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ABSTRACT

Groundwater contamination is increasingly challenging and impacting the ecological environment
and human health. To design remediation operations for contaminated regions, contaminant
transport models that incorporate uncertainty associated with fate and transport mechanisms need
to be developed. Health risk models are necessary to effectively transfer knowledge from technical
to non-technical audiences. Moreover, health risk models should include the uncertainty associated
with exposure model parameters, site- and activity-specific scenarios and exposure pathways for
effective risk communication. This research delves into a multifaceted investigation of
contaminant transport in the presence of low permeability porous media (LPPM) and dead-end
regions and health risk assessment of the subsurface environment. A probabilistic human health
risk assessment (HHRA) framework considering uncertainty in exposure model parameters such
as body weight (BW), ingestion rate (IR), exposure frequency (EF), exposure duration (ED), skin
surface area (SA) was developed to estimate non-carcinogenic hazard quotient (HQ) due to metal
leaching from dumping sites (Okhla, Ghazipur, and Bhalswa landfill sites of Delhi,
Ariyamangalam, and fly-ash dumping site Nasik) in India. Fly-ash dumping site in Nasik was
found to pose the highest risk to human health in comparison to remaining considered dumping
sites. An enormous difference between estimated HQ (child) and HQ (adult) for both the oral
ingestion and skin dermal exposure scenarios was not observed. The variance attribution analysis
indicated that the BW and ED contributed 35% to 55% towards the overall uncertainties of
estimated HQs for children, and more than 95% of the contribution for adults was found to be
governed by ED. An integrated ecological and HHRA framework was developed to assess the

ecological and human health risks due to chromite ore processing residue (COPR) dumpsites in
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Kanpur, India. The multiple exposure scenarios (oral ingestion and skin dermal contact) and
multiple pathways (soil and groundwater pathways) along the activity-specific scenarios were
considered in the risk assessment framework. The teen playing in mud activity was found in the
highest risk zone among all exposure scenarios in all population groups. The average value of HQ
was found to be 4.5, which is four orders higher than the safe limit, and the 95" percentile value
of cancer risk (CR) was found to be 9 x10™* for skin dermal contact exposure scenario via soil
pathway. The presence of Cr(VI) and U in groundwater near the Rania site, above the safe limit,
was found to pose a significant threat to every population group. The maximum value of CR was

found to be 54.9, the highest among all population groups.

A novel Teaching Learning-based Optimization (TLBO) and mobile-immobile (MIM)
model-based integrated approach was implemented to simulate the solute transport through
heterogeneous short- (30 cm) and long-column (12.5 m) conditions. The MIM model was found
to capture the early arrival of solute, peak concentration, and long tailing in the breakthrough curve
(BTC) well for conservative solute transport in 12.5 m long highly heterogeneous soil column and
reactive solute transport in a 30 cm column-filled with Glendale clay loam soil. Further, the
uncertainty associated with flow and transport parameters of multispecies contaminants was
quantified using Global Sensitivity Analysis (GSA). GSA of contaminant transport model based
on temporal moment-based output indices indicated the complex interplay between different
model parameters and their varying influences on different output indices. This research discussed
the contrasting plume evolution dynamics observed in porous systems with and without LPPM
regions from two-dimensional (2-D) numerical simulations. The contaminant mass recovery and
mean residence time were found to be 25% to 50% lower and 25% to 40% higher in the porous

system with the LPPM region than in the porous system without it, respectively. In the end,



contaminant transport model-driven probabilistic HHRA was conducted for a chemical mixture of
Tetrachloroethene (also known as PCE) and its transformation products. The transformed daughter
species i.e., Vinyl Chloride (VC), and cis-Dichloroethene (cis-DCE) were found to pose the
highest risk to human health for a longer duration (up to 15 years) than the parent contaminant
species i.e., PCE. The BW, concentration, ED, and IR were found to be major contributors to the
total variance in the estimated risk metrics. Overall, the probabilistic risk assessment approaches,
and numerical methods to analyze contaminant plume dynamics introduced in this thesis can be
helpful in understanding the complexities involved in fate and contaminant transport and for

policymakers to transfer knowledge from technical to non-technical audiences effectively.
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SIS UGHUT ool § FAIguf 81 38T 8 3R uifufaes gafarr SR HHa W@ed R U9 S1d
e 3| g &3 & oI SUARTE® ST 6! fEomga o3 & forg, gitrd uRae disd fawla
HA DI TSI ¢ o UG 3R URae o7 ¥ Sa! ifAfydd enfia 811 ad-ia! I IR-
oot GRieh] b [T 1 THTA! &1 Y RIMIART B o fo Wrea wifed Hisd sfads
g1 U Ial, W WiRkgd Hisd # THUR Hisd AUGs!, Rid 3R Tafafy fafkiy
gfe=dl iR THTE SReH TaR & e Tauior Ar 9 S[e! SifAfdddr wnfia gt @nfiul a8
MY HH TR T ZRIRT Hf ST (@AUHA [LPPM]) 3R Hd-3id &Ff &1 Jufufa & gt

gfag- P! SgH™! oid 3R Iudde JafaRyl & WY SIRaH Jediehd IR UHI STadl &
TR & o (TS [BW]), STTUEUI &R (3SR [IR]), THRIUIOR SR (ST [EF]), THRIUTOR
3(af¥ (37 [ED]), Tl BT Tdg &7 (T [SA]) O TRIUIGR Hisd Auds! # 3AfEdadr =R
fIaR #d §U U AU HMd WA SIRGH eI (TaUDSRY [HHRA]) & fdamiRid
forar mar o1 yRd # ST Wl (R & oikaer, TRIMR, R Hakal dsfhd dTSe,
SR 3R TTs-URT ST W1ge A1RI®) T T BT AT & HRUT IR-HAoTT Wk B
YR (TR [HQ]) DT STH T o [T | A HT ST areil Sft wrgel & g o A1l
H TSR ST W1ge HiMe WA & T 9ad $fed TRt Ual S arelt Uls s | Jifkds
3R 3R @ @d SIReH UReRdl & oY SrgHd Ty (§=) 3R Tora (G9%h) &
9 B3 Fa7 3R et T | f=Rr TfesgRe favavur ¥ Yahd fiyedr B f desyg sk
S A g= & o SrgATAd Taay &1 Iu SHAfAadrst & 35% 9§ 55% &1 anTeH fadT, sk
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B b TT 95% T 31 AT St gRT MR U T | HRA & HHR | HIATSE 3D
TRITHRUT AR (HH3NTSR [COPR]) SURISEH & HRUT UIRTRUTAH 3R HHa W SRt
BT BT B &b o T Thipd UIRIYTID SR TITISRT g fawb i fvar mar i
Sfed geuie o & Tfafafy-fafky ofewdl & 9y &3 Sifen aRed! @ifds siafso
3R @ @ Gudh) 3R P AN (Y iR Yoidt uy) W faarR fear mar unl aaft s
el ¥ it sy ufesal & ot gt ot wfafafiel & Qe ard iRl & vad offtrd
SR aTa &5 & U T T ST Sid A 4.5 Ul T, o JRIET JE ¥ IR sffex
31f¥iep B, 3R a1 11l & HIeH § a1 @i IuS Sy uRewd & forg Har sifgd @ffeiR

[CR]) T 95T UferRId Ged 9 x 10~ I 77| M1 IS ob U Yoldl H PRI 1 d S|
Cr(VI) 3R U ! AiseTh, 8- ST WHg & i U Hequl @Rl UaT Hrdl uTs s | 18R
BT HeeHdH T 54.9 U T, S Tt SiRe THg! § 9ad Sifed g

fawm @g- (30 I SR de-wY (12.5 Hiew) Rufoat & mrem § facg uRags &1
SR PR b oI T I fRuerur fRueror-snemid spe (Eleadtsdt [TLBO)) 3R
Haed-gHERd (QHSMREH [MIM]) ATSd-3TURd Thidd €P®0 Ar] fear T 1l
THIRTH Hisd &I 12.5 Hiex dd Sl favm gar @y & wfear! facd uikag iR
Ted fast ave fird) @ w1 g3 30 I+t Ty A ufaferarefia fada ufvaga & fo seywd
@Rt (BTC)) H facia gt & URfYe SINTHA, TRH FigdT 3R Tl U & Uhs- & g ur
4T 4TI 39 3@Nd], Ygu eyl voneht § ag-uenfa & gia uerif & uarg $iR ufvagH
Aucst I et AR & 3y Jadeaxiiaar fIzawur ©ugu [GSA]) BT IUANT HRH
iR fovam T 1| STt &ur-31eTRa $3eye Y@HiP! & YR WR gid uRdgd Aled
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model simulated
concentration

Coefticient of variation of
observed concentration

Contamination factor

Cancer slope factor for skin
dermal contact
Cancer slope factor for oral

ingestion



Ty (x)

T5(x)

fa;

fa

nt" order absolute temporal CSF

moment

Mass source term D
Determination coefficient DAeyent;
Retardation factor of it" DA pent
species

Mean residence time at DAD;(GW)
location x

Variance of breakthrough at DAD;(soil)
location x

Teaching factor FA

Teacher at it" iteration IR0

New solution K

Old solution L
Elementary effect N

determined for i"

parameter by using j*"

sampling point

Difference between OF
simulated and observed

concentrations

Variance contribution of 4; RfDyps
to the overall variance of the

estimated risk index

Variance contribution of A RfD,
to the overall variance of the

estimated hazard quotient

XxXX1

Cancer slope factor

Hydrodynamic dispersion
coefficient

Absorbed dose per event for
groundwater pathway

Absorbed dose per event

Dermally absorbed dose for
groundwater pathway
Dermally absorbed dose for
soil pathway

Fraction of skin in contact
with water

Soil ingestion rate
Hydraulic conductivity
Total length of numerical
domain

Number of observation points

Objective function

Reference dose for absorption

Reference dose for oral

ingestion exposure scenario



tevent

tpulse

Yi

along

.Bbias

Dermal coefficient of RfD

permeability of contaminant

Random number SAsoir
Time to reach a steady-state Var(HQ)
for DNAPL

Single contact event Var(RI)
duration

Pulse duration Y
Porewater velocity in the f

mobile region

Effective yield coefficient q
for any reactant or product

pair representing the mass

ratio of species (i) produced

to the species (i —1)

consumed

Dispersivity along t
longitudinal direction

Longitudinal dispersivity u
Dispersivity along v
transverse direction

Horizontal transverse weight;
dispersivity

Longitudinal dispersivity

Bias ratio B

XxXxi1

Reference dose

Skin surface area for soil
pathway

Variance of estimated hazard
quotient

Variance of estimated risk
index

Yield coefficient for
transformation from one to
another species

Fractions of sorption sites
that equilibrate rapidly with
the mobile region

Flowrate

Time

Darcy velocity

Porewater velocity

Normalized weight
coefficient

Spatial coordinate

Ratio of mobile region to

total pore volume



yvariability

Bim

Variability ratio

Volumetric water content of
immobile region
Volumetric water content of

mobile region

p [risk
assessment]

w

Xxxiil

Total volumetric water
content

Spearman’s rho statistic

First-order mass transfer

coefficient



