 : : of the nonwetting fluidR_ ) and the

0 02 04 06 08 1 1.2  fluid pressure of the wetting fluid

Saturation (0 to 1.0) (P,), orP_ =P _-P_. Intuitively, if
one applied enough driving force to

Capillary Suction (cm)

1.E+01

Figure 3-4. Capillary characteristic curves for typical soils. The i ] ]
curves represent the distribution of pore throat sizes. a nonwetting fluid, such as air or

LNAPL, the nonwetgigg flyid could,
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displace water from any pore space. But
10504 under natural conditions, it is observed that
4 Lab Data soil pore distribution has a significant impact
1.0E+03 A — Brooks-Corey Fit

— on LNAPL, water, and air saturation under
any pressure or gradient regime.

1.0E+02 A1

Capillary Pressure (cm)

1.0E+01 A1

Given the description above, one can sense

that high permeability materials with gener-

ally larger pore throats typically hold less

Figure 3-5. Lab data & best fit curves using both Brooks- capillary water (a small capillary fringe) than

Corey and van Genuchten models. low permeability materials (a large capillary
fringe) under equilibrium or for the same

gradient conditions. These capillary descriptions of fluid saturation are the underpinning of all the

remaining linked multiphase theory. As might be expected, complications to capillary properties and

theory occur in soils with clays that shrink and swell, fractured materials, in pore structures undergo-

ing certain types of chemical alteration, and under other atypical conditions. These conditions can

result in a pore matrix that varies with time, making quantitative capillary description difficult. The

interested reader is directed to the bibliography for other works touching on capillary theory and

complexities.

1.0E+00 T T T T t
0.00 0.20 0.40 0.60 0.80 1.00 1.20
Volumetric Moisture

It is worth mentioning that two commonly used capillary models differ in a key underlying assumption.
The Brooks-Corey (BC) capillary function assumes a sharp capillary fringe height (step function) and a
threshold immiscible phase entry pressure (Figure 3-5; Appendix A). That is, below a certain capillary
pressure, it is assumed that water (or another wetting phase) will not be displaced or intruded by the
nonwetting fluid. The van Genuchten (VG) function is continuous, and assumes that displacement of
water by a nonwetting phase is possible at small capillary pressures, though the corresponding saturation
of the nonwetting phase may be very small. It has been our experience, based on fitting many lab-
derived capillary data sets (e.g., Figure 3-9), that the VG function generally provides a more representa-
tive fit, but there are cases where the BC function does an equally good and sometimes better job. The
functions essentially converge for conditions where the “pore entry pressure” is exceeded, but vary
significantly at pressures below the theoretical entry pressure value. This may not seem particularly
important, but it has strong ramifications to the expected distribution of hydrocarbon in the source zones
and the linked flow and chemical transport conditions. In this work, the VG capillary equation is used
since the BC equation is essentially equivalent except at low pressures. One exception to this is the
incorporation of an analytic hydraulic recovery screening model by others that uses the BC function
(Charbeneau, 1999), as will be discussed in following sections with supporting equations in Appendix B.
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We have noted above that all immiscible 1.0E+04 4

fluid couplets (e.g., LNAPL/water, water/ E w/a; e-sand  —— wlo; c-sand
air, air/LNAPL) respond to capillary forces BSlies _,_jv/:,:::: e
in proportion to interfacial tension and pore

throat radii. For the case we are consider-
ing, water, LNAPL, and vapor coexisting in
the aquifer and capillary zone, capillary

definition is needed for each couplet sys- 108001 i
tem. It has been observed that the soil 1 0E-01 ]
capillary curves and properties are generally 0 01 0-5\/ ett?r-]?; P:;e E"f-fzctigfsmz-;tiogﬂ 09 1
scalable between fluid pairs by the ratio of o _ _

the interfacial tensions between the coupidjShre - heracerlo caplycurves of 3 phase coupeta
of interest (Leverett, 1941; Parker, 1987). differences in interfacial fluid tension (IFT) and fluid density.
Often, lab measurements of capillarity are

performed using air and water for agricul-

tural and geotechnical applications, or measurements using air and mercury in some oil reservoir
work. Each of the different test methods generates a two-phase capillary curve that represents the
underlying pore throat distribution and fluid retention as a function of capillary pressure. These
relationships can be scaled to other couplet systems using the interfacial tension ratios so that all
three capillary couplets of interest here are defined (Figure 3-6; equations in Appendix A).

I

il

alo; f-sand

1.0E+02

1.0E+01 A

Capillary Pressure (cm)

3.1.2 Distribution of Fluids Undarertical Equilibrium

The relationships above can be extended to estimate field fluid saturation of LNAPL, water, and air
in the capillary and water table regions. The sections below will first develop these relationships for
homogenous soils, and then discuss how the same principles may be applied to heterogeneous
systems. The full mathematical development is provided in Appendix A.

3.1.2.1 Homogeneous Soils. For environmental conditions, it has been observed that if sufficient
time is allowed for the LNAPL to come to vertical equilibrium (VEQ) the LNAPL thickness ob-
served in a well can be used to determine the capillary pressure relationships between the various
phases (Farr et al., 1990; Lenhard & Parker, 1990). VEQ implies the vertical gradient in each phase
(water/LNAPL) is zero throughout the mixed saturation profile. That is, there is no vertical gradient
for LNAPL or water to move vertically in the equilibrated system. In such a system, the oil-water
capillary pressureR(*") is zero below the oil-water interface in the formation or monitoring well,
and is a function of the relative density of the LNARBL £ p /p,), wherep, is the LNAPL density
andp, is the density of water and the height above the oil/water intettiage (Similarly, the oil/air
capillary pressureR(*) is zero below the oil/air interface in a monitoring wells and is a function of
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the LNAPL relative density and the 2.0

height above the oil/air interfack (. 1.8
These capillary pressures under VEQ,% 16
respectively, are? > = (1-p ) h § 1‘21
andP > = pro (h,,). % 10
é 0.8
Once capillary pressure is defined, it <§( 0.6 m—V5Ter Saturation
is combined with capillary soil and g 04 === iquid Saturation
fluid properties to result in the satura- 8'5
tion profiles of each wetting phase of 100 020 040 060 080 100 120
interest (Fig. 3-7). This is analogous Saturation
to oil/brine/gas boundary relation- Figure 3-7. Wetting phase saturations, water below the LNAPL/air

. . : ; ; interface in the formation for 1 m of equilibrated LNAPL, and total
ships defined in the oil production liquid saturation above. The sum of all phases (air, water, LNAPL) is
industry (Bradley, 1987; Chatzis et  always 1.0, so by subtraction, all saturations can be defined.

al., 1983). Specifically, above the

Formation Columns

[e]¢) O
5%%0% Water & air
%‘i%%g Water, oil, & air
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e
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Hydrocarbon Saturation

Figure 3-8a. Schematic of pore and well distribution of free  Figure 3-8b. Oil saturation estimated for various soils
product (after Farr et al., 1990) and calculated formation based on capillary properties and VEQ for 500 cm
saturation columns. thickness.

oil/water interface and below the “oil table”, the water (wetting phase) and LNAPL (nonwetting)
saturation is controlled by the LNAPL/water capillary pressure. Since the total saturation = 1.0, the
LNAPL saturation is simply 1§ . Above the oil/water liquid table, the liqui§)and air saturation

(LNAPL & water) are controlled by the oil/air capillary pressure. The air saturatior§k (Erom

these definitions we can now describe the equilibrium LNAPL saturation profiles in the formation

for any known set of soll, fluid, LNAPL thickness and associated capillary pressure conditions
(Figures 3-8a & b). These profiles are usually plotted as height above the LNAPL/water contact
because this is the datum where the capillary pressure differential begins. Keep in mind that this
elevation is not the same as, but simply related to, the capillary pressure (see equations above, and in

Appendix A). Documents
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The capillary relationships are exponential, and therefore very sensitive to soil type (pore size distri-
bution) and equilibrated LNAPL thickness, or equivalently the LNAPL pressure head in the forma-
tion. In fact, as will be demonstrated subsequently, capillary properties are more important than
intrinsic permeability or hydraulic conductivity. Because of this sensitivity, site-specific values of
capillary properties are important in the analysis. Direct measurement of those capillary properties
is preferable to values inferred from soil texture descriptions.
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Figure 3-9a. Comparison of the capillary model to Figure 3-9b. Saturation data from the same site, but with
fuel saturation data collected at a dune sand site. a larger observed well thickness.

Experience has indicated that where the hydrostatic equilibrium assumption is satisfied, field and lab
measurements strongly agree with capillary theory (Figures 3-9a and b). Like any sound physical
model (and this model has 50 years of

practical oil field use to back it), when the
assumptions are met, the principles explain

:E: | real observations. In contrast, several
ﬁ published lab experiments appear on the
_g surface to conflict with capillary theory
= applied to environmental situations until
Medium sands. clean | ;
o one recognizes that the necessary VEQ
2 Fine to medium sand . .
g ity boundary conditions have not likely been
—— Mixed silts & clays satisfied (e.g., Ballestero et a'., 1994: EPA,
0 T T T . -
0 50 100 150 200 1995). Again, capillary theory has worked
Volume (cm¥cm?) well for decades in the petroleum industry,

, , and the analogy to environmental LNAPL
Figure 3-10. Integrated VEQ formation LNAPL volume as a

function of theoretical observed well thickness for several so@nditions is fairly clear (Jennings, 1987;

Farr et al., 1990). While dbeggw&q@nts
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conditions clearly complicate matters, as ~ 2°
. . . . 1.8
will be discussed subsequently, capillarity
1.6
remains a fundamental cornerstone of flui
mechanics and iequiredto explain <, _
. . . . (e} '
virtually any multiphase condition. Like ¢ ,, /
2 1
all scientific endeavors, improvements to <‘§ 08 \//
. o
the theory are expected through time but, & o — 02mthickness —
. ) Q .
without a doubt, phase saturations are W 04 7 04mthickness
. . . . | 0.8 mthickness |
related to pore size distributions, fluid 0.2 — 15 m thickness
properties, and fluid pressures. 007 ‘ ‘ ‘ | ‘
0 0.05 0.1 0.15 0.2 0.25 0.3

Oil Saturation (0 - 1.0)
Perhaps the easiest way to picture the in  Figure 3-11. LNAPL saturation profiles for different equili-
St LNAPL loafing within' the water  iwes Inexnessee 8 1 sand shoning noninea depen
table is by analogy to an iceberg. Most
people recognize that the iceberg is 90% submerged because ice is less dense (0.9 g/cc) than water
(1 g/cc). For an LNAPL thickness at equilibrium with a density of 0.75 g/cc, about 25% of the
thickness will be above the water table, and 75% below. However, because the smaller pores will
retain water against the weight of the LNAPL, the displacement in soil is volumetrically less than
100%. So, while there is tbicknessexaggeration, there is an appanitimeexaggeration be-
tween observed thicknesses and volume in the formation. The volumetric fraction of LNAPL at and
below the water table is strongly dependent on soil capillary characteristics, with coarser soils usually
have much larger sub-water table impacts than fine materials (e.g., Figures 3-7 through 3-10).

The LNAPL saturation profile in the formation, when vertically integrated, provides a volume per unit
area which, as we have seen, depends on the capillary pressure (or correlated equilibrated thickness)
and the capillary properties (Figures 3-10 & 3-11; Appendix A). The area integration of the LNAPL
volume per unit area estimates for all wells in a plume exhibiting free product results in an estimate of
the total plume volume. Be aware that if the system is not under ideal VEQ conditions, or if there is a
significant “smear” zone, the volume estimate will be in error, as is discussed later. Also recognize that
since the local area volume is reported in units of volume per unit area {&%y.¢iit®/cn?; gal/fe,

etc.), the dimensions reduce to units of length. This is often misinterpreted as a thickness exaggeration,
which itis not. The data and theory covered above clearly show that the LNAPL-impacted vertical
interval is always greater than the equilibrated thickness observed in a monitoring well under VEQ
conditions. This is critically important because the volume of impacted aquifer material, as well as the
LNAPL distribution within that volume, are key controls over cleanup, dissolution, biodegradation, and
risk. Note that there are field conditions where product can be perched and a thickness exaggeration is
possible due to the well acting as a local drain, as well as transient (non-equilibrium) conditions where

thickness exaggeration is also possible. Documents
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3.1.2.2 Heterogeneous Soils. Soil heterogeneities
cansgnificantly impact LNAPL, water, and air
saturationdistribution. Asdiscussed, the VEQ
meansthat the hydraulic head at all pointsinthe
systemisconstant (hydrostatic), and thereisno
vertica gradient. Thisresultsinlinear increasesinthe
oil/water and oil/air capillary pressuresasafunction
of height abovetheoil/water and ail/air interfaces,
respectively, inamonitoringwell. Theintroduction of
s0il heterogeneitiesdoes not impact this, except inthe
timeit takestoreach VEQ. Vertical changesin soil
capillary properties, however, resultina
heterogeneousLNAPL digtribution. This
heterogeneousfluid saturation profile can be

ca culated smply by using the capillary pressure
calculated under VEQ and the appropriate soil

capillary curvefor each soil typeinthevertical sequence. For most vertically heterogeneous sequences, the
maximum saturation and massare controlled by the coarsest beds (lowest capillarity), dthough vertical
positionintheimpacted zone can beimportant. For instance, if wejuxtaposethree bedsof different soil
typesand equivalent thickness (0.5 m; Figures 12a-c), we seethat the LNAPL saturation profilesvary
significantly asafunction of position. Thesoilscontrasted are aclean medium-grained sand, afine-sand,
andadty sand. Noticethat theformation LNAPL distribution variessignificantly depending onthe
ordering of the beds, and that thetotal volume associated with each stacking isdifferent. Thegreatest
volumeiswherethe medium sandisat thetop of the LNAPL column, resulting in about 7.4 ga s/ft2 under

thecurve.
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Figure 3-13a. Predicted versus measured LNAPL profile Figure 3-13b. Measured LNAPL saturation in a fine
in an interbedded sand and silty sand formation in San sand following a rise in the water table. Note
Diego (Huntley et al., 1994). Note transient stranding stranding below the water table, and transient
above the current liquid table. compression of the small thickness LNAPL zone.

It is useful to look at heterogeneous field conditions for comparison to theory. A detailed field study
(Huntley et al., 1994) of fuel distribution in a widespread LNAPL plume showed that LNAPL distribu-
tion was strongly controlled by the vertical distribution of capillary properties relative to observed
LNAPL in observation wells (e.g., Figure 3-13a). The example site exhibited highly variable LNAPL
saturations that were generally, but not specifically, represented by the capillary model. The LNAPL
saturation and soil data indicate there is a tendency for coarser materials to more closely match the
caplillary predictions than fine-grained materials. Although more study is needed, a logical explanation
for this observation is that fine-grained materials require significantly longer equilibration times, and in
0 _ practicality may never equilibrate fully.  Simi-
[ — larly, one also finds “stranding” or “entrapment” of
LNAPL below the water table in the field after the
water table has risen (Figure 3-13b). This effect is
caused from hysteresis and disequilibrium effects
and contrasts in the effective conductivity of the
water versus the LNAPL (discussed subsequently).
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We see these same occurrences in indirect
measurements of saturation, such as induced

Figure 3-14. Downhole cone penetrometer and fluorescerl@S€r Or ultraviolet fluorescence logging (Figure

logging showing inch-scale variability in geologic propertie§_14)_ In fact, geophysical logging may be one
and LNAPL saturation (proportional to fluorescence log).
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1.0E+00

Calouation Low of the few techniques capable of
O Calculation High cost-effectively detailing small-scale
m Literature Low variability in geologic bedding and
M Literature High
1.0E-01 LNAPL distribution. Inany case,
when conditions are heterogeneous,
expect idealized equilibrium capil-
lary theory to encounter difficulties,
not because the theory is flawed, but
rather because thorough definition
of the system is difficult and equilib-
‘ rium is often not established. As
Gravelly Sar-1d M-(-J Sand | F-Sa.nd shown above, if the scale of
e e o 3 s intebeceing i known, hteroge
see Appendix A). neous LNAPL saturation profiles
can be estimated. Thisisone option
available for the LNAPL source description in the accompanying software utility, which is then used
for calculations of groundwater dissolution and volatilization. Keep in mind that equilibrium condi-
tions, by definition, do not account for complications of water table fluctuation and other transient
LNAPL migration events. The vertical equilibrium assumption should be invoked and trusted only
when justified by field conditions and data.

1.0E-02

Saturation (dimensionless)

1.0E-03

3.1.3 Hysteresis and LNAPL Entrapment
The capillary characteristics discussed above focus on the relations between capillary pressure and
LNAPL saturation under conditions where LNAPL is displacing water from pore space, that is where
LNAPL isinvading awater saturated area. Important differences occur when the reverse happens,
when water displaces water from pore spaces, such
as occurs during any hydraulic remediation or
water flooding exercise. Laboratory and field
measurements indicate that porous media have a
relatively large capacity to hold fluids, including
LNAPL, against natural drainage forces. For
instance, in water driven oil reservoir conditions, it
is common for retained LNAPL to be present at
saturations, called residual saturations, from 20 -
fine med. crs. 60% (in Bradley, 1987). Residual gasoline satura-
Figure 3-16. Schematic from available data ranges for tion in sands has been documented to range from

residual LNAPL saturation in reservoir materials showing as low as 2% to as high as 60% under a range of
dependency on sorting and tortuosity. D ocuments

Residual Saturation [%]
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10000 T T
\ — Main Drainage, Pristine
\ _ _ lab and field conditions (Figure 3-15;
o \\ — Main Wetting, LNAPL Present Mercer & Cohen, 1990).

\\ Residual saturation tends to increase as

soil becomes finer-grained, porosity

100 ™~ o
N decreases, and pore heterogeneity in-

S creases (Figure 3-16; Beckett &

Lundegard, 1998; Chatzis et al., 1983).

10 The LNAPL interfacial tensions and

0 0.2 0.4 06 0.8 1. .
viscosity can also have some effect.

Saturation
Figure 3-17. Scanning capillary curves showing the hysteresis (Bgéitause of a limited environmental

dependency) effect for the wetting phase (water) displaced by o -
LNAPL. Residual LNAPL saturation (approximately 15% in this database, it is necessary to combine the

case) fills pore space formerly occupied by water in the pristine residual saturation findings from agricul-
system. The curves are plotted against capillary pressure head (cm .
of the LNAPL/water system. iuré and petroleum production to broaden
the range of applicable values. Databases
of LNAPL parameter values are needed to assist in further constraining the range of residual satura-

tion for environmental conditions.

Capillary Pressure (cm)

The explanation for residual saturation lies in the complexity and tortuosity of discrete pore path-
ways and the closely related concepts of hysteresis and entrapment. As a result, the capillary curve
controlling water saturations are different for LNAPL displacing water (Drainage curve, Figure 3-
17) compared to water displacing LNAPL (Wetting curve, Figure 3-17). This difference between the
wetting and drainage curves is called hysteresis, and has been documented for many decades in
agricultural (Stephens, 1996; Corey, 1986). The most important implication of hysteresis to the
subject at hand is that the re-wetting curve
60 (Figure 3-17) never achieves a water saturation

50 Bt of 1.0. This means that no matter what fluid
g 40 \\ \ ::Zgg: t: z ;2 B | pressu_res are applied in a water flooding
v 30 Silty sand, ki =0.07D __|  operation, or how long we attempt to recover
2 20 j& Sand, ki =3.6 D | LNAPL hydraulically, water will not displace
3 10 X - all of the LNAPL from the pore space, result-
0 },ghw | _ | ingin entrapped residual LNAPL. The differ-
0 20 4 go ence between the maximum water saturation

0
Saturation (%) under drainage conditions (1.0) and the maxi-

, _ mum water saturation under re-wetting (Figure
Figure 3-18. Lab measurements of LNAPL saturation versus

applied pressure for different soil (permeability given in  3-17) is the nonwetting phase residual satura-

LNAPL capacity is somewhere near the inflection of the m’

curves. because the continuous poreb)ata\m;ﬁ é%t s
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LNAPL get cut off when the LNAPL
saturation falls below a certain thresh-
old. Not surprisingly, the more hetero-
geneous the pore or grain-size distribu-
tion, the greater the LNAPL stranding
capacity of the particular soil (Figure 3-
15). Nor is it surprising that the re-
sidual LNAPL capacity is often greater
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0.5 - in the saturated zone than in the vadose
W-13 W-15
00 | | | | zone (Lenhard & Parker, 1988).
0 1 2 3 4 5
Free Product Thickness (ft) It is important to distinguish between

. . . L true residual LNAPL saturation, which
Figure 3-19. Data showing the inverse relationship between free _
product thickness and piezometric pressure over six years of is a lab measurement under ideal two-

monitoring. The individual measurements are from variable timesF.)I,laSe conditions. arfiéld residual
as shown in Figure 3-20. T,

saturation, which is invariably a larger
value due to the influence of field scale heterogeneity. Heterogeneity can trap LNAPL in zones
where, although present above true residual, it is immobilized by the surrounding materials. The
field residual saturation is the best-case endpoint of any hydraulic recovery scheme, and is a key
factor used in cleanup and chemical depletion calculations herein.

Lab measurements of “residual LNAPL saturation” are variable and may not really measure the

hysteresis effect that causes true residual saturation. Drainage of LNAPL from core samples to
residual saturation is generally very
slow. Therefore, labs may estimate

0.25 435.0 . .
S— LNAPL Thickness (f) “residual LNAPL saturation” under an
020 | = 4 = Groundwater Elevation (f) 4348 induced pressure gradient (e.g., cen-
g « | 4246 trifugation, pressure permeameters,
= .
g 015 etc.). Many of these tests are 3-phase,
S - 434.4 . . .
F 010 with air under pressure used to drive
Fo
% m 4342 both water and LNAPL out of the pore
zZ N ’
~ 005 - | 4340 space. These tests allow rapid screen-
/ = ing of retained LNAPL under these
0.00 & ‘ ‘ 433.8 .. .
11/23/90  6/11/91  12/28/91  7/15/92 1/31/93 8/19/93 COﬂdItIOﬂS, bUt are not a true reS|duaI
Date measurement (e.g., Figure 3-18). True
Figure 3-20. Data showing time series graph of product residual LNAPL saturation values are
diminishing and increasing dependent simply on groundwater . )
elevation. usually larger, so this variety of lab
values called “residu [Qn’
HBLERENts
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should be used with caution. These types of measurements are of value for evaluating vadose zone
residual (a 3-phase system) saturations and air-based cleanup schemes where vacuum or pressure is
applied.

In addition to the residual saturation controlling the best-case endpoint to remediation using hydrau-
lic approaches, the concept of residual saturation has significant implications with respect to the
distribution of LNAPLSs in the subsurface under conditions of a rising water table. Once LNAPL has
invaded a pore space, increases in the fluid pressure of the wetting phase, such as that produced by &
rising water table, will act to displace LNAPL out of that pore space. This displacement of LNAPL

by water is, again, limited by the residual saturation of the LNAPL. Therefore, a rising water table

will act to entrap LNAPL below the oil/water interface in a monitoring well, producing what many
workers refer to as a “smear zone”. This process is enhanced by the low mobility of LNAPL com-
pared to that of water, as will be discussed later.

This LNAPL entrapped via this mechanism will not be amenable to any form of hydraulic

remediation, but will contribute significantly to the dissolved-phase plume downgradient of the

source area. This is a significant impact in areas where water tables have risen due to basin manage-
ment or natural hydrologic system changes. For instance, in Southern California, salt water barrier
projects and changes in basin pumping have caused groundwater levels to rise several tens of feet in
some areas, stranding significant quantities of product below the current water table. In addition, if
the surface source of an LNAPL has been eliminated, this rising water table will redistribute a fixed
mass of LNAPL over a larger vertical interval, resulting in a decreased thickness of hydrocarbon in a
monitoring well (Kemblowski & Chiang, 1990). The result is that LNAPL thickness can vary signifi-
cantly with changes in groundwater elevation. We often observe that free product thins or “disap-
pears” from observation wells with even modest rises in the water table, only to reappear when the
water table falls (e.g., Figures 3-19 and 3-20). This is a good example where the presence of, or lack
of, observable free product in a well is often irrelevant to risk, since under these “stranding” condi-
tions the source for risk is unchanged. As we will see, the change in product thickness in observa-
tions wells is, of itself, often a poor indicator of risk or risk benefits associated with cleanup efforts.

3.1.4 Implications of LNAPLWater andAir Distribution
The mass and distribution of LNAPL is the control over rates of dissolution and source longevity.
Though the equilibrated thickness of LNAPL in an observation well is always less than the thickness of
the impacted aquifer zone (no thickness exaggeration), the volume of LNAPL in the formation is
always less than that indicated by the equilibrated thickness in the monitoring wells and the formation
porosity (volume exaggeration). Therefore, the formation LNAPL volume is smaller and the volume of
impacted aquifer material larger than implied by the thickness of LNAPL in a monitoring well.
Documents
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