EVALUATION OF VAPOR MITIGATION SYSTEM EFFECTIVENESS
AND UNSATURATED ZONE VOC VAPOR TRANSPORT
USING A 1-D VAPOR MODEL

by
Matt Miller



A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of
Mines in partial fulfillment of the requirements for the degree of Master of Science

(Hydrologic Systems and Engineering).

Golden, Colorado

Date

Signed:
Matt Miller
Signed:
Dr. David Benson
Thesis Advisor
Golden, Colorado
Date
Signed:

Dr. David Benson
Director
Department of Hydrology, Interdisciplinary Program

i



ABSTRACT

We assess the potential for successful cessation of a sub-slab vapor intrusion mitigation
system (VIMS) at a volatile organic compound (VOC) contaminated site. A numerical
model is developed to simulate migration of VOCs within the unsaturated zone where two
primary migration pathways are considered: (1) Beneath a building where residual
non-aqueous phase liquid contamination may be present, and (2) beneath an adjacent open
ground surface where rainfall will infiltrate. Both pathways include vapor migration from
contaminated groundwater, but only the building model includes measured shallow soil
contamination and only the open-ground pathway includes the effects of migrating
infiltration fronts. Model simulations are used to assess the potential for vapor intrusion
(VI) following VIMS operation, including the magnitude of remaining source
concentrations, infiltration impact, and potential for vapor contaminant rebound. The
model, developed using historical data from a VI-impacted Superfund Site with two
contaminant sources (shallow soil and shallow groundwater), addresses concerns regarding

VIMS deactivation that has been operating since 2016.
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CHAPTER 1
INTRODUCTION

Vapor intrusion (V1) of volatile organic chemicals (VOCS) into buildings is a common
issue at many impacted environmental Sites [1], with ongoing research focused on assessing
its magnitude and extent [2{6]. Due to their limited solubility, VOCs typically enter the
subsurface as an immiscible liquid phase. Substantial portions of the chemical release can
remain entrapped within the soil by capillary forces and continue to cause VI issues, and
contaminate groundwater through migration and partitioning into mobile phases [7]. In
addition, where bare soil is exposed to the atmosphere, in ltration fronts have the ability
to alter soil moisture content [8, 9], a key factor a ecting vapor di usion as well as
advecting dissolved VOCs [10].

Sub Slab Depressurization (SSD) using a vapor intrusion mitigation system (VIMS) is a
common engineering control installed in buildings with these environmental conditions to
mitigate associated VI health risks by creating a negative pressure eld below the sub slab,
intercepting the contaminated soil vapors before they enter the building. VIMS typically
include multiple SSD suction points, which are constructed by coring through the slab or
foundation, and installing a vertical pipe through the cored hole in the oor [11].

During VIMS operation, the source contamination in soil or groundwater deplete over
time, or migrate away from the building, causing the intrusive vapor concentrations to
decrease to below Site remediation goals [12, 13]. Before deactivating the VIMS, common
guestions arise such as: Will there be rebound so that future vapor concentrations after
VIMS shutdown will be greater than the VI human risk-related goals? How much of the
subsurface soil contaminant source remains? Will contaminated shallow groundwater cause
the vapor contaminant concentrations to return to values near or above the vapor screening

levels in the future [14], [15]?



To answer these questions, one may develop a numerical model including subsurface
contaminant sources in soil and groundwater [16{22] to simulate the di usive vapor and
advective water transport in the vertical ) dimension in the vicinity of a SSD. The model
should simulate every compound's partitioning into all phases that might be present
(including vapor, adsorbed, dissolved, and NAPL).

We include water movement in the vadose zone because wetting fronts can have a
drastic e ect on VOC migration for two reasons: (1) very wet soil will have vapor di usion
coe cients that are orders-of-magnitude smaller than for drier soil, so a wetting front may
suppress upward vapor migration from the water table, and (2) VOCs that partition into
the dissolved phase will move downward during rainy periods.

Environmental data from an undisclosed Superfund Site in the United States is used to
test the model, and evaluate its use as a screening tool for VI. The Site has an active VIMS
in a building to prevent VI associated with known shallow contaminated soil and
groundwater sources. The VIMS was activated in March 2016, and extraction of
contaminated vapors from 16 SSDs has been taking place relatively continuously since.
During VIMS operations, one SSD node has had higher concentrations than remediation
goals, intermittently during this time, and at present, the e cacy of deactivating multiple
VIMS SSD nodes is being considered. This study tests four hypotheses regarding VI at the
Site through experiments that model vertical ¢-direction) vapor transport both in the
vicinity of VIMS SSD with the highest Site concentrations, and outside the building

footprint.



CHAPTER 2
THESIS SCOPE AND MODELING BACKGROUND

2.1 Hypotheses Statements

At this particular Site, some VOC concentrations in extracted vapors have dropped
several orders-of-magnitude during operation. One option is to deactivate the VIMS, and

the following hypotheses concerning past and future performance are examined:

1. Prior to VIMS activation, the source concentration magnitudes consistent with
observed vapor concentrations, indicated the presence of NAPL in the domain, either
as residual NAPL in the shallow subsurface or as light non-aqueous phase liquid

(LNAPL) above the water table.

2. Shallow soil contamination was remediated by the VIMS operation, regardless of

residual NAPL presence.

3. Inltration events explain uctuations in VIMS vapor samples by altering water
content. This reduces di usive transport in saturated soils as wetting fronts move

through the domain.

4. Continued VOC emissions from either the groundwater table or the soil source will

require VIMS to be reactivated.
2.2 Conceptual Site Model

The Site is located within an industrial area with commercial business and residential
properties, as shown in Figure 2.2. The topography at the Site is relatively at. Sur cial
soils consist of sandy loam to 1.5 meters below ground surface (bgs), overlying medium to
coarse-grained alluvial sands extending to approximately 8.4 meters below ground surface

(bgs). The shallowest aquifer appears in the alluvial sands at approximately 7.5 meters



bgs, extending to an underlying clay aquitard. Regional groundwater ow in the area is
predominately northeast, approximating the general ow direction along the Platte River
located approximately 6.1 km to the southeast from the Site, depicted on Figure 2.1 [23].
The hydraulic gradient reported at the Site in 2008 was approximately 0.002 m/m to the
northeast and hydraulic conductivity measured at the Site is 0.001@n=sec Assuming an
aquifer porosity of 0.25, the associated pore-water velocity is approximately 0.8m=day.

More recently, groundwater ow at the Site has trended east to southeast. In March
2014, groundwater ow at the Site was predominately southeast at the center of the Site,
and more east on the eastern portion of the Site Figure 2.2. The USGS observed
water-levels between 1930 and 1939 and noted that when the regional groundwater table
reduces below a certain point, the gradient of the water table changes from towards the
Platte river (south) to parallel with the surface runo [24].

The sources of contamination at the Site prior to VIMS operation include contaminated
groundwater and the soil contamination under the building. Contaminants present in the
shallow soils under the building include chlorinated VOCs (PCE, TCE, and Cis-1,2-DCE),
and minor concentrations of Toluene. Primary contaminants present in groundwater
include chlorinated VOCs (PCE [Figure 2.3], TCE [Figure 2.4], Cis-1,2-DCE [Figure 2.5],
and Vinyl Chloride [Figure 2.6]), though petroleum hydrocarbons (PHCs) are also present
including Toluene, Xylenes, and Ethylbenzene. Major contaminants in the VIMS exhaust
samples data include chlorinated VOCs (PCE, TCE, Cis-1,2-DCE, VC) while minor
contaminants include PHCs (Toluene, Xylenes, and Ethylbenzene). Sub slab vapor
contaminants collected prior to VIMs operations included VOCs (PCE, TCE, and
Cis-1,2-DCE) and PHCs (Toluene, Total Xylenes, and Ethylbenzene). The VIMS SSD
node is constructed directly above the contaminated soil and groundwater sources.
Sampling data of VIMS exhaust vapor and two nearby monitoring wells present uctuating
groundwater concentration trends, which may be correlated to wetting fronts associated to

in ltration and uctuating water table (Figure 2.7).



Figure 2.1 Regional aquifer groundwater in the vicinity of the Site, reported by USGS in
1949.[24]



Figure 2.2 Site layout and potentiometric surface map for March 2024 Site quarterly groundwater sampling event.
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