
 
 

 

 

Accounting for black carbon relationship with organochlorines in Lesser 

Himalaya, Pakistan 

 

 
 

 

 
 

 

 

 

USMAN ALI 

(Reg. No. 03311411001) 

 

 

 

 

DEPARTMENT OF ENVIRONMENTAL SCIENCES 

QUAID-I-AZAM UNIVERSITY 

ISLAMABAD, PAKISAN 

2018 

 



 
 

Accounting for black carbon relationship with organochlorines in Lesser 

Himalaya, Pakistan 
 

 

     This work is submitted as a dissertation in partial fulfillment for the award of the degree of 

 

 

 

Doctor of Philosophy 

In 

Environmental Sciences 

 

 

 
 

 

USMAN ALI 

(Reg. No. 03311411001) 

 

 

 

DEPARTMENT OF ENVIRONMENTAL SCIENCES 

QUAID-I-AZAM UNIVERSITY 

ISLAMABAD, PAKISAN 

2018 



 
 

 



 
 

AUTHOR’S DECLARATION 

 

I, Usman Ali, registration number (03311411001) hereby state that my PhD thesis titled 

“Accounting for black carbon relationship with organochlorines in Lesser Himalaya, 

Pakistan” is my own work and has not been submitted previously by me for taking any degree 

from Quaid-i-Azam University, Islamabad or anywhere else in the country/world. 

At any time, if my statement is found to be incorrect even after my graduation, the university has 

the right to withdraw my PhD degree. 

 

 

Usman Ali 

Date: 16-11-2018 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

PLAGIARISM UNDERTAKING 

 

I, Usman Ali, registration number (03311411001) solemnly declare that research work presented 

in this thesis titled “Accounting for black carbon relationship with organochlorines in Lesser 

Himalaya, Pakistan” is solely my research work with no significant contribution from any other 

person. Small contribution/help whatever taken has been duly acknowledged and that complete 

thesis has been written by me. 

I understand zero tolerance policy of the HEC and Quaid-i-Azam University, Islamabad, towards 

plagiarism. Therefore, I as an author of the above titled thesis declare that no portion of my thesis 

has been plagiarized and any material used as reference is properly referenced/cited. 

I undertake that if I am found guilty of any form of plagiarism in the above titled thesis even after 

the award of PhD degree, the university reserves the right to withdraw/revoke my PhD degree and 

that HEC and the university has the right to publish my name on the HEC/University website on 

which the names of students are placed who submitted plagiarism. 

 

 

 

Student Signature _______________ 

Name: Usman Ali 

Date: 16-11-2018 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

ANTI-PLAGIARISM REPORT 

This thesis has been checked from online Anti-Plagiarism Software (www.turnitin.com); and 

found that it lies in the limit (19%) provided by Quaid-i-Azam University and Higher Education 

Commission (HEC), Islamabad, Pakistan. The details are as under: 

Chapter Title Similarity Index (%) 

 Complete Thesis 16 % 

Chapter 1 Introduction and Review of Literature Published 

Chapter 2 Materials and Methods 13 % 

Chapter 3 Results and Discussion  

Part A Role of Black Carbon in Soil Distribution of 

Organochlorines in Lesser Himalayan Region of 

Pakistan 

Published 

Part B Higher atmospheric levels and contribution of black 

carbon in soil-air partitioning of organochlorines in 

Lesser Himalaya 

Published 

Part C Sedimentary Black Carbon and Organochlorines in 

Lesser Himalayan Region of Pakistan: Relationship 

along the Altitude 

Published 

Part D Accounting for Water Levels and Black Carbon 

Inclusive Sediment-Water Partitioning of 

Organochlorines in Lesser Himalaya, Pakistan 

using Two Carbon Model 

Published 

Chapter 4 General Discussion 9 % 

 

 

 

 

Usman Ali 

 

 

 

 

 

 

 

 

 

 

 

http://www.turnitin.com)/


 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to My Parents, My Wife and My Son 

“Muhammad” 

 

 

 

 



 

i 
 

Table of Contents 

 
S. No. Content Description Page # 

 Acknowledgements iii 

 List of Tables iv 

 List of Figures v 

 List of Plates vi 

 List of Appendices vii 

 List of Abbreviations viii 

 Abstract ix 

   

Chapter 1 Introduction and Review of Literature  

1.1.  Introduction 1 

1.2.  Organohalogenated Contaminants 2 

1.2.1.  Organochlorines (OCs) 3 

1.2.2.  Polybrominated diphenyl ethers (PBDEs) 4 

1.2.3.  Dechlorane plus (DP) 5 

1.2.4.  Novel brominated flame retardants (NBFRs) 6 

1.3.  Long Range Transport (LRT) Potential of Persistent Organic Pollutants (POPs) 7 

1.4.  Fate and Distribution of POPs: A Modeling Approach 8 

1.5.  Cold Trapping and Upslope Enrichment of POPs 9 

1.6.  Glacier Hypothesis and Forest Filter Effect 22 

1.7.  Regulatory Overview and Monitoring Campaigns for POPs  25 

1.8.  Black Carbon (BC): Characteristics and Sources 26 

1.9.  BC in Different Environmental Matrices 28 

1.10. Role of BC in Fate and Distribution of POPs: Implications for High Altitude Regions 31 

1.11. Gluts, Gaps and Problem Statement 34 

1.12. Objectives of the Thesis 35 

1.13. Structure of the Thesis 37 

   

Chapter 2 Materials and Methods  

2.1.   Description of the Study Area and Sampling Strategy 39 

2.1.1.  Passive air sampling campaign 42 

2.1.2.  Water sampling 42 

2.1.3.  Sediment sampling 45 

2.1.4.  Soil sampling 45 

2.2.  Extraction and Cleanup Procedures 45 

2.2.1.  Extraction/cleanup of Polyurethane Foams (PUFs) 45 

2.2.2.  Extraction/cleanup of riverine water 46 

2.2.3.  Extraction/cleanup of soil/sediment 46 

2.3.  Gas Chromatography (GC)/Mass Spectrometry (MS) Analysis and Targeted Analytes 47 

2.4.  Quality Control/Quality Assurance (QC/QA) of Analytical Procedures for OCPs and PCBs 48 

2.5.  Physic-Chemical Analysis and Climatic Parameters 48 

2.6.  Backward Air Mass Trajectories 49 

2.7.  Soil-Air Partitioning of OCs in the Lesser Himalayan Region 50 

2.8.  Sediment-Water Partitioning of OCs in the Lesser Himalayan Region 52 

2.9.  Statistical Analysis 54 

   

Chapter 3 Results and Discussion  

   

Part A Role of Black Carbon in Soil Distribution of Organochlorines in Lesser Himalayan Region of 

Pakistan 

 

 Highlights 56 

 Graphical Abstract 56 

3.1.  Results and Discussion 57 

3.1.1.  Total organic carbon and black carbon in soils of the LHR 57 

3.1.2.  Organochlorines in soils of the LHR 63 

3.1.3.  Spatial distribution and composition of OCs in soils of the LHR 65 

3.1.4.  BC, TOC vs OCs in soils of the LHR 71 

3.1.5.  Conclusions 77 

   



 

ii 
 

Part B Higher atmospheric levels and contribution of black carbon in soil-air partitioning of 

organochlorines in Lesser Himalaya 

 

 Highlights 78 

 Graphical Abstract 78 

3.2.   Results and Discussion 79 

3.2.1.  Climatic parameters 79 

3.2.2.  Atmospheric levels of OCs in the LHR 79 

3.2.3.  Backward air mass trajectories, spatial/altitudinal trends and source implications 83 

3.2.4.  Further insight into LRAT: Results of Clausius–Clapeyron (C–C) equation 94 

3.2.5.  Soil-air partitioning of OCs 102 

3.2.6.  Conclusions 105 

   

Part C Sedimentary Black Carbon and Organochlorines in Lesser Himalayan Region of Pakistan: 

Relationship along the Altitude 

 

 Highlights 107 

 Graphical Abstract 107 

3.3.  Results and Discussion 108 

3.3.1.  Sedimentary BC and TOC fractions in the LHR 108 

3.3.2.  Organochlorines in sediments of the LHR 111 

3.3.3.  Spatial/altitudinal distribution and source implications 114 

3.3.4.  Role of BC-versus-TOC in explaining the OCs distribution in sediments of the LHR 118 

3.3.5.  Sedimentary composition of OCs 121 

3.3.6.  Conclusions 124 

   

Part D Accounting for Water Levels and Black Carbon Inclusive Sediment-Water Partitioning of 

Organochlorines in Lesser Himalaya, Pakistan using Two Carbon Model 

 

 Highlights 127 

 Graphical Abstract 127 

3.4.  Results and Discussion 128 

3.4.1.  Water levels, composition and global comparison of OCs 128 

3.4.2.  Spatial/altitudinal distribution and source implications 132 

3.4.3.  Sediment-water partitioning of OCs in the LHR 136 

3.4.4.  Conclusions 144 

   

Chapter 4 General Discussion 145 

4.1.  Concentration Profile of OCs in the LHR 147 

4.2.  Spatial Distribution Patterns of OCs in the LHR 149 

4.2.1.  Long range atmospheric transport and upslope movement of OCs in the LHR 149 

4.2.2.  Source proximity 150 

4.3.  Black Carbon: Implications for Fate and Biogeochemical Cycles of OCs in the LHR 150 

4.4.  Role of BC/TOC in Sorption and Desorption of OCs 151 

4.5.  Strengths and Limitations of this Research 151 

4.6.  Recommendations and Future Directions 152 

4.7.  Concluding Remarks 153 

   

 References 154 

   

 Appendices 179 

 

 

 

 

 

 

 

 

 

 



 

iii 
 

ACKNOWLEDGEMENTS 

 

In the Name of Allâh, the Most Beneficent, the Most Merciful, WHO has taught (the 

writing) by the pen and Peace Be Upon Prophet MUHAMMAD about whom HE says in THE 

QURAN “And verily, for you (O MUHAMMAD PBUH) will be an endless reward. And verily, 

you (O MUHAMMAD PBUH) are on an exalted (standard of) character.  

I express my special gratitude towards the apex commission of the country “Higher 

Education Commission of Pakistan” for providing me with opportunity to visit Lancaster 

Environment Centre, UK (LEC), which help me in profounding and expressing myself to the best 

of my abilities and proving to be a milestone in my research achievements. I am also highly 

thankful for the Higher Education Commission of Pakistan for providing funding for this study 

via project under National Research Program for Universities (Project # 20-

4730/R&D/HEC/14/1188). 

I express my heartedly thanks to my doctoral advisor Professor Dr. Riffat Naseem Malik 

(T.I.) for her guidance and supervision helping me to achieve my goals in research, dissertation write 

up and publications. 

Professor Dr. Kevin C. Jones and Dr. Andy Sweetman during my stay in LEC helped 

me at every single step to achieve nothing but the best in my research and analytical work and 

providing me with ample opportunity and complete guideline for which I oblige them and is truly 

thankful to them. More so, the technical assistance provided to me by Carola Graf and Aimee 

Mariga was phenomenal as without their help and support during lab work was impeccable for 

which I thank them also graciously. I would like to extend my thanks to Professor Gan Zhang from 

State Key Laboratory of Organic Geochemistry, Chinese Academy of Sciences, Guangzhou, 

China, for his support in provision of PUFs and analytical facilities.  

I am highly thankful to all my teachers, colleagues and friends for their moral support 

during my research Dr. Mazhar Iqbal Zafar, Dr. Sohail Yousaf, Dr. Mazhar Iqbal, Dr. Mateen 

Shafqat, Dr. Luqman Riaz, Dr. Shahid Mehmood, Usama Niazi, Majid Hussain, Bilal Hasan, 

Abdul Quyyum, Muhammad Irfan Nazir, Ajab Abbasi, Naveed Majeed, Naeem Ahmed, 

Dildar Irshad, Muaz, Sunny Salamat, Rahat Riaz, Dr. Naeem Akhtar Abbasi, Dr. 

Muhammad Usman Khan, Sidra Waheed, Farhan Gohar, Muhammad Yasir Abdul 

Rehman, Shaheer Tariq, Syed Sajjad, Muhammad Talib Shehzad, Saad Usman Malik, 

Sohail Ahmed, Amina Irshad and the list can go on and on as these people stood by with me in 

every kith and kin not only helped me in achieving my analytical and research goals. I would also 

extend my thanks to dearest staff Abdul Moeed, Safeer Ahmed, Asif Sarwar, Zulqurnain, 

Ikram, Azkar and Asif Maseeh for their assistance and loving attitude throughout my stay in the 

university. 

Finally, utmost regards for my parents, wife and family without whom it was not possible 

for me to complete this research. I cannot forget their love, affection and support throughout my 

life.  

 

 

 
Usman Ali 



 

iv 
 

List of Tables 

 
Table  Description  Page # 

1.1 Global studies depicting OHCs levels in high altitude environments 12 

1.2 Studies on altitudinal relationship with OHCs working on upslope enrichment 19 

1.3 Studies depicting “Glacier Hypothesis” 23 

2.1 Latitude, longitude and altitude of sample collection points 43 

2.2 Physic–chemical properties and partition coefficients of OCPs and PCBs used for KOA and KOA + 

KBC models in this study 

51 

2.3 Partition coefficients of OCPs and PCBs used for one carbon and two carbon Freundlich models 

in this study 

53 

3.1 Soil textural parameters, pH and EC of sampling zones of the Lesser Himalayan Region 58 

3.2 Descriptive statistics showing mean levels of OCs (ng g–1), BC (mg g–1) and TOC (mg g–1) in soils 

of the Lesser Himalayan Region 

59 

3.3 Comparison of soil BC, TOC, BC/TOC in the Lesser Himalayan Region with other global studies 

of mountain or pristine origins 

60 

3.4 Comparison of HCHs, DDTs and PCBs in soils of the Lesser Himalayan Region with other global 

studies 

64 

3.5 Range (median) of source diagnostic ratios of HCHs, DDTs and chlordane in soils of the Lesser 

Himalayan Region 

70 

3.6 Climatic parameters of sampling zones of the Lesser Himalayan Region 80 

3.7 Atmospheric summary of OCPs (pg m–3) and PCBs (pg m–3) for the Lesser Himalayan Region 82 

3.8 Enthalpies (ΔH) of vaporization for studied compounds derived from slope of (C–C) plots 101 

3.9 Soil data regarding fTOC (g g–1), fBC (g g–1) and OCs (ng g–1) used in this study for KOA and KOA + 

KBC models 

103 

3.10 Sedimentary textural parameters, EC and pH of sampling zones of the Lesser Himalayan Region 109 

3.11 Sedimentary BC and TOC in the Lesser Himalayan Region and their comparison with other 

studies conducted around the globe 

110 

3.12 Descriptive statistics showing mean levels of OCPs (ng g−1) and PCBs (ng g−1) in sediments of 

the Lesser Himalayan Region 

113 

3.13 Pearson Correlation (r) of BC vs TOC with OCPs and PCBs at different altitudinal zones of 

sediments of the Lesser Himalayan Region 

120 

3.14 Source diagnostic ratios of HCHs, DDTs and chlordane in sediments of the Lesser Himalayan 

Region 

122 

3.15 Summary of OCPs (ng L−1) and PCBs (ng L−1) in water of the Lesser Himalayan Region 129 

3.16 Global water level comparison of organochlorines (ng L−1) with the Lesser Himalayan Region 130 

3.17 Sedimentary data regarding fTOC (g g−1), fBC (g g−1) and OCs (ng g−1) used in this study for one 

carbon and two carbon Freundlich model 

137 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

v 
 

List of Figures 

 
Figure Description Page # 

2.1 Map of the study area and locations of the sampling sites 40 

2.2 Schematic illustration of sampling strategy for the Lesser Himalayan Region, Pakistan 41 

2.3 Illustration of polyurethane foam passive air sampler 44 

3.1 Spatial distribution of BC and TOC in soils of the Lesser Himalayan Region 61 

3.2 Spatial distribution of TOC, BC and BC/TOC in different sampling zones of soils of the Lesser 

Himalayan Region (based on average values) 

62 

3.3 Linear regression between ∑PCBs and ∑Indicator-PCBs (PCB-28, -52, -101, -118, -138, -153 and 

-180) for overall data of the Lesser Himalayan Region 

66 

3.4 Spatial distribution of OCPs and PCBs in soils of the Lesser Himalayan Region 67 

3.5 Spatial distribution of ∑OCPs and ∑PCBs in different sampling zones of soils of the Lesser 

Himalayan Region (based on average values) 

68 

3.6 Percentage composition of PCB homologue groups and their comparison with Aroclor technical 

mixtures for soils of different altitudinal zones of the Lesser Himalayan Region 

73 

3.7 Regression analysis of OCPs vs BC and TOC for different altitudinal zones of the Lesser 

Himalayan Region 

74 

3.8 Regression analysis of PCBs vs BC and TOC for different altitudinal zones of the Lesser 

Himalayan Region 

76 

3.9 Wind direction map 81 

3.10 Composition (%) of HCH isomers in atmosphere of different altitudinal zones of the Lesser 

Himalayan Region 

84 

3.11 PCBs homologue profile composition (%) in atmosphere and its comparison with Aroclor 

technical mixtures in the Lesser Himalayan Region 

85 

3.12 Spatial distribution of atmospheric OCPs and PCBs in the Lesser Himalayan Region 87 

3.13 Distribution of OCPs and PCBs in atmosphere of different altitudinal zones of the Lesser 

Himalayan Region 

88 

3.14 Schematic illustration of OCs transport in the Lesser Himalayan Region 89 

3.15a Backward air mass trajectories run for Zone A of the Lesser Himalayan Region 90 

3.15b Backward air mass trajectories run for Zone B of the Lesser Himalayan Region 91 

3.15c Backward air mass trajectories run for Zone C of the Lesser Himalayan Region 92 

3.15d Backward air mass trajectories run for Zone D of the Lesser Himalayan Region 93 

3.16 ln P vs 1000/T (K) regression along with their p-values 96 

3.17 Clausius–Clapeyron (C–C) plots showing ln P (atm) versus 1000/T (K) 97 

3.18 Regression results of measured Log KP vs predicted Log KP from KOA and KOA + KBC models 104 

3.19 Spatial distribution of BC and TOC in sediments of the Lesser Himalayan Region 112 

3.20 Spatial distribution of OCPs and PCBs in sediments of the Lesser Himalayan Region 116 

3.21 Distribution of OCPs and PCBs in different altitudinal zones of sediments of the Lesser Himalayan 

Region 

117 

3.22 Principal Component Analysis depicting BC vs TOC relationship with other OCPs and PCBs in 

sediments of the Lesser Himalayan Region 

119 

3.23 Composition (%) of HCH isomers in different altitudinal zones of sediments of the Lesser 

Himalayan Region 

123 

3.24 PCBs homologue profile composition (%) and its comparison with Aroclor technical mixtures in 

sediments of the Lesser Himalayan Region 

125 

3.25 Composition (%) of HCH isomers in different altitudinal zones of water of the Lesser Himalayan 

Region 

131 

3.26 PCBs homologue profile composition (%) and its comparison with Aroclor technical mixtures in 

water of the Lesser Himalayan Region 

133 

3.27 Spatial distribution of OCPs and PCBs in waters of the Lesser Himalayan Region 134 

3.28 Distribution of OCPs and PCBs in riverine water in different altitudinal zones of the Lesser 

Himalayan Region 

135 

3.29a Measured vs predicted concentrations of one carbon model based on absorption of organic carbon 

for OCPs in the LHR 

139 

3.29b Measured vs predicted concentrations of one carbon model based on absorption of organic carbon 

for PCBs in the LHR 

140 

3.30a Measured vs predicted concentrations of two carbon Freundlich model based on absorption of 

organic carbon and adsorption onto black carbon for OCPs in the LHR 

141 

3.30b Measured vs predicted concentrations of two carbon Freundlich model based on absorption of 

organic carbon and adsorption onto black carbon for PCBs in the LHR 

142 



 

vi 
 

List of Plates 

 
Plate Description Page # 

2.1 Pictorial view of sampling sites, sampling and analytical activities 55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

vii 
 

List of Appendices 

 
Appendix Description Page # 

2.1 Detection frequency (at > LOD) of OCPs and PCBs in soil and sediment samples from the Lesser 

Himalayan Region 

179 

2.2 Detection frequency (at > LOD) of OCPs and PCBs in air and water samples from the Lesser 

Himalayan Region 

180 

3.1 Spatial distribution of soil OCPs and PCBs in different altitudinal zones of the Lesser Himalayan 

Region (based on average values) 

181 

3.2 Regression scatter plots of OCs vs BC and TOC for different altitudinal zones of the Lesser 

Himalayan Region 

183 

3.3 Climatic data for sampling locations of the Lesser Himalayan Region 199 

3.4 Distribution of different OCPs and PCBs in atmosphere of different altitudinal zones of the Lesser 

Himalayan Region 

200 

3.5 OCPs and PCBs measured vs predicted Log KP from KOA model 202 

3.6 OCPs and PCBs measured vs predicted Log KP from KOA + KBC model 207 

3.7 Distribution of different OCPs and PCBs in sediments of different altitudinal zones of the Lesser 

Himalayan Region 

212 

3.8 Distribution of different OCPs and PCBs in riverine water in different altitudinal zones of the 

Lesser Himalayan Region 

214 

3.9 Measured vs predicted concentrations of one carbon model based on absorption of organic carbon 216 

3.10 Measured vs predicted concentrations of two carbon Freundlich model based on absorption of 

organic carbon and adsorption onto black carbon 

224 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

viii 
 

List of Abbreviations 

 
Abbreviations Full Name 

AJK Azad Jammu & Kashmir 

BC Black carbon 

CAS Chinese Academy of Sciences 

CC Cis–chlordane 

C–C Clausius–Clapeyron 

CTO-375 Chemo-Thermal Oxidation-375 method 

DCM Dichloromethane 

DDD Dichlorodiphenyldichloroethane 

DDE Dichlorodiphenlydichloroethylene 

DDT Dichlorodiphenyltrichloroethane 

EC Electrical conductivity 

GC Gas Chromatography 

GPC Gel Permeation Chromatography 

HCB Hexachlorobenzene 

HCH Hexachlorocyclohexane 

HCL Hydrochloric acid 

HYSPLIT Hybrid-Single Particle Lagrangian Integrated Trajectory 

IDL Instrumental detection limit 

KBC Black carbon-air partition coefficient 

KBC-W Black carbon-water partition coefficient 

KD Sediment-water partition coefficient 

KOA Octanol-air partition coefficient  

KOC Organic carbon partition coefficient 

KOW Octanol-water partition coefficient 

KP Soil-air partition coefficient 

LEC Lancaster Environment Centre, Lancaster University 

LHR Lesser Himalayan Region 

LOD Detection limit 

LRAT Long range atmospheric transport 

LRT Long range transport 

nF Freundlich exponent 

OCPs Organochlorine pesticides 

OCs Organochlorines 

OHCs Organohalogens or organohalogenated contaminants 

PAS Passive air sampling 

PCA Principal Component Analysis 

PCBs Polychlorinated biphenyls 

PL Sub-cooled liquid vapor pressure 

POPs Persistent organic pollutants 

PUF Polyurethane foam 

QA Quality assurance 

QC Quality control 

TC Trans–chlordane 

TCmX 2,4,5,6-tetrachloro-m-xylene 

TOC Total organic carbon 

TP Tibetan Plateau 

UK United Kingdom 

 

 

 

 



 

ix 
 

Abstract 

Persistent Organic Pollutants (POPs) including organochlorine pesticides (OCPs) and 

polychlorinated biphenyls (PCBs) are important group of chemicals that may be released into the 

environment accidently or as a result of intentional anthropogenic activities and can cause various 

ecotoxicological and human health hazards. Their long range atmospheric transport potential could 

lead them to reach high altitude cold regions where they become deposited and trapped on surface 

media. Intriguingly, another pollutant, black carbon (BC) shows strong association with these trace 

chemicals and could sturdily affect the environmental distribution of these contaminants. The 

Himalaya is globally highest mountain range of 2400 km2 with an altitude of < 100-8844 masl that 

separates the Indian Subcontinent from the Tibetan Plateau (TP). Of particular importance is its 

proximity to industrialized regions of China, India and Pakistan. Due to influence of wind patterns 

(monsoon and westerlies) and anthropogenic activities, lower stretch of the Himalaya is at direct 

exposure to POPs. Current study was designed to monitor soil, sediment, water and atmospheric 

concentrations of long lived OCPs and PCBs in the Lesser Himalayan Region (LHR) of Pakistan. 

Polyurethane foam passive air samplers (PUF-PAS) were deployed for air samples, while soil, 

sediment and water samples were collected according to the defined protocols. Further, total 

organic carbon (TOC) and BC were analyzed in soils and sediments. Chemo-Thermal Oxidation 

(CTO-375) method was used for BC analysis, whereas OCs were analyzed by Gas 

Chromatography-Mass Spectrometry (GC-MS) system. Soil BC and TOC ranged between 0.16–

1.77 and 6.8−41.3 mg g-1, while sedimentary BC and TOC varied between 0.3−43.5 mg g−1 and 

1.7−65.4 mg g−1, respectively. OCPs in soil, air, sediment and water samples from the LHR ranged 

between 0.69−5.77 ng g−1, 3.77−247 pg m−3, 0.59−3.64 ng g−1 and 0.07−41.4 ng L−1, respectively. 

PCBs concentrations ranged between 0.12–2.55 ng g-1, 8.49–458 pg m–3, 0.01−1.31 ng g−1 and 

0.671−84.5 ng L−1, respectively. Spatially, Zone C (altitude range of 737−975 masl) have shown 

higher OCs levels in case of all matrices. Though, air mass trajectories over the LHR indicated 

long range transport as atmospheric source input, which was further explained by Clausius–

Clapeyron plots between ln P and inverse of temperature (1000/T; K) where all OCPs and most of 

the PCBs have shown insignificant relationship (r2 = 5E-06–0.41; p-value = 0.06–0.99). However, 

local source emissions and valley transport may also implicate based on spatial distribution and 

altitudinal patterns. The results of linear regression analysis revealed potential input of BC in soil 

distribution of OCs concentrations in the region. Additionally, soil-air partitioning of OCs was 

assessed using octanol-air partition (KOA) and black carbon-air partition (KBC) based models. 

Regression results indicated combined influence of both organic matter (r2 = 0.3−0.85) and black 

carbon (r2 = 0.31−0.86) via absorption and adsorption, respectively in soil-air partitioning of OCs 

in the LHR. The relationship of sedimentary BC and TOC with OCPs and PCBs was evaluated 

using Principal Component Analysis (PCA) and Pearson Correlation Analysis that indicated 

higher sorptive influence of BC over TOC in distribution status of OCs in the LHR. Sediment-

water partitioning of OCPs and PCBs were deduced using field data by employing one carbon 

(fOCKOC) and two carbon Freundlich model (fOCKOC + fBCKBC-WCW
nF−1). Results suggested 

improved measured vs predicted model concentrations when BC was induced in the model and 

suggested adsorption to be the dominant mechanism in phase partitioning of OCs in the LHR. The 

results of this study sheds light on the environmental concentrations of OCs in lower stretch of the 

Himalaya and help in better understanding of the processes involved in fate and transport of 

organic pollutants in the Himalayan region. Further investigations are required to understand the 

role of carbon fractions in fate and transport of other groups of organic pollutants at higher altitudes 

of the Himalayan region. 



 

  1 

Chapter 1 

Introduction and Review of Literature 

Organohalogenated contaminants (OHCs) in high altitude environments: A review and 

implication for a black carbon relationship [Published: Ali et al. (2017)] 

1.1. Introduction 

Persistent Organic Pollutants (POPs) are important group of chemicals that may be released 

into the environment accidently or as a result of intentional anthropogenic activities and can cause 

various ecotoxicological and human health hazards (Estellano et al., 2008; Mangano et al., 2017; 

Qing Li et al., 2006; Shatalov et al., 2004). The increasing industrial, agricultural and urban 

activities has led to increased exposure of these chemicals and posing greater risk to pristine 

ecological systems and their integrity thereby create a serious global concern against these 

chemicals (Estellano et al., 2008; Mangano et al., 2017). These chemicals exhibit characteristics 

like persistence, toxicity, bioaccumulation and long range atmospheric transport potential (Lu et 

al., 2017). By inference, ample evidence supported the fact that these chemicals are volatilized 

from warm tropics or temperate regions and transported via long range atmospheric transport 

(LRAT) to high altitude regions where they become trapped owing to the process of cold 

condensation (Westgate, 2013). High altitude mountain regions, in this regard, have attracted 

increasing recent interest as receptor regions for these chemicals (Bogdal et al., 2009; Poma et al., 

2017). Scavenging of POPs into different environmental compartments in these regions 

subsequently lead to contamination of terrestrial and aquatic food chains (Tato et al., 2011). 

Nevertheless, once, these persistent chemicals trap in compartments like soil and sediments, they 

are less likely to re-volatilize and be transported away in warmer regions. In this way, these 

chemicals undergo complex transport mechanisms, which in particular, include multi-hopping, i-

e., soil-air exchange of POPs in repeated cycles and their transport in the atmosphere. The behavior 

of these chemicals in such high altitude regions are particularly governed by the physic-chemical 

properties of the chemical i-e., vapor pressure, octanol-water partition coefficient (KOW), octanol-

air partition (KOA), water solubility (Hellström et al., 2004) and fugacity capacity of the 

environmental compartment (Mackay, 2001). It has been noted that fugacity capacity of soil and 

sediments are mainly influenced by the organic matter. However, recent studies indicated the 

influence of black carbon (BC), as a principal controlling factor, on soil-air exchange process (Ali 
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et al., 2015c; Ribes et al., 2003) and sediment-water partitioning of POPs (Ali et al., 2016a; Werner 

et al., 2009). BC is a significant fraction of organic carbon, may release in the environment as a 

result of biomass and fossil fuel combustion processes and undergo LRAT (Babu et al., 2011) like 

that of POPs. Several studies (mentioned in later sections) indicated the significant role of BC 

being played in fate and distribution of POPs in the environment, but very limited number of 

studies show high altitude BC-POPs relationships. Hence, it is direly important to understand the 

potential role of BC in POPs distribution in such high-altitude mountain regions. 

This chapter aims to provide an overview of organohalogenated contaminants in higher 

altitude cold mountain regions of the world and implications for black carbon relationship. First, 

a brief introduction has provided about important groups of organohalogenated contaminants. Due 

to the potential of LRAT, these contaminants could travel from warmer to colder regions and by 

inference, they have trapped in environmental media. How they become trapped in high altitude 

regions and are they always show altitudinal trends are the main questions, which are focused in 

this chapter. To better understand the phenomena, the “glacier hypothesis” and “forest filter effect 

(FFE)” has also discussed that might influence the trapping and re-releasing of contaminants. A 

brief overview of the regulatory efforts being done so far for the restriction or banning of such 

contaminants have also discussed. Above all of this discussion, another important factor in 

controlling or influencing the distribution of organohalogens in high altitude colder environments 

could be the black carbon. So, we implicate its role that it has played in several directions for the 

overall distribution of organohalogenated contaminants in high altitude regions.  

1.2. Organohalogenated Contaminants  

Organohalogenated contaminants such as organochlorine pesticides (OCPs), 

polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), dechlorane plus 

(DPs) and flame retardants (FRs) are ubiquitous groups of POPs that have been used since the 

previous century for several agricultural and industrial applications (Malik et al., 2014; Mizukawa 

et al., 2013). These contaminants are toxic, persistent, bioaccumulative and are mostly detected in 

all types of environmental matrices (O'Sullivan, 2013). In recent years, public concern regarding 

their contamination has increased extensively owing to their toxicological properties as they are 

identified as hormone disrupters, which can alter the normal functions of reproductive and 

endocrine systems in wildlife and humans (Ali et al., 2014b). Because of their lipophilic properties 
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and non-biodegradable nature, these chemicals are tending to accumulate in fat containing foods 

i.e., cereal crops, eggs, meat, fish and milk and eventually to infiltrate into food web. These foods 

are extensively being used by humans, hence traces of these chemicals are also detected in humans 

and may be associated with birth defects, cancers, diminished intelligence, dysfunctional 

reproductive and immune systems (Harrad, 2001; Xu et al., 2013).  

Broadly, above mentioned toxic chemical groups could be divided into legacy and 

emerging pollutants. Legacy pollutants may refer to those POPs that were initially identified in the 

Stockholm Convention (2001) i-e., about a dozen of the most concerning organic contaminants 

including eight OCPs, two industrial chemicals [PCBs and hexachlorobenzene (HCBs)] and two 

industrial byproducts [polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated 

dibenzofurans (PCDFs)]. On the other hand, emerging pollutants may have referred to different 

emerging flame retardants (FRs), steroids, surfactants, personal care products, hormones and 

pharmaceuticals etc. Among these, emerging FRs have shown the most public interest due to their 

elevated industrial uses and adverse effects on humans and animals (Li et al., 2014). Below is the 

brief description of some major POPs groups: 

1.2.1. Organochlorines (OCs)  

OCs are the compounds that contain a minimum of one covalently bonded chlorine atom. 

OCs exhibit a large variety of structures with much diverse chemical properties. Due to high atomic 

weight of chlorine, these compounds are found to be denser than water. These compounds can be 

prepared from chlorine, hydrogen chloride and from other chlorinating agents. OCs could enter an 

organisms’ body across the skin, from the lungs and could also be absorbed from the gut wall. 

Cyclodienes, hexachlorocyclohexane (HCH), endosulfan and lindane can easily pass through the 

skin, while the absorption is less in case of dicofol, toxaphene, dichlorodiphenyltrichloroethane 

(DDT), mirex and methoxychlor (Singh et al., 2016). The OCPs are usually divided into three 

main groups including DDT and its derivates, gama isomer of HCH and chlorinated cyclodiene 

such as aldrin and dieldrin (Pirsaheb et al., 2015). DDT, synthesized in 1874 by Paul Müller, used 

for crop protection and other purposes since the realization of its adverse effects in late 1960’s 

(Carson, 1962; Jensen, 1969). Technically, DDT comprised of 70 % of para, para- (4,4'-) isomer 

and 30 % of ortho, para- isomer, among that the former composition is held responsible for adverse 

effects of DDT (Van Drooge and Grimalt Obrador, 2004). HCH contains five isomers that are α-, 
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β-, γ-, δ- and ε-. It was first produced in 1943 and though all isomers of HCH exhibits toxic effects 

to mammals but α- isomer of HCH shows the most carcinogenic activity (Walker et al., 1999). 

Industrial group of OCs comprised of PCBs (Ali et al., 2014a; Batterman et al., 2009; 

Burreau et al., 2004; Man et al., 2011) that also exhibits general characteristics of POPs (Ali et al., 

2014a; Cairns and Siegmund, 1981; Lang, 1992; Safe, 1990; Safe, 1994; Tasdemir et al., 2012). 

PCBs were extensively used as dielectric fluids, industrial fluids, flame retardants, sealants, 

organic solvents, surface coatings, plasticizers, heat transfer fluids (Breivik et al., 2002), 

capacitors, transformers and hydraulic systems (Wu et al., 2011). Nevertheless, the production and 

use of these chemicals are either banned or restricted in many countries since 1970 (Breivik et al., 

2002) but are still been detected in environmental matrices (Batterman et al., 2009; Burreau et al., 

2004; Covaci et al., 2006; Li et al., 2008b; Schecter et al., 2003; Wu et al., 2011; Zhou et al., 2001), 

which must be an alarming situation owing to their adverse environmental and human impacts 

(Faroon and Olson, 2000; Frignani et al., 2007).  

PCDDs and PCDFs are toxic by-products that may be released during the production of 

industrial chemicals and from combustion sources (Lohmann and Jones, 1998; Villa et al., 2016). 

These chemicals are widely reported in all environmental matrices including soil, sediment, air 

water and biota (Bocio et al., 2007; Domingo and Bocio, 2007; Hülster and Marschner, 1993; Koh 

et al., 2004; Schuhmacher et al., 2006; Villa et al., 2016). 

1.2.2. Polybrominated diphenyl ethers (PBDEs)  

Theoretically, there are 209 possible congeners of PBDEs (de Wit, 2002) that vary in both 

position and number (Birnbaum and Staskal, 2004). PBDEs are used as flame retardant additives, 

generally used in electronic/electrical equipment, textile, polyurethane foam and thermoplastic 

(Birnbaum and Staskal, 2004; Hale et al., 2003). PBDEs are structurally similar to PCBs and by 

the analogy with PCBs, they are numbered according to the International Union of Pure and 

Applied Chemistry (IUPAC) system (Yogui and Sericano, 2009). They are produced by the 

bromination of diphenyl ether in the presence of catalyst (Friedel-Crafts; AlCl3) in a solvent i-e., 

dibromomethane. The 10 hydrogen atoms of diphenyl ether molecules can be exchanged with 

bromine, resulting in the possible 209 congeners of PBDEs (Alaee et al., 2003). Chemically, they 

are not bound to the polymers that contain them, due to which a fraction of these chemicals may 

escape during use, production, recycling or disposal processes (Domingo, 2012). Owing to the 
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lack of stability and debromination, actual PBDE congeners are fewer in commercial mixtures as 

compared to theoretical possible congener numbers (Birnbaum and Staskal, 2004). The average 

bromination level decides the commercial mixtures i-e., penta-, octa- and deca BDEs (Ali et al., 

2015a; Harrad and Hunter, 2006; La Guardia et al., 2006; Sjödin et al., 2003). Deca-BDE 

represents the major product among PBDE commercial mixtures in the market, accounting for 

approximately 80 % of the total PBDE production (Birnbaum and Staskal, 2004; Domínguez et 

al., 2011). With 83 % of bromine content by weight, it is a white powder, comprising mainly of 

BDE-209 (97-98 %) along with minor quantities of nonabromodiphenyl (< 3 %) and octa-BDE 

(Alaee et al., 2003; Birnbaum and Staskal, 2004). Octa-BDE, with 79 % of bromine content, is 

also a white powder, mainly used in acrylonitrile-butadiene-styrene (ABS) resins and produced in 

lowest quantity among total PBDE production (Alaee et al., 2003). Penta-BDE, third widely used 

PBDE commercial mixture, is a viscous liquid, containing 70 % of bromine content, mainly 

consists of tetra-BDE (41-42 % with main congener as BDE-47), penta-BDE (44-45 % with 

predominately BDE-99 and lesser quantity of BDE-100) and hexa-BDE (6-7 % with main 

congeners of BDE-153 and -154) (Alaee et al., 2003; Birnbaum and Staskal, 2004).  

1.2.3. Dechlorane plus (DP) 

Due to serious public concerns regarding PBDEs in recent decades (Zhang et al., 2014), 

these chemicals have been regulated in many countries (Ali et al., 2015a) such as European Union 

countries banned penta- and octa-BDE mixtures in 2004 and led the authorities to classify tetra- to 

penta-BDEs as POPs under the Stockholm Convention (Ali et al., 2015a; Birgul et al., 2012). This 

regulatory pressure has increased the demand of non-regulated flame retardants such as DP, mainly 

produced by the Diels-Alder condensation reaction of two equivalents of 

hexachlorocyclopentadiene and one equivalent of 1,5-cyclooctadiene (Xian et al., 2011). Syn- and 

anti- isomers are the resulting materials of this reaction. In technical commercial mixtures, these 

isomers are present in a ratio of 1:3 with about 75 % of anti-isomer of the total (Sverko et al., 

2011). DP is a highly chlorinated flame retardant (Hoh et al., 2006), which is being used as flame 

retardant in plastic decoration materials, wire coatings, furniture, computer connectors and 

monitors (Ali et al., 2015a; Betts et al., 2006; Sverko et al., 2011; Xian et al., 2011). Hoh et al. 

(2006) first reported the environmental presence of DP within the air, fish and sediment samples 

from the North American Great Lakes Basin, after that it has been ubiquitously detected in other 

environmental matrices by other researchers as well i-e., ambient air (Hoh et al., 2006; Ren et al., 
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2008), indoor dust (Zhu et al., 2007), humans (Ren et al., 2009; Zheng et al., 2010), biota (Hoh et 

al., 2006; Venier et al., 2010; Wu et al., 2009), tree bark (Qiu and Hites, 2007), water (Qi et al., 

2010), marine atmosphere (Möller et al., 2012), sea water (Möller et al., 2010) and soil/sediments 

(Qi et al., 2010; Wang et al., 2010a). 

1.2.4. Novel brominated flame retardants (NBFRs) 

“Novel brominated flame retardants” have been paved after strict bans on the worldwide 

use of BDE congeners (Betts, 2008; Covaci et al., 2011; Zheng et al., 2015). The important 

representatives among NBFRs are 1,2-bis (pentabromodiphenyl) ethane (DBDPE), bis (2-

ethylhexyl)-3,4,5,6-tetrabromophthalate (TBPH), 2-ethylhexyl-2,3,4,5-tetrabromobenzoate 

(TBB), hexabromobenzene (HBB), pentabromoethylbenzene (PBEB) and 1,2-bis (2,4,6-

tribromophenoxy) ethane (BTBPE) (Zheng et al., 2015). In early 1990’s, DBDPE was introduced 

as alternative to its PBDE analogue i-e., octa-BDE (Ricklund et al., 2008). It was introduced under 

the trade names of Saytex® 8010 (Albemarle Corp.) (Kierkegaard et al., 2004) and Firemaster® 

2100 (Chemtura Corp.) (Kierkegaard et al., 2009). Owing to structural resemblance with BDE-

209, it presumably shows similar physicochemical properties such as low water solubility, low 

volatility and high KOW (Covaci et al., 2011). It has the same applications as reported for deca-

BDE i-e., additive flame retardant in textile and plastics (Kierkegaard et al., 2004). TBPH is used 

as additive in neoprene, PVC (Andersson et al., 2006), carpet backing, adhesives, wall coverings, 

cable/wire insulations, film and sheeting (Covaci et al., 2011). It is produced by Chemtura 

Chemical Corporation (Roberts et al., 2012; Schreder and La Guardia, 2014). Along with mixture 

of TBB, it is introduced commercially with trade name of Firemaster 550, as a replacement for 

penta-BDE by Chemtura with approximate ratio of TBB to TBPH as 4:1 by mass (Covaci et al., 

2011; Stapleton et al., 2008). As an additive flame retardant in woods, electronics, textile, paper 

and plastics, HBB was used in Japan but its present use has now become lower (Watanabe et al., 

1986; Watanabe and Sakai, 2003; Yamaguchi et al., 1988). PBEB is also an additive flame 

retardant used in thermoset polyester resins (Hoh et al., 2005), produced by Albemarle Chemical 

Corporation and in US by Dead Sea Bromine Group Ltd (now ICL Industrial Products) under trade 

name of FR-105 (Covaci et al., 2011). BTBPE is another additive flame retardant produced by the 

Great Lakes Chemical Corporation, Arkansas, USA under trade name of FF-680, which is now 

part of Chemtura. This FR has been introduced as replacement of octa-BDE and used in 
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thermoplastics, ABS, thermoset resins, high-impact polystyrene (HIPS), polycarbonate and 

coatings (Covaci et al., 2011; Renner, 2004). 

1.3. Long Range Transport (LRT) Potential of Persistent Organic Pollutants (POPs) 

The phenomena of LRT came into focus when POPs were detected in pristine and remote 

areas of the arctic, despite the fact that they have never been produced or used in such regions 

(Klöpffer and Wagner, 2007; Wania, 2003). Considering the global environment, regions with 

different temperatures are thought to be linked via atmospheric and oceanic circulations where 

contaminants evaporate from warmer regions and are transported to the cold areas and accumulate 

there, a process termed as global distillation (Mackay and Wania, 1995). Five key processes were 

identified by Ballschmiter (1992) for transport of organic compounds in the environment and that 

processes involved the transportation in the (i) technosphere from site of production to the place 

of use; (ii) hydrosphere i-e., surface water, ground water, oceans, lakes and tides; (iii) atmosphere 

i-e., troposphere (0-10 km) and stratosphere (10-50 km); (iv) lithosphere i-e., groundwater; (v) 

biosphere i-e., migration of animals, incorporation into fetus, eggs and milk etc. For particularly 

LRAT for cold remote regions, Wania (2003) provided three distinct steps and these were; (i) 

chemical reach the atmosphere in source regions in significant quantities either by direct emission 

into the air or evaporation to atmosphere from the medium of emission; (ii) transportation of 

chemical to remote region via atmosphere usually over a considerable distance; (iii) chemical must 

have the potential to be significantly deposited in remote regions in order to have a notable impact 

on the local ecosystem. POPs can transport long distances in oceans and atmosphere (Ma et al., 

2016), thence to accumulate in different environmental matrices (Tao et al., 2011) such as soil, 

sediments, water, ice, vegetation, snow and permafrost etc (Bailey et al., 2000; Grannas et al., 

2013; Macdonald et al., 2005; Mackay and Wania, 1995; Muir and Norstrom, 1994; Wang et al., 

2016; Wania and Mackay, 1996). According to Ma et al. (2016), once the POPs released into the 

environment from different sources, they immediately begin to distribute among different 

environmental reservoirs based on their physiochemical properties and the environmental 

conditions. The most important of these properties include Henry’s Law constant (H), vapor 

pressure (Pa), KOA and KOW partition coefficients and susceptibility to degradation or 

transformation such as metabolism, photolysis and hydrolysis etc. According to Beyer et al. 

(2000), LRT of substances could be explained by characteristic travel distance (CTD) at which the 

air concentration of a substance has dropped to 1/e as compared to its initial value owing to 
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degradation in air and then permanent transfer of that substance to the soil. CTD of a substance is 

estimated in case of mobile media such as air and subject to irreversible transport to soil or water 

media. While in case of immobile media such as discharge of chemical to the soil, the term 

“effective travel distance” (ETD) has used.  

1.4. Fate and Distribution of POPs: A Modeling Approach 

Attempts are made to study the fate and behavior of POPs in cold regions around the globe 

using modelling approaches. The characterization of POPs in different environmental matrices 

along with their mass flow between these matrices and between geographical regions is a vital 

challenge for environmental chemists (MacLeod et al., 2010). Moreover, the time consumption 

and expensive sampling and analysis techniques of POPs makes their characterization difficult, 

which could even more expensive for cold remote regions. These hurdles led researchers to divert 

their efforts from laboratories into the development and validation of computer models for 

prediction of residue concentration, fate and distribution of POPs in the environment (Jones and 

De Voogt, 1999; Wania and Mackay, 1999). The scale of these models is wide ranging from a 

single cell to the global scale. Earlier, in 1978, Baughman and Lassiter (1978) developed such 

models for aquatic environment as pioneer work. Mackay and Paterson, subsequently extended 

this idea and worked on the mass balance development of chemicals fate models using fugacity 

approach (Mackay, 1979; Mackay and Paterson, 1981, 1982). Wania and Mackay (1999) proposed 

four characteristics of POPs based on which the current environmental modelling has evolved and 

that are: (i) ubiquitous behavior and transport of POPs between different media; (ii) persistence; 

(iii) expensive and difficult to monitor POPs in high spatial and temporal resolution, which could 

be achieved through modelling and (iv) modelling the biotic uptake and transfer of POPs with in 

food chains owing to detrimental effects of POPs that has manifested in top predators. With the 

help of law of conservation of mass, four building blocks are combined in making POPs model i-

e., partitioning, transport, transformation and source data (Wania and Mackay, 1999).  In this mass 

balance approach, environment is considered as a “unit world” thereby determining the flow of 

chemical based on its properties that how it approaches the equilibrium by considering the holding 

capacity of the environment. Further, this approach has applied from regional to global scale 

modelling of POPs (MacKay, 2004; MacLeod et al., 2010). Although, many types of modelling 

approaches are available but they could broadly be categorized into (i) concentration based fate 

models and (ii) multimedia fugacity approach (Kilic and Aral, 2009). Because of very low 
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environmental concentrations of contaminants in certain media, it is difficult to make any 

comparison, so fugacity approach has become popular where the comparison has made based on 

the numerical values of chemical fugacity, in Pascal, for each phase. The concept of “fugacity”, 

first introduced by G.N. Lewis in 1901 as an alternative to chemical potential (Lewis, 1901) and 

has proved to be very convenient method in calculating multimedia equilibrium partitioning 

(Mackay, 2001). Over the time, the mass balance approach has evolved from a simple level I to 

level IV multimedia models. If air, water, soil, sediment and biota are the environmental phases 

then steady state and equilibrium conditions are assumed between these phases in Level I fugacity 

model, while chemical transformations and advection are additional assumptions in Level II 

fugacity model. In Level III fugacity model, the non-equilibrium conditions are assumed between 

environmental phases, whereas in Level IV multimedia fugacity model, non-equilibrium 

conditions are assumed between environmental phases under unsteady state conditions. Though, 

Level IV multimedia fugacity models are most realistic but seldom applied owing to the data 

requirements and complexity of these models. Keeping in view the ease, Level III fugacity models 

are most widely used for example the ChemCAN (Alcock et al., 2003; Mackay et al., 1996b), 

Fug3ONT (Maddalena et al., 1995), EQC (Mackay et al., 1996a), CalTOX (McKone, 1993), 

EUSES and SimpleBox (Deksissa Chuco, 2004; Kilic and Aral, 2009). These modelling efforts 

lead to the development and identification of factors influencing fate and distribution of POPs in 

high altitude mountain colder regions, more specifically considering a single mountain or a series 

of mountains. Some models used in fate and distribution of POPs particularly for colder regions 

including MountainPOP2.0 (Westgate and Wania, 2013), MountainPOP3.0 (Teran Guerrero, 

2015), CliMoChem (Wegmann et al., 2006), Globo-POP (Meyer and Wania, 2007; Wania, 2003; 

Wania and Mackay, 2000; Wania and Su, 2004), GEOS-Chem (Friedman and Selin, 2012; 

Scheringer et al., 2000), CanMETOP (Westgate, 2013) and CoZMo-POP (Daly et al., 2007b). 

1.5. Cold Trapping and Upslope Enrichment of POPs 

In early 1990s, some comprehensive studies were conducted in North America and Europe 

regarding the fate and transport of the POPs in the high altitude environments (Calamari et al., 

1991; Camarero et al., 1995; Miller et al., 1993; Smith et al., 1993). The first study particularly 

regarding the altitudinal dependence/relationship of organochlorines accumulation particularly in 

mountain areas were reported in 1998 by Blais et al. (1998). Like polar regions, mountains were 

also presumably considered to be the relatively most clean and pure environments in the past but 
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actually this assumption is abstruse (Meire et al., 2012). Daly and Wania (2005) defines the 

mountains as being the areas of high altitude as well as low altitude with large slopes. High 

mountain regions have many similarities with that of Polar Regions in terms that they both have 

low temperature, deep snow cover, and are considered as pristine regions. As far as organic 

contaminants are concerned, even these regions cannot be left away. The mountain regions may 

experience different POPs behavior in terms of close emission source proximity (Tremolada et al., 

2008), dense population and industrialization (Kallenborn, 2006), local meteorological influences 

(wind direction, temperature and precipitation gradient etc.) and changes in ecological gradients 

across short distances (Liu et al., 2014). Moreover, nevertheless, the principal of LRAT of the 

POPs to both high altitude regions and polar regions are the same, however the type of pollutant 

being transported to these regions and the distance from the source regions make differences 

(Kallenborn, 2006). The short lived organic compounds, which cannot reach to the Arctic by 

latitudinal atmospheric transport are trapped by the high altitude environments (Daly and Wania, 

2005). Further, organic compounds exhibiting high volatility becomes more enriched in higher 

altitude to a larger extent than less volatile organic compounds. The relative composition of the 

POPs also varies with different altitudes. The contaminants that prefer to move towards high 

altitude regions are more volatile like HCHs and HCBs, while less volatile contaminants like DDT 

stays in lowlands. The transportation and entrapment of these organic contaminants is a function 

of their volatility and condensation temperature (TC). Volatility of compound is defined by sub-

cooled liquid vapor pressure at 25 °C and KOA, while condensation temperature is function of 

altitudinal gradient. Molecular weight of compound is defined by volatility, outline altitudinal and 

latitudinal fractionation of POPs. As, high molecular weight compounds (PCBs 8-9 Cl, PCDD/DFs 

4-8 Cl, PAHs 4+ rings) are less volatile, so they are transported and deposited at low altitudes 

(relatively high temperature TC = > 20 oC). Similarly, low molecular weight compounds (PCBs 1-

4 Cl, PAHs 3 ring, chlorobenzene 5, 6 Cl, PCDD/DFs 0-1 Cl) are more volatile, thus transported 

and deposited to high altitude regions (TC = -2/-12 oC) (Wania and Westgate, 2008; Westgate, 

2013). 

Once released, these semi volatile persistent organic chemicals could transport to the 

remote high altitude mountainous regions of the world. These chemicals have the capability of 

volatilization in the warm tropics or temperate regions thereby when reached colder regions, they 

lose their energy to retain in the atmosphere at high altitudes. As a result, due to cold condensation 
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at high altitudes and high latitudes, these chemicals are being deposited and trapped on surface 

media such as soil, water and sediment etc. Several studies reported the levels of POPs in the polar 

regions of the world, a phenomenon termed as "Polar Cold Trapping" and was explained by 

"Global Distillation Model" (Scheringer et al., 2000; Wania and Mackay, 1993, 1995), which 

suggests that the semi volatile organic compounds undergo repeated cycles of deposition and 

evaporation at higher latitudes called grass hopper effect (Wania and Westgate, 2008). Just like 

polar regions, mountain regions are also susceptible to POPs contamination due to global 

fractionation process (Chemicals, 2002). Numerous studies have witnessed the presence of some 

selected POPs on higher elevations and this effect has been termed as "Orographic or Mountain 

Cold Trapping". Table 1.1 indicated some of the studies from each matrix highlighting the 

significant concentrations of OHCs in high altitude regions, indicating their long-range transport 

potential and ubiquitous behavior thereby a potential threat to such pristine environments.  

The mechanism of POPs cold trapping is discussed in detail by Wania and Westgate (2008) 

and more recently by Teran Guerrero (2015). According to them, it is the temperature dependence 

partitioning of POPs at various elevations based on precipitation scavenging efficiency that 

enables POPs for being trapped in colder mountain regions. Once, the POPs are deposited to 

surfaces in cold areas, contaminants are less likely to re-enter the atmosphere. When, the 

concentration of POPs becomes enriched in cold and sometimes relatively remote areas through 

temperature dependence environmental partitioning, they are said to have become cold-trapped. 

Numerous POPs have been shown to exhibit polar cold trapping – i.e., enrichment towards Earth’s 

geographic poles (Wania and Westgate, 2008). As mountains are colder at the top than at the 

bottom, under most circumstances, it is not surprising that POPs have also been shown to undergo 

mountain cold-trapping (Westgate, 2013).  

Several factors are considered responsible for the cold trapping mechanism in the literature. 

For example, according to Davidson et al. (2003), mountains are characterized by gradient of 

temperature from low to high elevation and chemical distillation towards cold regions happens in 

the mountains because of increasing elevation and decreasing temperature. Wania and Westgate 

(2008) identified temperature difference as the main driven force behind the mountain cold 

trapping in scavenging of the POPs between low land and mountains. Precipitation rate is another 

factor suggested by Daly and Wania (2005) that is responsible for the atmospheric wash-out of the 

POPs to the tropical and sub-tropical mountainous regions. Snow is the prime form of precipitation  
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in the higher altitude ecosystems, so it has an important role in deposition and accumulation of 

POPs to the soil and fresh water after being transported to these pristine regions by air circulations 

(Herbert et al., 2006). The efficiency of snow in mountain cold trapping can be explained by 

several reasons. First, it contains a significant fraction of annual precipitation, which has better 

efficiency of scavenging the POPs in atmosphere. Second, the seasonal snow pack acts as a 

temporary reservoir of POPs, which they released to the soil and fresh water system when it melts 

(Arellano et al., 2011). The snow melting contributes more towards the accumulation of POPs in 

the mountain ecosystem along with the direct deposition from the atmosphere. So, snow deposition 

and cold temperature both boost up the transfer of POPs from atmosphere to the terrestrial surfaces 

in the mountain regions. Snow has the lower capacity of storage of organic contaminants as a result 

of the air-surface flux as compared to vegetation and soil. The role of mountain regions in the LRT 

of POPs depends on the air-surface exchange including wet and dry deposition and emissions 

(Wang et al., 2009; Westgate, 2013; Westgate and Wania, 2013). Fate and transport of POPs in 

these background and remote areas is function of physicochemical properties of pollutant 

atmospheric transportation, climatic condition, characteristics of soil and sediments, multiple soil-

air exchange process and vegetation (Wang et al., 2012) and this ultimately linked to the 

temperature factor. Temperature cause partitioning of chemical in the environmental media i-e., 

when temperature decreases, the air-water partition coefficient (KAW) of POPs gets lower and tends 

to improve air-soil partition coefficient (KAS) and it leads to the deposition of POPs more into the 

soil and vegetation at higher altitudes (Daly et al., 2007c; Hippelein and McLachlan, 1998). POPs 

in the atmosphere could also be directly accumulated to the terrestrial surface via exchanges 

between different environmental media. POPs present in air is subjected to multiple surface 

exchange with soil and water, and finally enriched into sediments, either through runoff from soil 

or surface deposition through water (Bhattacharya et al., 2003). Hence, between all environmental 

media, these chemicals can be distributed based on their physio-chemical properties and the 

holding capacity of that media where they accumulate.  

In general consideration, with the increasing altitude the concentration of some selected 

POPs also increase as these pollutants can be directly accumulated from the atmosphere. Other 

factors like pre deposition degradation, meteorological conditions, local emission sources and land 

cover topography etc. can give rise to more complications in the phenomena (Daly and Wania, 

2005). An increasing concentrations of some selected contaminants have been observed with the 
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increasing altitudinal gradient (Borghini et al., 2005; Fernández and Grimalt, 2003). The 

temperature gradient effectively leads to the accumulations of POPs in higher altitude areas. Snow, 

air, soil and vegetation samples from the mountains region showed increasing concentration with 

altitude (Demers et al., 2007). Nizzetto et al. (2006) reported the POPs relationship to the 

altitudinal-temperature gradients in the alpine ecosystem of Italian Alps. The trend of increasing 

concentration with increasing altitude for DDT and endosulfan were observed in the western slope 

of Shergyla mountain (Zhu et al., 2014). Precipitation has a very strong relationship with the 

increasing trend of POPs along the increasing altitudinal gradient, it boosts up the condensation 

process at higher altitude and reduce summer re-volatilization of organic pollutants from the 

mountain surface. Tremolada et al. (2008) suggested a strong precipitation effect with the levels 

of POPs in the mountain soil of Alps and Andes along altitudinal gradient. 

The mechanism of cold condensation (Daly and Wania, 2005; Mackay and Wania, 1995; 

Simonich and Hites, 1995a; Wania and Mackay, 1993) indicated the preferential enrichment of 

more volatile organic contaminants at high elevations (Blais et al., 1998; Daly and Wania, 2005; 

Grimalt et al., 2001) and high latitudes (Blais et al., 1998; Calamari et al., 1991; Simonich and 

Hites, 1995a; Szczybelski et al., 2016; Vecchiato et al., 2015). However, this has not always the 

case as described by Wania and Westgate (2008) regarding the differences of organic contaminants 

fractionation along latitudinal and elevational gradients. According to them it is still unconvincing 

regarding the fractionation of different chemicals along the latitudinal or elevational gradients. 

Apart from discussion on fractionation of chemicals at latitudinal and elevational gradients, field 

studies evidently support the upslope enrichment of several organic contaminants in different 

environmental media such as air (Daly et al., 2007a; Daly et al., 2007b; Daly et al., 2007c; Ribes 

et al., 2003; Shen et al., 2004), snow (Arellano et al., 2011; Blais et al., 1998), soil (Chen et al., 

2008; Daly et al., 2007a; Daly et al., 2007b; Daly et al., 2007c; Guzzella et al., 2011; Kirchner et 

al., 2009; Ribes et al., 2003; Tremolada et al., 2008), sediment (Guzzella et al., 2011), tree 

frog/tadpoles (Angermann et al., 2002), Amphipods (Blais et al., 2003), conifer needles (Davidson 

et al., 2003), mosses (Grimalt et al., 2004a), pine needles (Grimalt and Van Drooge, 2006; 

Offenthaler et al., 2009) and fish (Demers et al., 2007; Gallego et al., 2007). Table 1.2 provides 

some studies that exclusively address the positive or negative altitudinal relationships with POPs. 

With increasing altitude, Blais et al. (1998) observed increased concentration of epoxide, 

heptachlor, HCHs, chlordane, endosulfan, dieldrin and lower chlorinated PCBs in snow samples  
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collected from Rocky Mountains, Canada. They supported the cold condensation theory, according 

to which more volatile less chlorinated di- and tri-PCBs were preferentially enriched with 

increasing altitude owing to their higher liquid vapor pressures. In contrast, Jaward et al. (2005a) 

observed decline in PCBs sequestration in PUFs (Polyurethane Foams) from Italian Alps. 

However, HCB showed enrichment along the altitudinal gradient, reflecting the cold condensation 

or partitioning in colder regions. Several studies reported significant concentrations of POPs in 

high latitude cold regions such as in the Arctic (Ikonomou et al., 2002) and Antarctic (George and 

Frear, 1966), although these areas are far from the POPs use, manufacturing and production. 

However, recent studies have also been focusing on to investigate the POPs levels in pristine 

environments at high altitude mountain cold regions such as Daly and Wania (2005), Chen et al. 

(2008) and Wania and Westgate (2008). According to Arellano et al. (2011), all POPs compounds 

exhibited mountain cold trapping measured in Slovakian snow high on mountains. From third pole, 

Chen et al. (2008) analyzed organochlorine pesticides (OCPs) in Sichuan steep mountains. The 

results showed that OCPs increased exponentially and significantly with altitude. Guzzella et al. 

(2011) found cold trapping of PCBs in sediments and soils on Mount Sagarmatha in Nepal. Kang 

et al. (2009) reported the LRAT of OCPs and PCBs at East Rongbuk Glacier (Nepal) and 

concluded the deposition of several POPs at extremely high elevations. The mountain upslope 

enrichment of POPs has been investigated around globally in a number of studies using different 

environmental media i-e., Weiss et al. (1998) analyzed PCDD/Fs, PCBs, OCPs, PAHs in spruce 

needles and soil humus at an elevation of 810 m. Daly et al. (2007a) investigated OCPs in air and 

soil of Costa Rica at an elevation of 3390 m.  Tremolada et al. (2008) analyzed PCBs and OCPs 

in soil of Italian Alps & Peruvian Andes at an elevation of 2355 & 1080 m. Choi et al. (2009) 

measured PAHs in soil and air of Canadian Rocky Mountains at an elevation of 1380 m. Similarly, 

Kirchner et al. (2009) investigated OCPs in soils of European Alps at an elevation of 975 m.  

In order to assess the upslope enrichment along elevation gradient, Westgate and Wania 

(2013) calculated mountaintop contamination potential (MCP) using a fugacity based non-steady 

state dynamic fate and transport box model (MountainPOP2.0). In this model, upslope enrichment 

of POPs was assessed. The parameter “mountain” was considered as a series of altitudinal zones 

where each altitudinal zone comprised of a length that has its own temperature, precipitation and 

contaminants (POPs) in the compartments (soil and air). Each altitudinal zone contained two 

environmental compartments i-e., soil and air. The movement of POPs in these compartments only 
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considered through atmosphere. The upslope wind performed the advection of contaminants 

between altitudinal zones and downslope wind considered as for mixing of contaminants between 

altitudinal zones (Westgate and Wania, 2013). MCP was calculated using following equation: 
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Where, 

MCPi = mountaintop contamination potential 

i = chemical that is being modeled 

mi = mass of i 

The results were displayed by plotting the MCP graph as a function of equilibrium partition 

coefficients between KOA (octanol-air) and KWA (water-air). According to the predicted 

calculations of MCP, chemicals with log KOA and KWA in the range between 8.5-11 and 3.5-5.5 at 

25 oC, respectively showed highest relative enrichment at higher altitudes in temperate mountains 

(Chen et al., 2008; Westgate and Wania, 2013). 

1.6. Glacier Hypothesis and Forest Filter Effect 

Glaciers are considered to be the important reservoir for organic pollutants where 

significant amount of these pollutants may deposit in a period of high environmental pollution and 

be stored in ice layers during the following years (Bogdal et al., 2009). In case of melting of these 

glaciers, the stored chemicals may release back to the environment thereby acts as a secondary 

source of organic contaminants. This theory of substantial release of organic contaminants as a 

result of melting of glaciers is termed “glacier hypothesis” (Bogdal et al., 2009). Glacier hypothesis 

has well been observed in different glacial regions (Table 1.3) along the globe including 

Antarctica, Alps, Canada and Tibetan Plateau (TP). Obviously, LRT processes, global cold 

trapping and fractionation might be the major sources of organohalogens in those glacial regions 

that are far from human intervention. But we could not assume the same for glacial regions close 

to urbanization such as TP and the Himalayan regions. Degradation of organic contaminants is 

slow in low temperature dark winters of the Antarctica but these could be released to the  
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environment during spring melts. Anyhow, whatever the sources of organic contaminants are in 

these glacial regions, ample evidence is available that indicates the presence of or more particularly 

trapping of POPs in these regions, which could be blast in case of melting of these glaciers. 

Therefore, it should be important to further explore the glacier hypothesis so as to suggest 

mitigation measures to reduce the release of these contaminants. Bogdal et al. (2009) analyzed 

POPs in the sediment core from glacial fed lake (Lake Oberaar, Switzerland) to investigate the 

glacier hypothesis. Their results indicated the higher release of legacy contaminants at historically 

high levels with accelerated glacial melting due to increased global warming. They considered 

emission, usage and regulatory history of legacy organic contaminants and revealed that observed 

increased input of these contaminants into Alpine lakes could not be attributed to atmospheric 

deposition but to the melting glaciers as a secondary source. Looking at some other previous 

studies from Alps, it has revealed that glacial meltwater contains higher concentrations of PCBs 

and OCPs than in surface non-glacial water (Bizzotto et al., 2009; Villa et al., 2006). Along with 

glacier hypothesis, another effect of high altitude environments should also be considered, the 

forest filter effect (FFE). Though, high altitude regions often exhibit little vegetative cover as 

compared to lower elevations but still vegetation retain the POPs. Vegetation has strong influence 

upon POPs as reservoir media and forests may strongly influence the POPs deposition fluxes to 

the ground (Brorström-Lundén and Löfgren, 1998; Horstmann and McLachlan, 1996). Because of 

high terrestrial surface coverage of vegetation, presence of waxes in foliage and hydrophobic lipids 

(Simonich and Hites, 1994, 1995b), extent of organic surface area (Nizzetto et al., 2006) and the 

capacity of leaves to accumulate POPs (Bacci et al., 1990; Di Guardo et al., 2003; Reischl et al., 

1987), such conditions create that turn forests to become an important reservoir of POPs in 

terrestrial environment (Nizzetto et al., 2006). High surface roughness could lead to elevated 

uptake of POPs in forest canopies and filter many of the POPs thereby reduces air concentrations 

and increases the deposition of these chemicals to the forest floor (Choi et al., 2008). Most of the 

work that highlights the FFE mainly depends upon the modelling work rather than the original 

field data. FFE, a model proposed by McLachlan and Horstmann (1998), predicted three times 

greater average annual deposition of some of the POPs on forested soils than bare soils. FFE is 

actually the filtering of airborne organic chemicals from atmosphere by forests and transferring 

them into the soil (Horstmann and Mclachlan, 1998; Liu et al., 2014). Several studies (Choi et al., 

2008; Frank and Frank, 1989; Gaggi and Bacci, 1985) indicated the accumulation of organic 
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chemicals in forest vegetation. The model calculations suggested that FFE is most suitable for 

those airborne POPs that have log KOA value between 7 to 11 and log KAW above −6 (McLachlan 

and Horstmann, 1998). Using regional multimedia fate model, Wania and McLachlan (2001) 

suggested that air concentrations of such chemicals could be reduced by efficient dry deposition 

during growing season in very large forested areas.  

1.7. Regulatory Overview and Monitoring Campaigns for POPs 

Numerous regulatory efforts focused POPs to reduce their emissions owing to the adverse 

effects they posed on human health and environment (Teran et al., 2012; Wania, 2006). Initially, 

OCPs were banned in 1970s in North America, Japan and Western Europe and restricted the use 

of PCBs. During the same decade, several legislative acts were passed i-e., Toxic Substances 

Control Act (1976) in US, Chemical Substances Control Law (1973) in Japan, European EC-

Existing Substances legislation (1981) in Europe, Domestic Substances List (1986) in Canada etc. 

(Muir and Howard, 2006). At international level, Convention on Long Range Transboundary Air 

Pollution (CLRTAP) might considered as the first legal binding instrument whose objective was 

to prevent and reduce the long range transboundary air pollution. In 1989, Federal Government of 

Canada presented a report to the CLRTAP Working Group on Effects and the conventions 

executive body regarding POPs in Arctic. In 1998, the Aarhus Protocol was adopted by its 

Executive Body in Aarhus (Denmark), which focuses on 16 substances i-e., eleven pesticides, two 

industrial chemicals and three by-products (http://www.unece.org/env/lrtap/pops_h1.html). 

According to the protocol, use of some of these chemicals was banned, while scheduled for future 

elimination for others (Teran Guerrero, 2015). Following these efforts, the Stockholm Convention 

on POPs was adopted in 2001 under the auspices of the United Nations Environment Programme 

(UNEP). The Stockholm Convention is a global treaty under the UNEP, which specifically deals 

with POPs, adopted on May 2001, and came into force in 2004, with the participation of 171 

countries and one regional economic integration organization. Initially, 12 persistent chemicals 

(dirty dozen) were enlisted as POPs in convention, however at its fourth meeting (4 to 8 May, 

2009), nine new chemicals were listed (Ali et al., 2014b). Further, this Convention also defined 

the criteria for screening of new POPs as well (Muir and Howard, 2006). Some other important 

conventions of international level regarding POPs are Rotterdam Convention and Basel 

Convention. The former addresses the prior informed consent procedures, certain hazardous 

http://www.unece.org/env/lrtap/pops_h1.html
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chemicals and pesticides in international trade, while the later deals with the transboundary 

movement of hazardous wastes and their disposal (Ali et al., 2014b). 

National and international environmental monitoring programs have continued to measure 

POPs since the 1970s (Muir and Howard, 2006). Several global and regional programs were 

established for monitoring of POPs (Teran Guerrero, 2015; Teran et al., 2012). Particularly, the 

Stockholm Convention under its Article 16 requires the Conference of the Parties to periodically 

evaluate the achievement of the objectives in protecting the environment and human health from 

the POPs. The evaluation was assessed by establishing the Global Monitoring Plan (GMP). GMP 

provided a harmonized framework for collecting comparable monitoring data of POPs from all 

regions, regional and global environmental transport pathways and identification of changes in the 

concentration of POPs over time (Hung et al., 2016b). The GMP and related regional reports on 

POPs could be find at following website: 

(http://chm.pops.int/Implementation/GlobalMonitoringPlan/MonitoringReports/tabid/525/Defaul

t.aspx). Some other important monitoring campaigns include Global Atmospheric Passive 

Sampling [GAPS; (Gusev et al., 2009; Pozo et al., 2006)], Arctic Monitoring and Assessment 

Program [AMAP; (Hung et al., 2010b; Hung et al., 2016a)] and CAMP (Comprehensive 

Atmospheric Monitoring Program), while regional monitoring campaigns include EMEP 

(European Monitoring and Evaluation Programme), IADN (Integrated Atmospheric Deposition 

Network), NCP (Northern Contaminants Program for Canada), MONET-Africa (National 

Monitoring Network in Northern Africa), MONET-CEEC (National Monitoring Network in 

Central and Eastern European Region), MONET-PI (National Monitoring Network Pacific 

Islands), EMGEAH (Environmental Monitoring and Governance in the East Asian Hydrosphere), 

WACAP (Western Airborne Contaminants Assessment Project), TOMPs [The Toxic Organic 

Micro Pollutants Network (Graf et al., 2016)] and Spanish air monitoring program (de la Torre et 

al., 2016). 

1.8. Black Carbon (BC): Characteristics and Sources 

Refractory organic residues such as black carbon (BC) including soot, charcoal and 

graphitic carbon (Fang et al., 2016) has gained wide global interest due to its potential role in many 

biogeochemical processes such as earth’s radiative heat balance, global carbon cycle and as a 

pollutant carrier (Goldberg, 1985; Solomon, 2007). Though, there is no agreement  on the 

http://chm.pops.int/Implementation/GlobalMonitoringPlan/MonitoringReports/tabid/525/Default.aspx
http://chm.pops.int/Implementation/GlobalMonitoringPlan/MonitoringReports/tabid/525/Default.aspx
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definition of BC in the literature (Petzold et al., 2013) but generally this term refers to the 

carbonaceous aerosol particles formed during biomass/fossil fuels incomplete combustion. These 

particles usually characterized by highly reduced, recalcitrant and strong absorption of visible light 

(Gertler et al., 2015; Kuhlbusch, 1998). BC recently received attention due to increasing realization 

of its potential importance in the global processes (Crutzen and Andreae, 1990; Kuhlbusch, 1998; 

Masiello, 2004) such as glacial retreating (hence wide impact on glacier hypotheses) and 

controlling the fate and transport of POPs (Accardi-Dey and Gschwend, 2002). It has a three 

dimensional structure comprising stacked aromatic sheets with size ranged in nm-µm scale and 

high specific surface area (Koelmans et al., 2006), owing to which it has strong influence on human 

health as well (Ni et al., 2014).  

BC ranges from partly charred biodegradable plant residues to highly graphitized refractory 

soot particles (Elmquist et al., 2006; Roth et al., 2012). Temperature could be the most important 

factor during incomplete combustion of fossil fuel/biomass that determines the type, size and 

surface area of BC, which ultimately determines the mechanism, strength and sorption/desorption 

capacity of BC (Koelmans et al., 2006; Semple et al., 2013; Shrestha et al., 2010; Song et al., 2002; 

Yu et al., 2006). Although it is a continuum product but could be categorized broadly into (i) soot 

and (ii) char (Elmquist et al., 2006). Soot comprised of carbon particles produced via gas phase 

processes at high temperature (Han et al., 2010). Soot BC particles cluster into grape like structure 

(Jonker and Koelmans, 2002a) with size ranges from 0.1-1 µm. While char produces under low 

temperature incomplete combustion having size of 1-100 µm and high internal porosity (Elmquist 

et al., 2006). Micro-porosity of BC components is very important as these are related to overall 

specific surface area for sorption and desorption processes. Specific surface area for soot and char 

particles has been reported to be 63 m2/g and 201 m2/g, respectively in the literature (Cornelissen 

et al., 2005b; Semple et al., 2013; Sharma et al., 2006). 

Combustion in general and incomplete combustion in particular is a major source of BC. 

Ni et al. (2014) categorized BC sources into two major categories i-e., controlled combustion and 

open burning. For controlled combustion, fossil fuel is a major source, while open burning 

comprises solid, agricultural waste and forest fires. Although different studies reported different 

mass percentage contribution by different sources for BC emission but all are unanimously agreed 

that open biomass burning (42 %) is dominant source followed by residential biofuel (18 %), 

transportation (14 %) and industries (10 %) (Bice et al., 2009; Bond et al., 2013; Bond et al., 2004; 



 

  28 

Ni et al., 2014). Generally, sources of BC largely dependent upon socio-economic features of a 

region, such as life style and type of fuel used. Biofuel combustion contributes about 60-80 % of 

the Asian and African emissions, while vehicular emission is responsible for about 70 % BC 

emissions in Europe, Latin and North America (Bond et al., 2013). According to Ni et al. (2014), 

small scale biomass combustion sources contribute 65 % of total BC emission, and vehicular 

emission accounts for 24 % of global BC emissions. Regional contribution of emissions show that 

developed regions i.e. Europe and North America collectively contributes 13 % of global BC 

emissions. This trend is ascended by developing world, which accounts about 80 % of the total 

emissions (Bond et al., 2007), dominated by China and India and rest of the Asia is responsible 

for 39 % of  net emissions, which contributes about 54 % of warming BC emissions (Ni et al., 

2014). High forest burning and savanna fire events contributes 25 % of global BC emissions from 

Africa (Cofala et al., 2007). 

1.9. BC in Different Environmental Matrices 

BC is ubiquitously present in our environment and has long been known as an atmospheric 

pollutant (Penner and Novakov, 1996). Owing to the recalcitrant nature of BC aerosol particles, 

wet deposition could be the mechanism for BC removal from the atmosphere and due to small 

particle size, these aerosols are subjected to atmospheric transportation (about 1000 km) with 

atmospheric residence time of about 1 week (Accardi-Dey and Gschwend, 2003). Long 

atmospheric residence time coupled with absorption of light over wide spectral range makes BC 

aerosol particles an important contributor of Atmospheric Brown Cloud (ABC) (Ramanathan et 

al., 2007a). As due to strong absorption of light, BC aerosol particles impart positive or direct 

radiative forcing (RF) of total earth radiative budget with average RF of + 0.40 (0.05-0.8) W m-2 

(IPPCC Ar5) and hence becomes second major contributor of global warming after carbon dioxide 

(CO2) (Rehman et al., 2011). Further, 7500 Gg yr-1 of BC emissions were estimated globally in 

2000 with uncertainty ranged between 2000-29000 Gg yr-1. Due to high biomass combustion 

related activities, South Asia is considered a hotspot with per annum emissions of 710 Gg BC 

(Bond et al., 2013). Due to this high emission rate, BC in addition with other pollutants (NOx, 

SOx, GHGs) form very imperative atmospheric phenomenon over the region known as South 

Asian ABC. About 50-90 % of BC of South Asian ABC have biomass combustion origin 

(Gustafsson et al., 2009; Ramanathan et al., 2007b). It has been reported that due to strong radiative 
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forcing of BC, ABC have strong potential to effect monsoon climatic pattern and glacial retreating 

over the South Asian region (Beegum et al., 2009; Kumar et al., 2015; Ramanathan et al., 2005). 

The behavior of BC in soils is important because of its greater influence upon the fate and 

distribution of organic chemicals in the soils. Available approximations for global formation of 

BC ranged between 44-194 Tg C yr-1, of which 80 % incorporated into terrestrial soils (Forbes et 

al., 2006). BC is omnipresent in terrestrial soils due to lesser degradability and further the organic 

matter transformation into BC prominently reduced its degradability thereby forms a long term 

carbon sink. 14C revealed up to 9500 years old indication of BC in European and Scandinavian 

soils (Knoblauch et al., 2011). Though, BC shows such an old inputs but this has not always the 

case in soils because BC is heterogeneous in nature that means its mixture also exhibits some more 

readily degradable compounds apart from highly recalcitrant compounds (Hammes et al., 2008). 

Apart from its dark side, BC could be beneficial in soil productivity by increasing soil nutrients 

either from natural or anthropogenic fires and improves water retention, erosion stability and 

microbial biomass activity. These beneficial aspects of BC (more particularly biochar) makes it a 

sustainable management technique for long term carbon storage and enhancement of soil 

productivity (Knoblauch et al., 2011).  

Though it is originated terrestrially, BC is omnipresent in aquatic systems as well such as 

in water column [e.g. Dittmar et al. (2012); Stubbins et al. (2012)] and sediments [e.g. Goldberg 

(1985); Gustafsson and Gschwend (1998); Masiello and Druffel (2003); Middelburg et al. (1999); 

Suman et al. (1997); Verardo and Ruddiman (1996)]. In these aquatic systems, BC represents a 

prominent sink of the global carbon cycle (Fang et al., 2015; Kuhlbusch, 1998; Masiello and 

Druffel, 1998; Sánchez‐García et al., 2012; Yang and Guo, 2014). Nonetheless, it is produced by 

anthropogenic and natural activities on land but could accumulate in marine and coastal sediments 

via transport through aerosols, river discharge and soil erosion processes etc. (Luz et al., 2010). In 

sediment environment, BC constitute an organic integrator of historical inputs from biomass and 

industrial combustion in the drainage basin. Solid residues (char) and condensate particles (soot) 

largely formed during the combustion of biomass and fossil fuels respectively, may eventually 

bury into the sediments (Sánchez-García et al., 2013). An estimated more than 90 % of organic 

matter remain in shelf or coastal regions globally in oceanic sediments, which only covers 10 % 

part of the entire seafloor (de La Rosa et al., 2011). Fraction of organic carbon that is stored in 

oceanic sediments at global scale is estimated to be ∼160 Tg yr-1 and about 6 % of this carbon 
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contains so called “BC” (de La Rosa et al., 2011). It can persists over long periods of time (Chylek 

et al., 1992) in sediments, also owing to its recalcitrant nature (Sánchez-García et al., 2013) but 

some studies provide evidences of BC degradation particularly in sediments. Anyhow, it still has 

a greater resistance against alteration in comparison to other forms of sedimentary carbon such as 

organic matter (Sánchez-García et al., 2013). 

From atmosphere, BC aerosol particles could deposit terrestrially on the surface of snow 

and ice thereby reducing the albedo owing to enhanced solar radiation absorption and ultimately 

acceleration of process of melting ice and snow (Hansen and Nazarenko, 2004). A concentration 

of 15 μg kg-1 BC could reduce albedo of snow by ∼1 % (Warren and Wiscombe, 1980). According 

to the IPCC AR4 report, the worldwide average RF was 0.1 ± 0.1 W m-2 between 1750-2005 in 

ice and snow (Forster et al., 2007). However, significant regional inconsistencies are also observed  

due to their topography, land-ocean distribution, regional differences in atmosphere and any other 

factor (Solomon, 2007). By inference, deposition of BC on snow and ice has investigated as 

element of climate change, for example, eight times alteration for 20th century climate change has 

been observed owing to BC emissions from industrial sector in Greenland by taking ice core 

samples as compared to pre-industrial era (McConnell et al., 2007). Another study by Light et al. 

(1998) indicated that BC deposition of 150 μg kg-1 in sea ice has reduced the albedo by ∼30 % at 

its maximum. Ming et al. (2008) reported 2 W m-2 of average RF caused by BC in the middle 

Himalayan ice after 2000. During spring, in some parts of the TP, the RF of BC by snow are 

exceeding 20 W m-2 (Flanner et al., 2007). Further, prominent reductions in snow/ice albedo and 

elevated surface temperature due to BC forcing is more than that of other greenhouse gases 

(Flanner et al., 2007). Apart from terrestrial deposition from atmosphere, it also plays a significant 

role in altering the properties of clouds (Chýlek et al., 1984). It includes changing in cloud droplets 

number, increasing the process of precipitation and changing ice particle number concentration. 

Enhanced absorption by BC particles embedded in water droplets could potentially reduce the 

cloud albedo, thereby causing the indirect climate forcing (Charlson et al., 1992; Chýlek et al., 

1984). These processes can affect the cloud distribution, which then alters the earth’s radiative 

balance. But these are highly uncertain effects upon clouds. Based on BC cloud effect, the 

industrial age climate forcing estimate was calculated positively (+ 0.23 W m-2) with considerable 

uncertainty range of 90 % (-0.47 to + 1.0 W m-2 of uncertainty) (Bond et al., 2013). 
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1.10. Role of BC in Fate and Distribution of POPs: Implications for High Altitude Regions 

As BC exhibits, relatively longer lifetime and also amenable to LRT, hence found in remote 

regions including high altitude mountainous and glaciated regions of the world such as Nepal 

[5079 m (Marinoni et al., 2010)], Hanle [4520 m (Babu et al., 2011)], Nam Co [4730 m (Ming et 

al., 2010)], Nainital [1958 m (Dumka et al., 2010)], Monte Cimmone, Italy [2165 m (Marenco et 

al., 2006)], Jungfraujochd Alps, Switzerland [3454 m (Nyeki et al., 1998)] and Arizona [2790 m 

(Shaw, 2007)]. In this way, the behavior of BC is like organic contaminants that transported to 

remote high altitude regions owing to the mechanism of LRAT. So, we implicate that BC sorbs 

the organic contaminants in these high-altitude regions and plays critical role in fate and 

distribution of hydrophobic organic pollutants in soils and sediments. Because, by inference, BC 

has shown strong influence upon distribution, transport and sequestration of POPs via sorption 

processes. The elevated sorption capacity of BC may be owing to the difference in physic-chemical 

characteristics of organic carbon and BC such as elemental composition, surface area and 

association of functional groups etc. (Zhang et al., 2008). Sorption of BC occurs with different 

organic compounds has well documented in the literature such as PAHs (Accardi-Dey and 

Gschwend, 2002, 2003; Bucheli et al., 2004; Bucheli and Gustafsson, 2000; Cornelissen and 

Gustafsson, 2004; Cornelissen et al., 1998; Ghosh et al., 2001; Hawthorne et al., 2007; Jonker and 

Koelmans, 2002a; Sánchez-García et al., 2010; Sánchez-García et al., 2013), PCBs (Ali et al., 

2015c; Jonker et al., 2004; Zimmerman et al., 2004), OCPs [DDTs, HCHs, heptachlor and HCB 

(Ali et al., 2014a)] and PBDEs (Ali et al., 2015a). BC has polar surfaces and high surface to volume 

ratio. It has a high affinity for pollutants, particularly for planar aromatic compounds. POPs 

includes such groups that have low aqueous solubility and exhibits greater affinity for organic 

matter, owing to which partitioning of these contaminants into organic matrix of environmental 

medium significantly contribute to their overall persistence in the environment (Beyer et al., 2000; 

Jones and De Voogt, 1999; Nam et al., 2008). Soil/sediment could be considered as the ultimate 

sink of organic contaminants (Lohmann et al., 2005) either by air deposition of contaminants in 

the soil (Ribes et al., 2003) or due to run off in the sediments  (Hippelein and McLachlan, 2000). 

Because of hydrophobic nature, organic contaminants would preferably sorb into the hydrophobic 

portion of soil/sediments (Jonker and Koelmans, 2002a) via sorption processes, which greatly 

influence the environmental fate of these chemicals (Zhang et al., 2008). Among sorption 

processes, organic carbon pool was considered as the main factor in controlling or partitioning of 
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organic compounds but now this traditional paradigm has changed with more insight onto the role 

of BC (Chiou et al., 1979; Karickhoff, 1981). It has now considered as better adsorbent for organic 

chemicals and a significant contributor in overall sorption processes (Accardi-Dey and Gschwend, 

2002, 2003; Ali et al., 2014a; Cornelissen et al., 2004). Such relationships have now proposed in 

literature that considers both organic and black carbon to improve the correlations between solid 

and aqueous phase concentrations of non-ionic organic compounds (Accardi-Dey and Gschwend, 

2002; Werner et al., 2009; Zhang et al., 2013). The overall sorption processes i-e., absorption to 

organic carbon and adsorption to black carbon play an important role in sequestration of organic 

contaminants from environmental media i.e. soil, sediment and air. This process of sequestration 

increased with time and known as “aging” (Huang and Weber, 1998; Semple et al., 2013), which 

reduced the bioavailability and bioaccesibility of contaminants (Accardi-Dey and Gschwend, 

2002). Data sets of  Lohmann et al. (2005), Accardi-Dey and Gschwend (2002), Cornelissen and 

Gustafsson (2004) and Moermond et al. (2005) reviewed by Koelmans et al. (2006) suggested that 

BC is the dominant sorbent for organic contaminants (50-90 % for PCBs and 80-90 % for PAHs) 

as compared to organic matter. Similarly Ghosh and Chakrabarti (2000) observed that 

carbonaceous geosorbents (BC; 5 % by wt.) derived from both petrogenic and pyrogenic sources 

is responsible for 62 % sorption of PAHs in Milwaukee Harbor. Ribes et al. (2003) have also found 

similar findings for soil above inversion layer (1800-3400 masl) as soot inclusive model measured 

KP value within factor of 3 and difference between measured and predicted value is not significant. 

This high sorption capacity is usually illustrated by two concepts (Kleineidam et al., 2002): (i) dual 

sorption model (Accardi-Dey and Gschwend, 2002, 2003; Cornelissen et al., 2004; Cornelissen 

and Gustafsson, 2004; Lohmann et al., 2005) and (ii) heterogeneity of soil/sediments mixture 

(Lohmann et al., 2005; Xia and Ball, 1999). 

Apart from trapping of organic contaminants in high-altitude regions, at the same time, 

releasing may also be the phenomena (glacier hypothesis) that might be influenced by soot-BC. 

Ribes et al. (2003) highlighted the importance of soot-BC as an additional parameter that influence 

organic pollutants sorption in soil-air exchange processes. Here, we assume the dual behavior of 

soot-BC that is being played by it in both the trapping and releasing of organic pollutants from 

colder regions. Soot-BC, on one hand, is the principal sorptive agent that bound hydrophobic 

organic contaminants and retain them in surface media. On the other hand, soot-BC particles 

scatter and absorb the solar radiations (Mahmood et al., 2016; Ramanathan and Carmichael, 2008), 
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resulting in decrease in albedo (Ming et al., 2009), hence glacial retreating and releasing of organic 

pollutants may be the dominant mechanism over the retaining mechanism. So far, it is unclear 

whether black carbon really retain and bound the POPs in high altitude regions or it may play role 

in higher re-releasing of the POPs. Intensive research is required in order to fully understand the 

phenomena of impact of BC in fate and distribution of POPs in high altitude regions. 

Among global high altitude environments, the Himalayan origin river basins in South Asia 

and China are home to about 1.3 billion people. Approximately 10-20 % of these rivers are fed by 

the Himalayan glaciers. According to Ali et al. (2014b), the Himalayas comprises a gigantic 

mountain system, which may acts as a cold condenser for POPs as it exhibits similarity with Arctic 

in terms of low temperature, high glaciers, relative remoteness, ice cover and ecologically similar 

communities. The region is an important part of third pole. Third pole, referred to by scientists, is 

an area of about 5 million km2, > 4000 m average elevation and 100,000 km2 of glaciers of the TP 

and surrounding mountains comprising one of the largest ice masses of the earth, may be the most 

sensitive and readily visible climate change indicator (Yao et al., 2012). Scarce data is available 

for the Himalayan region in terms of POPs and its relationship with BC and other carbon fractions. 

So, it is essential to consider this vast region for exploring the potential of BC and other carbon 

fractions in explaining the distribution status of POPs in this high altitude environment. 

It has been concluded after this thorough review that hydrophobic organic contaminants 

after long range transportation could reach the colder environments according to the cold 

condensation theory. Once reached to colder regions, they could either have trapped or released 

back as described by glacier hypothesis. Altitude, precipitation, local meteorological conditions, 

source proximity and vegetation covers are the key factors in distribution of these pollutants in 

colder or more particularly mountainous colder environments. Along with these factors, carbon 

content critically plays influential role in fate and distribution of POPs in such environments. Role 

of BC in fate and distribution of POPs in these regions and its effect on glacier hypothesis should 

be focused as a research gap and attention should be given to this area in order to protect such 

pristine environments. Based on overall discussion, it is therefore hypothesize that high altitude 

mountainous and particularly glaciated regions could be a major secondary source of POPs that 

may show dual behavior, in terms of trapping of POPs as well as the releasing of POPs. We are 

uncertain that either of which mechanism is dominant due to lack of baseline data. Further 

extensive research is direly required to fully understand the POPs cycling mechanism and the role 
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of BC being played in their fate and transport at higher altitude cold regions around the globe. 

Following hypothetical conclusions could be drawn from overall discussion: (i) High altitude cold 

regions can act as cold condenser for POPs; (ii) BC strongly sorb POPs; (iii) High BC levels reduce 

the albedo in high altitude glaciated regions; (iv) Radiative energy becomes high owing to high 

BC levels; (v) Glacial retreating is escalated due to high BC levels; (vi) As a result of glacial 

retreating, water in form of floods could reach the proximate areas; (vii) Along with this water, 

high levels of BC and associated POPs are expected to come.  

1.11. Gluts, Gaps and Problem Statement 

A large number of regional publications in the Himalayan-Tibetan region on POPs (Cheng 

et al., 2014; Fu et al., 2001; Gai et al., 2014a; Gai et al., 2014b; Gong et al., 2014; Gong et al., 

2015; Gong et al., 2010; Guzzella et al., 2011; Guzzella et al., 2016; Li et al., 2008a; Liu et al., 

2010; Liu et al., 2014; Ren et al., 2017; Ren et al., 2014; Sheng et al., 2013; Wang et al., 2006; 

Wang et al., 2008; Wang et al., 2016; Xin-Li et al., 2010; Yang et al., 2013) and reasonable studies 

on black carbon (Babu et al., 2011; Cong et al., 2013; Dumka et al., 2010; Ming et al., 2010) 

indicated high research interest in this area, which forms the main gluts for this study. However, 

the Lesser Himalayan Region is the most neglected part in terms of studying POPs particularly the 

area that lies in Pakistan and scant visibility of POPs data may promote the study of POPs in this 

region. Moreover, the baseline data, fate, distribution and understanding the role of carbon 

fractions (TOC and BC) on POPs in the Lesser Himalayan Region is scarcely available.   

High altitude mountain regions are identified as important “early warning” sites with 

respect to long and medium range transport as well as for the distribution processes for POPs. 

These regions are characterized by sensitive climatic, ecological and geological equilibria. 

Therefore, the presence of bioaccumulative anthropogenic contaminants in these vulnerable 

environments may disturb the sensitive ecological balance in these regions. Daly and Wania (2005) 

identified three core reasons to study POPs in mountain regions and that are (i) Potential impact 

on humans, either living within, or depending on resources derived from high altitude regions; (ii) 

Potential impact on the remote/less disturbed ecosystems; and (iii) Study the chemical behavior 

and interaction of POPs in cold environment particularly with geophysical drivers (such as TOC 

and BC). Mountains were presumably considered to be the relatively cleanest and pure 

environments in the past but actually this assumption is abstruse. Thus, these ecosystems are no 
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longer a pristine environment and free of anthropogenic contaminants, such as POPs. Accordingly, 

interest has risen regarding the identification and quantification of organic contaminant levels in 

mountain regions (Daly and Wania, 2005; Wania and Westgate, 2008). The Himalaya is globally 

highest mountain range of 2400 km2 with an altitude of < 100-8844 masl (Gong et al., 2014) that 

separates the Indian subcontinent from the TP. Densely populated countries of South Asian region 

with high POPs emissions are located south of the Himalaya. It is home to 10 of 14 of the world's 

highest peaks and it drains major rivers of sub-continent including Jhelum, Chenab, Ravi, Beas, 

Sutlej, Ganges-Brahmaputra and Yamuna and guarantee of water supply for about 1.749 billion 

population of the sub-continent. It is influenced by Monsoon, Westerlies, East Asian lies and Trade 

wind systems. The lower stretch of greater Himalaya termed “Lesser Himalayan Region (LHR)” 

in the Pakistan (north latitude: 33o-44'/35o-35' and east longitude: 72o-33'/74o-05') comprised of 

Azad Jammu & Kashmir (AJK), Rawalpindi-Islamabad districts and the entire Hazara division 

with an estimated area of 23,295 km2 (Hussain and Ilahi, 1991). Other regional studies as discussed 

in above paragraph indicated the levels of POPs and associated threats for the upper Himalayas 

and Tibetan region. Substantial levels of POPs are expected for LHR due to local, regional and 

continental emission sources. The area receives Monsoon winds in summer and Westerlies in 

winter that may bring POPs via LRAT phenomena. Moreover, it is expected that POPs emitted 

from nearby industrial regions of Punjab may reach the LHR and contaminate different 

environmental compartments of the region. Therefore, the study of POPs and BC in lower stretch 

of the greater Himalaya is important because geographically this region is susceptible of receiving 

higher POPs/BC levels owing to (i) direct exposure to Westerlies in winter and Monsoon in 

summer; (ii) exhibits altitude range that is favorable as mixing layer for POPs; (iii) close to 

emission sources of POPs as compared to the upper Himalaya and TP and (iv) retaining of higher 

POPs levels after blocking of Westerlies/Monsoon by the upper Himalaya. To the best of our 

knowledge, no study has focused in depicting the detailed assessment of levels, sources and 

implication for atmospheric circulations upon POPs and potential role of BC and TOC in 

distribution status of POPs in LHR. 

1.12. Objectives of the Thesis 

As mentioned earlier, the Himalayan region exhibits the highest mountain range globally 

with 2400 km2 having altitude range <100 to 8844 masl and is part of the TPE. The Himalaya 

separates the Indian subcontinent from the high elevated TP. TPE has significant role in earth’s 
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climate system and is guarantee for survival of 1.5 billion surrounding population of ten countries 

that borders this TPE with provision of resources including, pastures, timber, water, recreation and 

tourism etc. Of particular importance is its proximity to industrialized regions of China, India and 

Pakistan. South of the Himalayan range, densely populated countries of South Asian region with 

high POPs emissions are situated. Keeping in view its importance in terms of POPs and BC, yet 

no study provides in detail the levels and relationship of POPs with carbon fractions at high altitude 

environments. Therefore, this study was designed to explore the potential of this region in 

receiving and cycling of POPs in relation with BC and TOC. The major objectives of the current 

thesis were: 

 To assess the levels, sources and composition of organochlorines in different 

environmental matrices i-e., air, water, soil and sediment along the altitude of the Lesser 

Himalayan Region of Pakistan 

 To assess carbon fractions i-e., total organic carbon and black carbon in soil and sediments 

and their potential influence upon distribution status of organochlorines in the Lesser 

Himalayan Region of Pakistan 

 To examine the impact of black carbon on soil-air and sediment-water partitioning of 

organochlorines in the Lesser Himalayan Region of Pakistan  

 To inquest the long range atmospheric transport and upslope movement of OCs along the 

altitude in the Lesser Himalayan Region of Pakistan 
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1.13. Structure of the Thesis 

This thesis comprised of four chapters including Introduction and Review of Literature 

(Chapter 1), Materials and Methods (Chapter 2), Results and Discussion (Chapter 3) and General 

Discussion (Chapter 4). Brief description of these chapters are highlighted below: 

Chapter 1: Introduction and Review of Literature 

Major part of this chapter has been published (Ali et al., 2017). The chapter aims to provide 

introduction of this thesis and an overview of POPs and BC in high altitude environments of the 

world. Different POPs groups, overview of environmental fate models, levels of POPs in high 

altitude environments, BC and its role in fate and distribution of POPs at high altitudes, LRAT 

phenomena, theories of upslope enrichment of POPs, FFE, glacial retreating and regulatory 

overview are critically discussed in this chapter under the scenario of high altitude mountain 

environments. Then, gluts and gaps were highlighted and at the end of this chapter, problem 

statement along with specific objectives were provided under the scope of this study.  

Chapter 2: Materials and Methods 

This chapter describes in detail the description of study area (the Lesser Himalayan 

Region), sampling of different environmental matrices (soil, air, sediment and water) and 

analytical procedures in order to analyze OCPs and PCBs. Further, the details regarding analytical 

determination of TOC and BC was provided in this chapter.  

Chapter 3: Results and Discussion 

This chapter is further comprised of four parts depicting OCs levels and role of carbon 

fractions (TOC and BC) in their distribution status in different environmental matrices along the 

altitude in LHR. First three parts of this chapter have been published (Ali et al., 2018a; Ali et al., 

2018b; Ali et al., 2018d) and fourth part is under review. Keeping in view the objectives of this 

thesis, all four chapters cover the scope of first objective. Chapter 3.1 and 3.3 fulfills second 

objective of this thesis. Chapter 3.2 and 3.4 covers third objective, while fourth objective is 

primarily highlighted in Chapter 3.2 but apparently discuss in all sub-chapters. Specifically, 

Chapter 3.1 provides the levels, sources and composition of OCs in soil samples along the altitude. 

The investigation of carbon fractions (TOC and BC) was also done for soil samples and their 

potential role in distribution status of OCs along the altitude was assessed. Chapter 3.2 provide the 
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results of atmospheric OCs, backward air mass trajectories, LRAT and implications for upslope 

valley transport of OCs in LHR. Soil-air partitioning model was applied to assess the potential role 

of TOC and BC in partitioning of OCs in the Lesser Himalayan Region. Chapter 3.3 discusses the 

sedimentary concentrations of OCs and carbon fractions along with their role in distribution status 

of OCs. Chapter 3.4 depicts the water levels of OCs along the altitude. One carbon model based 

on absorption onto organic matter and two carbon model based on absorption onto organic matter 

and adsorption onto BC was employed to potentially understand the dominant role of TOC or BC 

in the Lesser Himalaya along the altitude.  

Chapter 4: General Discussion 

This chapter provides key findings of the thesis, overall discussion keeping in view all parts 

of Chapter 3, strengths, limitations, future directions and overall concluding remarks of this study.  
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Chapter 2 

Materials and Methods 

2.1. Description of the Study Area and Sampling Strategy 

The Lesser Himalayan Region (LHR) in Pakistan covers an estimated 23, 295 km2 of area 

including Azad Jammu & Kashmir (AJK), entire Hazara division and Rawalpindi-Islamabad 

districts. Neelum and Jhelum are two important rivers that passes through AJK. The Neelum River 

originates from Krishansar Lake (Indian occupied Jammu & Kashmir), enters into Pakistan from 

Gurez sector of the Line of Control. Valley of Neelum is located on both sides of the Neelum River 

that exhibits mountainous rugged topography with steep slopes (Akram et al., 2011). Neelum 

valley lies at northeast of the city of Muzaffarabad and parallel to the valley of Kaghan (Mughal 

et al., 2016). Neelum River joins the Jhelum River at Domail near Muzaffarabad (Nawaz and 

Shafique, 2003). The Jhelum River, second biggest tributary of the Indus River, drains the alluvial 

lands of the valley of Kashmir, mainly upsurge at north western side of Pir Panjal and flows 

through the Wular Lake (Archer and Fowler, 2008). The whole upper Jhelum River basin finally 

drains into the second biggest reservoir of Pakistan, the Mangla Dam (Mahmood et al., 2015), 

which was built in 1967 in upper Siwaliks (Pir Panjal range) on Jhelum River, in order to impound 

the water for the purpose of irrigation, hydroelectric power generation and control of floods (Mirza 

et al., 2012). It covers an area of 26, 500 ha (Ali et al., 2011), mainly fed by two perennial (Poonch 

and Jhelum) and two non-perennial (Khad and Kanshi) rivers, divided into five sub-basins that are 

Main Mangla, Poonch, Jhelum, Khad and Jari (Saleem et al., 2015). The storage capacity of the 

reservoir is being continuously reduced owing to high sedimentation rate as a result of erosion 

prone catchment area (Saleem et al., 2013, 2015). Thirty two sampling sites were selected from 

this region (Figure 2.1) along the Neelum-Jhelum River system keeping in view the altitude. 

Sampling strategy is illustrated in Figure 2.2. Four sampling zones were identified for sampling 

along the Neelum-Jhelum River system based on the anthropogenic influence/source proximity at 

different altitudinal ranges i-e., Zone A, B, C and D at 357-383, 397-733, 737-975 and 1351-2324 

meter above sea level (masl), respectively. Zone C is most likely influenced by anthropogenic 

activities as the sampling sites in this zone are close to the dense population of Muzaffarabad city 

and Neelum-Jhelum Hydropower Project. Sampling sites in Zone A and more particularly in Zone 

B are relatively less affected by the anthropogenic sources. Sampling sites from Zone D are 
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Figure 2.1: Map of the study area and locations of the sampling sites 
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Figure 2.2: Schematic illustration of sampling strategy for the Lesser Himalayan Region, Pakistan 
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considered as remote owing to very low anthropogenic influence. Table 2.1 describes in detail the 

sampling location, latitude, longitude and altitude of the sampling sites. From each zone, eight 

samples for soil, air, sediment and water were collected, hence a total of thirty two samples for 

each matrix were collected. Sampling detail of each matrix i-e., air, water, sediment and soil is 

mentioned in subsequent sections. 

2.1.1. Passive air sampling campaign 

Passive air samplers (PAS) containing polyurethane foams (PUFs) were deployed at each 

site (see Figure 2.1 and Table 2.1 for details) for the period of eight weeks (56 days) from 8th 

November, 2016 to 2nd January, 2017. The details regarding PUF-PAS is available in earlier 

studies (Jaward et al., 2004; Jaward et al., 2005b; Shoeib and Harner, 2002a). These passive 

samplers (Figure 2.3) are cheap and easy to handle due to which they become popular in 

monitoring a range of different classes of POPs by taking sample over a period of several weeks 

(Jaward et al., 2005b). The PUFs were obtained from China, which were extracted with acetone 

and DCM prior to deliver to Pakistan. These PUFs were brought to the field without any prior 

assembly because of evading any risk of contamination during transport of these PUFs. At each 

site, these PUFs were assembled in PAS and deployed for required period of time. Field blanks 

were carried out by taking the PUFs to chosen sites and opened for 5 minutes, then wrapped over 

in glass jars. Clean gloves were used during this process. The blanks for assessing any 

contamination during transport were those PUFs that were wrapped in glass jars during the whole 

sampling period. The field PUFs were recovered from each sampling site after 56 days of 

deployment. These PUFs were then wrapped over in glass jars and shipped to the LEC, UK. They 

were stored over there at -4oC until the start of further extraction, clean-up and analysis. 

2.1.2. Water sampling 

Thirty two samples of surface riverine water from the sites mentioned in Table 2.1 were 

collected between November-December, 2016, according to protocols mentioned elsewhere 

(Federation and Association, 2005). Briefly, these riverine surface samples were collected in pre-

cleaned glass bottles (1.5 l capacity) at a depth of 0-5 cm. All sample glass bottles were washed 

and rinsed with acetone in order to evade any risk of contamination. All collected samples were 

stored initially in coolers that contained ice and then transported instantly to the laboratory. All 

collected samples were preserved in the laboratory at -4 oC temperature until auxiliary analysis. 



 

  43 

Table 2.1: Latitude, longitude and altitude of sample collection points 
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Figure 2.3: Illustration of polyurethane foam passive air sampler [redraw from Jaward et al. 

(2004)] 
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2.1.3. Sediment sampling 

Thirty two sedimentary samples were taken from the selected sites (Table 2.1) between 

November and December, 2016 at a depth of 0-10 cm. Sediment samples were collected in 

composite of three from each sampling site. Corrosion free hand trowel was used for the collection 

of all sediment samples and kept in polyethylene bags. They were then delivered to the laboratory. 

All of these collected samples were air dried, sieved and then preserved in the laboratory at -4 oC 

temperature until auxiliary analysis. 

2.1.4. Soil sampling 

Soil samples were collected between November and December, 2016 at 0-10 cm depths. 

Before collecting the sample, the debris and upper soil layer was removed. Soil samples were 

collected in composite of three from each sampling site (Table 2.1). Corrosion free hand trowel 

was used for collection of all soil samples and kept in polyethylene bags. Soil sampling was done 

in accordance with procedure of USDA (Burt, 2009). They were then delivered to the laboratory. 

All of these collected samples were preserved in the laboratory until auxiliary analysis at a 

temperature of -4 oC. All samples were sieved through 2 mm sieve prior to start the extraction 

procedure. 

2.2. Extraction and Cleanup Procedures 

The extraction and cleanup for PUFs and water was done in LEC, UK. While the extraction 

and cleanup for sediment and soil samples was done at CAS (Guangzhou Institute of 

Geochemistry), China. 

2.2.1. Extraction/cleanup of Polyurethane Foams (PUFs) 

Extraction and cleanup procedure used for PUFs has been described previously (Graf et 

al., 2016; Jaward et al., 2004; Jaward et al., 2005b). Briefly, 13C labeled PCBs 28, 52, 101, 138, 

153 and 180 as recovery standards were inserted in the PUFs to notice the procedures of extraction 

and cleanup prior to start the process of extraction. The PUFs were then extracted with hexane 

using Soxhlet apparatus for 18 h. The resulting extract was rotary evaporated to about 5 ml and 

was concentrated to about 0.5 ml under gentle nitrogen stream. The extracts were cleaned using 

acid silica columns followed by further cleanup through gel permeation chromatography column 

(GPC) using 6 g of Biobeads SX3. The eluent after GPC was collected in a vial and concentrated 
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under gentle stream of nitrogen to approximately 1 ml and transferred to a GC vial. Internal 

standards (PCB30, 13CPCB141, 13CPCB208) in 25 µl of dodecane were then added and blown 

down under gentle stream of nitrogen to 25 µl. 

2.2.2. Extraction/cleanup of riverine water 

1 l of water sample was taken for each site for the purpose of extraction. Prior to start the 

extraction procedure, any debris present in the water sample was removed by filtering the water 

sample using filter paper (Whatmann 42). Recovery standards (13C labelled PCBs 28, 52, 101, 138, 

153 and 180) were spiked in each sample prior to start the extraction process. Extraction for OCs 

was done by liquid-liquid extraction procedure previously used by Ali et al. (2016a). According 

to this procedure, the filtered water sample (1 l) was taken in a separatory funnel and add 75 ml of 

DCM, then shaken strongly (for 2-4 min) and allowed to settle for 10 mins in order to obtain two 

separate layers. Lower was the transparent layer that holds the organic solvent encompassing 

pollutants extracted from the water samples. This layer was collected on anhydrous sodium 

sulphate that was placed on glass wool. The resulting extract was rotary evaporated to about 5 ml 

and then was blown down under gentle nitrogen stream to about 0.5 ml. The extracts were cleaned 

using acid silica columns followed by further cleanup via gel permeation chromatography (GPC) 

using 6 g of Biobeads SX3. After GPC cleaning, the eluent was collected in a vial and concentrated 

under gentle nitrogen stream to about 1 ml and then transferred to GC vial. Internal standards i-e., 

PCB30, 13C PCB141 and 13CPCB208 in dodecane (25 µl) were then added into these GC vials that 

contained extracts and then again blown down under gentle nitrogen stream to 25 µl. 

2.2.3. Extraction/cleanup of soil/sediment 

Soxhlet extraction system was employed for extraction of soil/sediment samples. For this 

purpose, 20 g of sample was taken for each site and matrix and spiked with surrogate standard 

mixture. This mixture contained TCmX, PCB30, 198 and 209 as recovery standards. Granules of 

copper (activated) were inserted to eradicate any elemental sulfur from the samples. These samples 

were extracted with DCM through Soxhlet apparatus for 24 h, then concentrated via rotary 

evaporator and finally exchanged with hexane. For cleanup of these extracts, anhydrous sodium 

sulphate, neutral silica gel and neutral alumina were taken, extracted with DCM using Soxhlet (48 

h), baked for 12 h at 250, 180 and 450 oC, respectively. A glass column (8 mm i.d.) was used for 

packing of the cleanup column. The packing sequence of the cleanup column from top to bottom 
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as follows: anhydrous sodium sulphate, 50 % sulfuric acid silica, neutral silica gel and neutral 

alumina. The neutral silica gel and alumina were 3 % deactivated. The layer of neutral alumina, 

neutral silica gel and sulphuric acid exhibited 3 cm, while that of anhydrous sodium sulphate layer 

exhibited 1 cm of length. 50 ml of DCM/hexane (1:1) was eluted from the column for cleanup of 

the samples. The eluted extraction was concentrated under gentle stream of high purity nitrogen to 

0.2 ml. Dodecane (25 µl) was then added as a solvent keeper in the concentrated extracts, 

containing PCB54 as an internal standard with known quantity. 

2.3. Gas Chromatography (GC)/Mass Spectrometry (MS) Analysis and Targeted 

Analytes 

Thermo Trace GC (Ultra Gas Chromatograph) System coupled with Thermo DSQ Mass 

Spectrometer (MS) was used for the analysis of targeted compounds in PUFs and water samples. 

Capillary column (CP-Sil-8) with specifications of 50 m (length) × 0.25 mm (i.d.) × 0.25 µm (film) 

from Agilent was used for chromatographic separation of OCPs and PCBs. The system was run in 

electron impact (EI) and single ion monitoring (SIM) mode at a source temperature of 250 oC. 

Further, GC-MS/MS (Agilent 7890/7000) system was used for the analysis of targeted OCPs and 

PCBs in soil and sediment samples. Chromatographic separation of targeted compounds was done 

using VARIAN, CP-Sil-8 capillary column with specifications of 50 m (length) × 0.25 mm (i.d.) 

× 0.25 µm (film). This system was run in multiple reaction monitoring mode with an EI source (-

70 eV). The temperature setting for transfer line, injector interface and ion source was set at 280, 

250 and 230 oC, respectively. The temperature programing of the GC oven was done as: 80 oC for 

0.5 min, 20 oC min-1 to 160 oC, 4 oC min-1 to 240 oC and 10 oC min-1 to 295 oC and then hold for 

10 min. A sample of 1 µl quantity was injected in GC in split less mode. Flow rate of the carrier 

gas (helium) was 1 ml min-1. While flow rates of collision induced dissociation gas (nitrogen) and 

quench gas (helium) in collision cell were set at 1.5 ml min-1 and 2.25 ml min-1, respectively. 

Following analytes were measured in water and air samples that were analysed at LEC, UK: HCH 

(α-, β- and γ-isomers), o,p'- and p,p'-metabolites of DDD, DDE and DDT, HCB and cis-chlordane 

among OCPs, while PCB-18, -22 (tri-PCBs), PCB-54, -52, -49, -44, -41/64, -74, -70, -60/56 (tetra-

PCBs), PCB-104, -95, -90/101, -99, -87, -110, -123, -118, -114, -105 (penta-PCBs), PCB-151, -

149, -153/132, -141, -138, -158, -167, -156, -157 (hexa-PCBs), PCB-188, -187, -183, -174, -180, 

-170, -189 (hepta-PCBs) among PCBs. For soil and sediments, following analytes were measured 

at CAS (Guangzhou Institute of Geochemistry), China: HCH (α-, β- and γ-isomers), o,p'- and p,p'-
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metabolites of DDD, DDE and DDT, cis-chlordane (CC), trans-chlordane (TC), HCB, heptachlor, 

β-endosulfan among OCPs and PCB-28, -37 (tri-PCBs), PCB-44, -49, -52, -60, -66, -70, -74, -77 

(tetra-PCBs), PCB-82, -87, -99, -101, -105, -114, -118, -126 (penta-PCBs), PCB-128, -138, -153, 

-158, -166, -169 (hexa-PCBs), PCB-170, -179, -180, -183, -187, -189 (hepta-PCBs) among PCBs.  

2.4. Quality Control/Quality Assurance (QC/QA) of Analytical Procedures for OCPs and 

PCBs 

For maintaining quality assurance and control for the whole analytical procedures, 

duplicate samples, spiked and procedural blanks were run with each batch of ten samples. No 

significant contamination was observed in case of laboratory, field and transportation blanks. 

Further, the stability of the GC system was checked daily by using standard solution analysis. The 

detection limit (LOD) was determined as three times the standard deviation of the mean blank 

(Moeckel et al., 2008). LOD for OCPs ranged between 0.002–0.63 pg m–3 for air samples, 0.17–

64.9 pg L–1 for water samples, 0.03–52.2 pg g–1 for sediment samples and 0.02–21 pg g–1 for soil 

samples (except p,p'-DDT: 361 pg g–1). While the LOD for PCBs ranged between 0.001–0.65 pg 

m–3 for air samples, 0.15–96.4 pg L–1 for water samples, 0.05–4.51 pg g–1 for sediment samples 

and 0.01–17 pg g–1 for soil samples. Any compound lies under LOD was considered non-detected 

(n.d.). When the compounds were not detected in the blanks, a standard of 3 times the instrumental 

detection limit (IDLs) was used for calculating the detection limits. IDL was deduced from the 

lowest standards, extrapolating to the corresponding amount of analytes that would generate a 

signal to noise ratio of 3:1. The detection frequency of the studied compounds > LOD are shown 

in Appendix 2.1 and Appendix 2.2. Keeping in view the recoveries of the analytes, reported values 

were not corrected to take into account recovery losses as recovery rates were greater than 75 %. 

All glassware used were baked at 450 oC overnight. Milli Q (Millipore) deionized water was used 

throughout the laboratory analysis. Agilent MSD Productivity Chemstation was used for data 

attainment for soil and sediment samples, while Quan Browser of XcaliburTM ver. 1.4 SR1 was 

used for data acquisition and processing in case of air and water samples. 

2.5. Physic-Chemical Analysis and Climatic Parameters 

The analytical procedure for TOC was based on the method described by Sun et al. (2008). 

Briefly, the samples (soil/sediment) were first treated with HCl (1 N) to remove inorganic carbon 

and then analyzed at Vario EL III Elemental Analyser (Germany). The overall standard deviation 
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was observed to be better than 3 % using n = 3. Black carbon was detected using chemo-thermal 

oxidation (CTO-375) method, described elsewhere (Ali et al., 2015a; Elmquist et al., 2008; 

Elmquist et al., 2007; Gustafsson et al., 2001). Several methods are being used for BC 

determination such as thermal/optical reflectance (TOR) (Fang et al., 2015; Han et al., 2007), 

Benzene Polycarboxylic Acids (BPCA) and Cr2O7 methods (Hammes et al., 2007) because BC is 

a complex combustion continuum and difficult to quantify, but the CTO-375 method we used in 

this study is most thoroughly evaluated in inter laboratory comparisons along with provision of 

favorable results with different BC standard materials (Nam et al., 2008). Keeping in view the 

CTO-375 method, 2-3 g of dried soil and sediment samples were taken, first exposed to thermal 

oxidation at 375 oC for 18 h. Muffle furnace was used for thermal oxidation under restriction air 

flow. Then digested with 1 N HCl and residual organic carbon was analyzed as black carbon using 

Vario EL III Elemental Analyser (Germany). For validation of analytical protocol of BC (CTO-

375), three blank samples, replicates and SRM1941b as reference material was run along with 

acetanilide as internal standard. The blank results showed no significant contamination. Significant 

extraction efficiency of reference material was observed (9.94±0.71 mg g-1; n=5) that was in 

agreement with other reported data (Meire et al., 2012; Semple et al., 2013). The pH and EC 

(µS/cm) of all the soil and sediment samples were examined by Milwaukee (SM802) portable 

meter. Before doing EC and pH, soil and deionized water were taken and a suspension was made 

with a ratio of 1:10 (soil/deionized water). This soil suspension was stirred three times (60 sec) at 

10 min interval and then pH and EC were measured. Further, the percentage of sand, silt and clay 

was determined by using the Bouycous hydrometer method (Ali et al., 2015b). The climatic data 

such as temperature, precipitation and wind speed was extracted from 

https://globalweather.tamu.edu/request/view/60278. 

2.6. Backward Air Mass Trajectories 

A backward air mass trajectory analysis was accomplished for each zone to apprehend 

LRAT of organic contaminants from potential source regions. The HYSPLIT model was used for 

backward air mass trajectories, which is available online on website of Air Resource Laboratory 

(http://ready.arl.noaa.gov/HYSPLIT.php). From each zone, a central location was used and 

backward trajectories at 500 m above ground level were calculated for 56 days at each selected 

location. Maximum 24 trajectories were run with 6 h of interval for each day. A total of 1344 

trajectories were calculated for each location that were displayed using ArcGIS v 10.1. A height 

https://globalweather.tamu.edu/request/view/60278
http://ready.arl.noaa.gov/HYSPLIT.php
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of 500 m above ground level is considered as standard elevation that significantly influences the 

investigation of well mixed convective boundary layer for organic contaminant’s regional 

transport (Jin et al., 2013). The air mass trajectory maps are provided in Chapter 3 (Part B). 

2.7. Soil-Air Partitioning of OCs in the Lesser Himalayan Region 

OCs soil-air partitioning was assessed by using octanol-air (KOA) and black carbon-air 

(KBC) partition coefficient models. The equations used for measured and predicted model results 

for soil-air partitioning of OCs were as follows (Ali et al., 2015c; Ribes et al., 2003):  

𝐾P =
∁S

∁G
          (1) 

𝐾P = 1.5 × (
𝑓TOC

𝛿OCT
)  × 𝐾OA         (2) 

𝐾P = 1.5 × (
𝑓TOC

𝛿OCT
)  × 𝐾OA  +  𝑓BC × 𝐾BC       (3) 

KP (L/kg) is the measured soil-air partition coefficient for OCs, CS is the concentration of 

OCs in the soil (in pg/kg dw units), CG is the concentration of OCs in the air (in pg/L sampled air 

units), fTOC is the fraction of TOC in soil (in g/g dw units), δOCT is the octanol density with a value 

of 0.820 kg L-1 at 20 oC, KOA is the octanol air partition coefficient, fBC is the fraction of BC in soil 

(in g/g dw units) and KBC is the black carbon air partition coefficient (Ribes et al., 2003). Equation 

2 was used for the prediction of potential role of organic matter via absorption of OCs (Ribes et 

al., 2003), while equation 3 provides the additional contribution of black carbon in soil-air 

partitioning of OCs through adsorption mechanism (Ali et al., 2015a; Ali et al., 2015c; Ribes et 

al., 2003). The values of KOA were collected from literature (Mackay et al., 2006; Shoeib and 

Harner, 2002b), while KBC was evaluated through following relationship that used OCs sub cooled 

liquid vapor pressure (PL) and the specific surface area (AEC) of BC that was set to be 100 m2/g 

(Dachs et al., 2004; Prevedouros et al., 2008; van Noort, 2003): 

log 𝐾BC = −0.85 × log 𝑃L + 8.94 − log (
998

𝐴EC
)     (4) 

The values of PL was collected from literature (Mackay et al., 2006; Shoeib and Harner, 

2002b). Table 2.2 provides the details of physic-chemical parameters and calculations used in 

above equations. 
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2.8. Sediment-Water Partitioning of OCs in the Lesser Himalayan Region 

The sediment-water partitioning of OCs is governed by partition coefficient (KD) at 

equilibrium using following equation: 

𝐾D =
∁S

∁W
         (5) 

Where CS and CW are the concentrations of respective organochlorine compounds in 

sediment and water respectively in ng g–1 and ng L–1 unit. 

One carbon model assuming partitioning in total organic carbon content via absorption 

mechanism and is described as follows: 

𝐾D = 𝑓OC × 𝐾OC        (6) 

 Where fOC is the concentration of total organic carbon (g/g) in the sediments and KOC is the 

organic carbon partition coefficient. The values of log KOC for OCPs were collected from literature 

(Table 2.3) or else presumed from following equation (Zhang et al., 2013): 

log 𝐾OC = 0.97 × log 𝐾OW − 0.12      (7) 

The log KOC values for PCBs were estimated by using following relationship proposed by 

Lohmann et al. (2005): 

log 𝐾OC = 0.97 × log 𝐾OW − 50      (8) 

Further, to elucidate the potential role of black carbon as well, the two carbon Freundlich 

model was employed that took both organic carbon (via absorption) and black carbon (via 

adsorption) and estimated their potential role in partitioning of OCs. Following is the relationship 

that explores the contribution of organic carbon and black carbon in sediment-water partitioning 

of OCs (Ali et al., 2016a; Hawthorne et al., 2011; Zhang et al., 2013): 

𝐾D = 𝑓OC × 𝐾OC + 𝑓BC × 𝐾BC−W × ∁W
nF−1     (9) 

In this equation, fBC is the sedimentary BC fraction that was analyzed using CTO-375 

method. The values of log KBC-W for OCPs were estimated using following relationship (Zhang et 

al., 2013): 

log 𝐾BC−W = 1.1016 ×  log 𝐾OW + 0.2469     (10) 
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Whereas log KBC-W values for PCBs were estimated using following equation (Hawthorne 

et al., 2011): 

log 𝐾BC−W = 0.91 ×  log 𝐾OW + 1.37     (11) 

nF is the Freundlich exponent and set to be 0.7. The values for log KOW used in these 

equations were collected from Mackay et al. (2006) and presented in Table 2.3. 

2.9. Statistical Analysis 

Mean, median, standard deviation and percentage composition were made by using Xlstat 

(ver. 2014) of Microsoft Excel. Further, the measured and model calculations for soil-air 

partitioning and sediment-water partitioning were also done by using Microsoft Excel (2016). For 

assessing the association/relationship of carbon fractions with those of OCPs and PCBs 

distribution in LHR, Regression, Pearson correlation and Principal Component Analysis (PCA) 

were usually employed. Regression and Pearson Correlation Analysis were done by using 

Microsoft Excel (2016) and XlStat ver. 2014. Further, PCA was done at XlStat ver. 2014. PCA is 

a widely used multi-variate technique in order to reduce the data set and explore latent factors, 

which are then used to find out relationships among observed variables (El Nemr et al., 2013). 

PCA with varimax normalized rotation was used in this study. Spatial distribution for OCPs, PCBs, 

BC and TOC was shown in maps of the study area using ArcGIS (ver. 10.1). 
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Chapter 3 

Results and Discussion 

Part A 

Role of Black Carbon in Soil Distribution of Organochlorines in Lesser Himalayan Region 

of Pakistan [Published: (Ali et al., 2018a)] 

Highlights 

 First investigation of black carbon and organochlorines in soils of Lesser 

Himalayan region from Pakistan 

 Black carbon showed potentially important role in soil distribution of OCs 

 Source proximate sites were shown to be more contaminated with OCs 

 Recent use of DDT has observed in the region 

 

Graphical Abstract 
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3.1. Results and Discussion 

Table 3.1 provides the summary of pH, EC and texture of all soil samples collected from 

different zones of the Lesser Himalayan Region. Generally, pH was slightly acidic to basic (6.3–

8.4 with average of 7.4±0.5) in the Lesser Himalayan Region. EC ranged between 110-310 μS/cm 

with average value of 198±62 μS/cm. Sand fraction ranged between 43.5–73.8 % followed by silt 

(3.8–41.8 %) and clay (12.5–30 %) with average values of 52.3±7.1, 25.2±8.3 and 22.5±4.1 %. 

3.1.1. Total organic carbon and black carbon in soils of the LHR 

The carbon content (TOC and BC) from the Lesser Himalayan Region is shown in Table 

3.2 and comparison with soils of mountainous and pristine origin around the globe is shown in 

Table 3.3. Overall, the TOC varied from 6.8−41.3 mg g−1 with average value of 24.1 mg g−1, lower 

than those reported in soils of Switzerland [11−392 (Agarwal and Bucheli, 2011), 10−227 (Bucheli 

et al., 2004) and 1.9–131 mg g−1 (Eckmeier et al., 2013)], France [2.6−64.1 mg g−1 (Paroissien et 

al., 2012)], woodland and grassland sites of UK [79–454 and 55–268 mg g−1, respectively (Nam 

et al., 2008)] and Norway [86–460 mg g−1 (Nam et al., 2008)]. BC varied between 0.16–1.77 mg 

g−1 with average value of 0.52 mg g−1. These values are lower than Norway soils [0.45–3.13 mg 

g−1 (Nam et al., 2008)] and French soils [0.1-4.7 mg g−1 (Paroissien et al., 2012)], while comparable 

with grassland and woodland soils of UK [0.55–1.64 and 0.49–2.0 mg g−1, respectively (Nam et 

al., 2008)] and Switzerland [0.4–1.8 mg g−1 (Bucheli et al., 2004)]. BC/TOC ratios were in the 

range between 0.01–0.11 (average: 0.03±0.02), lower than those reported for Swiss soils [1–9 % 

(Agarwal and Bucheli, 2011)], Tenerife Island [3–13 % (Ribes et al., 2003)], French soils [0.9–32 

% (Paroissien et al., 2012)] and Chinese loess plateau [2.39–36.87 % (Zhan et al., 2013)]. Spatial 

distribution of TOC and BC is presented in Figure 3.1. Based on the average values for each zone, 

TOC showed clearly altitudinal trend from lowest altitude Zone A to highest altitudinal Zone D 

(Figure 3.2). On the other hand, BC also showed increasing altitudinal trend with slight higher 

concentration in Zone A (Figure 3.2). The BC/TOC values showed the pattern as Zone D (0.01–

0.07; mean: 0.035), Zone A (0.01–0.11; mean: 0.033), Zone C (0.008–0.06; mean: 0.023) and 

Zone B (0.006–0.052; mean: 0.021). Overall higher concentrations of both TOC and BC were 

observed in Zone D. The higher TOC levels in this zone may attributed to higher organic matter 

input, primary production of carbon and sedimentary load etc. In case of BC, higher levels in Zone 

D might be the result of local BC sources such as wood burning, forest fires,  
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Figure 3.1: Spatial distribution of BC and TOC in soils of the Lesser Himalayan Region 
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transport and tourist activities. Moreover, there could be a strong possibility of long range 

transportation of BC in Lesser Himalaya Region. The BC form we measured could be resistant to 

CTO–375 method thereby primarily determined in the form of small and light BC particles 

(Hammes et al., 2007) that can easily be transported in remote regions (Bogdal et al., 2011). Other 

possible reasons may include the local anthropogenic influences, adjacent runoff, sedimentary 

load, urban and rural waste water discharge (Saleem et al., 2013) in different zones of Lesser 

Himalayan Region.  

3.1.2. Organochlorines in soils of the LHR 

The concentrations in the soil samples collected from Lesser Himalayan Region are shown 

in Table 3.2, while the comparison of results of this study with other global studies has shown in 

Table 3.4. Site Kakra Town (D7) was excluded for OCPs as outlier. ∑OCPs were ranged between 

0.69−5.77 ng g−1. ∑DDTs exhibited the highest concentration among OCPs, ranged between 

0.63−4.63 ng g−1, lower than reported for mountain soils of the Subtropical Atlantic Teide, 

Tenerife Island [0.01−40 ng g−1 (Ribes et al., 2002)], Guanting Reservoir, China [0−94.07 ng g−1 

(Zhang et al., 2005)] and Tatra, Europe [4.5–13 ng g−1 (Grimalt et al., 2004b)]. These 

concentrations are comparable to those reported for Tibetan Plateau, China [0.20–6.69 ng g−1 (Xin-

Li et al., 2010); 0.53–2.83 ng g−1 (Fu et al., 2001)] and Pyrenees, Europe [1.7–3.4 ng g−1 (Grimalt 

et al., 2004b)] but higher than Wolong Nature Reserve of China [0.23–1.1 ng g−1 (Chen et al., 

2008)]. ∑HCHs ranged between 0.01–0.28 ng g−1, which is lower in comparison with Guanting 

Reservoir, China [0–8.96 ng g−1 (Zhang et al., 2005)] and Tibet, China [0.18–5.38 ng g−1 (Fu et 

al., 2001)] but comparable with soil HCH concentrations of Teide, Tenerife Island [0.001–1 ng g−1 

(Ribes et al., 2002)], Pyrenees, Europe [0.08–0.19 ng g−1 (Grimalt et al., 2004b)] and Tatra, Europe 

[0.28–0.49 ng g−1 (Grimalt et al., 2004b)]. Other studied OCPs, included chlordane, heptachlor, β-

endosulfan and HCB exhibited concentration ranges between 0.004–0.08, 0.0003–0.03, 0.03–0.78 

and 0.002–0.09 ng g−1, respectively. Site Nausada was excluded in descriptive statistics in case of 

PCBs. ∑PCBs were found in range between 0.12–2.55 ng g−1, lower than those reported in 

woodland region of Norway [5.3–30 ng g−1 (Lead et al., 1997)] and comparable with Tatra, Europe 

[0.87–1.5 ng g−1 (Grimalt et al., 2004b)] and Forest soil, Germany [0.2–4.8 ng g−1 (Krauss et al., 

2000)]. Our observed concentrations are however higher than soil PCB concentrations reported 

for Balang Mountain [0.059–0.287 ng g−1 (Zheng et al., 2012)] and Tibetan Plateau, China [0.047–

0.423 ng g−1 (Wang et al., 2009)]. Overall, comparatively low or comparable levels were generally 
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observed, which suggests the absence of major but moderate pollution sources in Lesser 

Himalayan Region. Though, site specific processes such as those in Zone C may have affected the 

soils but in comparison with literature data, it has not significantly affected the inputs of OCs in 

these soils. The main PCB congeners were tri– and tetra–PCBs (that accounted for 21.2 and 44.3 

%) followed by hexa– (20.4 %), penta– (11.2 %) and hepta–PCBs (2.95 %). Seven indicator 

congeners (PCB-28, -52, -101, -118, -138, -153 and -180) ranged between 0.03–0.76 ng g−1, which 

accounted for 33.6 % of total PCBs and showed a significant linear relationship with total PCBs 

(R2 = 0.88; Figure 3.3), suggesting that these seven indicator PCBs could represents the fate, 

transport and distribution of total PCBs (Zheng et al., 2012) in the Lesser Himalayan Region.   

3.1.3. Spatial distribution and composition of OCs in soils of the LHR 

Four sampling zones were identified from the Lesser Himalayan Region based on 

anthropogenic activities and source proximity along the altitude. Figure 3.4 depicts the spatial 

trends of OCPs and PCBs in Lesser Himalayan Region. Generally, a clear trend of contamination 

was observed for both OCPs and PCBs in Lesser Himalayan Region along the altitude (Appendix 

3.1) and that is higher concentration in Zone C due to comparatively elevated industrial and 

anthropogenic activities. Also, local agricultural activities, tourism and Neelum–Jhelum 

Hydropower Project could be the main contributors in sources of OCs in this zone. Other Zones 

showed increasing trend from lower altitude zones (Zone A and B) to higher altitudinal Zone D. 

Figure 3.5 have shown OCs trends of altitudinal zones based on average concentration observed 

in each zone. Though, Zone A is directly exposed to nearby sources of OCs present in industrial 

regions of Punjab but probably owing to upslope movement of winds, these OCs transport from 

lower altitudinal region to higher altitudinal zones (Figure 3.9). That is the potential reason for 

relatively higher levels of OCs in Zone D apart from the fact that it is comparatively clean zone. 

Further, Zone D is close to Zone C and upslope movement of winds from this zone could contribute 

OCs contamination towards Zone D (Ali et al., 2018b). Long-range atmospheric transport of OCs 

to Lesser Himalayan Region, particularly in Zone D could be another potential source as indicated 

by the wind direction map (Figure 3.9) and backward air mass trajectories (Ali et al., 2018b). The 

wind direction map shows the incoming of winds from southwestern part of the country where 

several industrial setups are in working. Moreover, these winds may have brought the OCs from 

abandoned pesticide storage facilities or from the agricultural fields where recent input of 

pesticides have been reported. Recently, studies indicated the input of pesticides in these south-  
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Figure 3.4: Spatial distribution of OCPs and PCBs in soils of the Lesser Himalayan Region 
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western parts of the country from obsolete dumping sites or either illegal use (Alamdar et al., 2014; 

Ali et al., 2014b). The results of backward air mass trajectories (Figure 3.15a-d) indicated greater 

input of westerlies that may brought higher loads of POPs from middle east, Central Asia and even 

Europe (Ali et al., 2018b). 

To further elucidate the technical information of OCs in the study region, several source 

diagnostic ratios were calculated (Table 3.5). For obtaining technical information of HCHs, the 

ratio of α–HCH to γ–HCH > 4 indicated the presence of technical HCH, while high γ–HCH 

percentage shows the dominant presence of lindane (Li et al., 2012) because technical mixtures of 

HCH generally contains 60–70% α–, 5–12% β–, 10–12% γ–, 6–10% δ–HCH and minor amounts 

of other isomers (Barakat et al., 2013) and lindane consists of almost 99 % γ–HCH (Ali et al., 

2014a). We observed α–HCH/γ–HCH ratios ranged between 0.19–2.49 that indicates the presence 

of lindane in the region. In case of DDTs, we observed DDE+DDD/DDT ratios between 0.1–1.53 

that suggests the input of both fresh and historical usage of DDTs. According to Li et al. (2012) 

the ratio of DDE+DDD/DDT < 0.5 indicated direct input of DDT and ratios > 0.5 indicated the 

past or historical usage of DDT. Moreover, the ratios of DDE/DDD < 1 indicates aerobic 

biotransformation process (Pazi et al., 2012) and DDE/DDD > 1  indicates anaerobic type of 

degradation processes (Ali et al., 2014a). These ratios were ranged from 0.48 to 4.56, indicating 

both types of degradation processes in the region. Further, the ratios of o,p'–DDT/p,p'–DDT 

provides the information about the use of technical DDT or dicofol. Technical DDTs comprised 

mainly of 15% o,p'–DDT and 85% p,p'–DDT, while dicofol shows the reverse pattern (Ali et al., 

2014a; Qiu et al., 2005). In our study area, technical DDT was mainly used as the ratios of o,p'–

DDT/p,p'–DDT were found less than 1 (0.05–0.79). Technical chlordane was reported to be used 

as an agricultural pesticide for citrus, corn, home lawns, gardens and as termiticide in house 

foundation (Li et al., 2006a). Chlordane, technically composed of 8–13% cis– and 8–15% trans–

chlordane, the ratio (CC/TC) of which generally lies between 1.2 and 1.3 (Lin et al., 2012). This 

ratio would generally be decreased in the environment owing to faster degradation of cis–

chlordane over trans–chlordane (Ali et al., 2014a). The range for CC/TC ratios in Lesser 

Himalayan Region were observed between 0.01–3.46, indicated old chlordane sources as well 

fresh input in the region. In case of PCBs, as discussed in the previous section, the lower 

chlorinated PCBs (tri– and tetra–) were the main contributors but one higher chlorinated PCB 

group i-e., hexa–PCBs (20.4 %) was also shared significant contribution over total PCBs. 
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The composition of PCB homologue groups was compared to that of Aroclor technical mixtures 

to understand the input and use of technical PCBs in the region. The composition signatures 

generally indicated the input of Aroclor–1248 technical mixtures in the region (Figure 3.6), though 

traces of homologue groups also reflect contribution of other mentioned Aroclor technical 

mixtures. 

3.1.4. BC, TOC vs OCs in soils of the LHR 

Literature provided ample evidence about higher sorptive capacity of black carbon as 

compared to TOC for hydrophobic organic compounds in soils/sediments (Accardi-Dey and 

Gschwend, 2002; Ali et al., 2014a; Ali et al., 2015c; Bucheli et al., 2004; Cornelissen et al., 2005a; 

Nam et al., 2008; Semple et al., 2013) such as those for PAHs (Accardi-Dey and Gschwend, 2002; 

Bucheli et al., 2004), PCBs (Ali et al., 2015c; Jonker et al., 2004; Zimmerman et al., 2004), OCPs 

(Ali et al., 2014a) and PBDEs (Ali et al., 2015a) etc. BC shows strong influence upon distribution, 

transport and sequestration of POPs via sorption processes. The elevated sorption capacity of BC 

may be owing to the difference in physic-chemical characteristics of organic carbon and BC such 

as elemental composition, surface area and association of functional groups etc. (Zhang et al., 

2008). BC has polar surfaces and high surface to volume ratio. It has a high affinity for pollutants, 

particularly those for planar aromatic compounds. On the other hand, it also plays critical role in 

reversibility of those contaminants which are bound by BC particles. (Semple et al., 2013) 

explained the mechanism of sorption-desorption hysteresis for “matrix trapping” such as BC. 

According to this mechanism, initially the BC matrix has no chemical to bound, then after BC-

contaminant interaction, the BC matrix becomes swell and accommodate sorbate molecules and 

finally upon desorption, BC released some of the molecules in order to get stability (Sander et al., 

2007; Semple et al., 2013). We, therefore hypothesized that BC could be the significant regulator 

of soil distribution of OCs in the Lesser Himalayan Region. Regression analysis was performed 

for BC and TOC against OCPs and PCBs to assess the relationship between carbon fractions and 

OCs. Any results from regression analysis for overall data set are not presented here as it showed 

non-significant output. However, analysis based on each zone indicated important insights for 

relationship of carbon fractions with OCs. 

Figure 3.7 provides the regression results of BC and TOC vs OCPs from the Lesser 

Himalayan Region and it was observed that most of the OCPs showed stronger association with 
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BC than TOC in Zone A with positive slope (Appendix 3.2). For example, BC showed stronger 

association with α–HCH, γ–HCH, ∑HCHs, o,p'–DDD, p,p'–DDD, o,p'–DDE, p,p'–DDE, o,p'–

DDT, ∑DDTs, heptachlor and ∑OCPs with R2 values ranged between 0.34–0.77 as compared to 

TOC that exhibited range of R2 from 0.11 to 0.36 with negative slope (Figure 3.7). β–HCH, 

however, showed association with both BC (R2 = 0.50) and TOC (R2 = 0.59) but having positive 

slope with BC and negative slope with TOC. In Zone B, weak associations of few OCPs i-e., γ–

HCH, o,p'–DDD, p,p'–DDD, o,p'–DDT, p,p'–DDT, TC and ∑OCPs (R2 = 0.31–0.51 with positive 

slope; Appendix 3.2) with that of BC were observed and none of the relationship was observed in 

case of OCPs vs TOC in this zone. All DDT isomers were prevalent in Zone C that have been 

influenced by BC (R2 = 0.33–0.54 with negative slope) along with overall OCPs (R2 = 0.50 with 

negative slope). Interestingly, TC and ∑chlordane has shown higher negative association with 

TOC in this zone with R2 values of 0.72 and 0.65, respectively. All DDT isomers except p,p'–

DDE, β–endosulfan and ∑OCPs were influenced by BC (R2 = 0.31–0.73) in Zone D with positive 

slope (Appendix 3.2). p,p'–DDE, which did not show any relationship with BC, has masked by 

TOC with a strong influence (R2 = 0.77 with positive slope). Like Zone C, TC and ∑chlordane in 

this zone as well show higher negative association with TOC with R2 values of 0.63 and 0.70, 

respectively. The preferential association of BC with OCPs has shown their common origin and 

similar sources, higher specific surface of BC as compared to TOC and more stable discharge of 

BC (Ali et al., 2014a; Hung et al., 2010a; Sánchez-García et al., 2010). BC shows mainly the 

adsorption mechanism as compared to absorption mechanism of TOC (Ali et al., 2015c). So, its 

spherules/aciniform agglomerated onion like structure (surface area of ~63 m2 g–1 and sub um in 

size) makes it highly aromatic and condensed (Semple et al., 2013) than other forms of organic 

carbon thereby it plays an important role in sorption of OCPs. One more aspect could be the 

different degradability of both TOC and BC (Ali et al., 2014a). BC is thought to be inert fraction 

as compared to labile fractioned TOC, because of which BC showed stronger influence in soil 

distribution of OCPs in the Lesser Himalayan Region. On the other hand, the non–BC organic 

carbon may be relatively easy to degrade either chemically or biologically over time, then 

facilitating the OCPs desorption more quickly than from BC. This is the reason that most of the 

scatter plots have shown negative slopes in case of TOC vs OCPs in all studied zones of the Lesser 

Himalayan Region. Literature provide ample evidence of refractory and dynamic behavior of BC, 

because of which BC is also considered as the labile, dynamic part of the soil system     
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(Czimczik and Masiello, 2007). The negative association of OCPs with that of BC in Zone C might 

attributed to the higher desorption by BC to get stability in the soil environment as explained earlier 

in this section (Sander et al., 2007; Semple et al., 2013). 

PCBs usually showed weak associations with BC in different altitudinal zones of the Lesser 

Himalayan Region in few cases, otherwise TOC showed higher negative association with most of 

the PCBs (Figure 3.8). PCB–28, –49 and –52 have shown association with BC (R2 = 0.25–0.61 

with positive slope) in Zone A, whereas TOC influenced higher number of PCB congeners such 

as PCB–60, –66, –70, –74, –77, –87, –99, –101 and –105 (R2 = 0.25–0.74) with negative slopes, 

hence releasing these chemicals back into the soil environment at higher rates. Further, a combined 

influence of BC and TOC upon several PCB congeners (PCB–87, –101, –114 and –118) were also 

observed for example, as shown in Zone B but in reverse pattern. All those congeners which 

showed positive slope with BC having shown negative slopes with TOC that clearly indicates the 

higher desorption by TOC and sorption by BC. Zone C showed consistently higher data scattering 

owing to TOC for lower chlorinated PCBs with negative slope. On the other hand, higher 

chlorinated PCBs were shown to be negatively associated by BC. Zone D, which is at highest 

altitudinal range, showed very few associations between BC vs PCBs such as observed in case of 

PCB–126 and –156, whereas most of the distribution of congeners was influenced by TOC (mostly 

with negative slopes). These are interesting results keeping in view the BC vs PCBs association 

discussed previously in the literature. For instance, according to Cornelissen et al. (2004) planar 

compounds generally exhibits higher adsorptive association with BC because they have smaller 

dihedral angles between phenyl rings, thereby easily penetrate the narrow pores of BC and create 

stronger π– π bonding to BC (Greene et al., 2013; Pehkonen et al., 2010; Velzeboer et al., 2014). 

But we have not observed any such association in case of the Lesser Himalayan Region. This 

might be owing to the competition effect of total organic carbon, which is present in higher fraction 

in soils of the Lesser Himalayan Region and probably block the sites for PCB to penetrate in pore 

walls. In fact, this higher organic carbon fraction showed association with PCB congeners via 

absorption mechanisms and then higher re-releasing of the PCBs as well. Another aspect is the 

long-range atmospheric transport of organic contaminants as the dominant mechanism in the 

Lesser Himalayan Region, due to which PCBs and BC got less time to create any association. The 
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results of Clausius–Clapeyron (C–C) plots (Ali et al., 2018b) have indicated long-range 

atmospheric transport as the dominant source of OCs in the Lesser Himalayan Region. Further, 

the distinguish sources of BC and PCBs may be the reason behind weak or no association. Weak 

or no association for non-planar PCBs vs BC may be due to the reason that non planar PCBs 

experience electronic interactions with small pore walls and surface of BC and may not fit well 

into the BC sorptive surfaces (Cornelissen et al., 2005a; Hung et al., 2010a; Pehkonen et al., 2010).  

3.1.5. Conclusions 

The results of this chapter reports first investigation of soil organochlorines and their 

relationship with carbon fractions (TOC and BC) in Lesser Himalayan Region of Pakistan. In 

comparison with other global studies, lower TOC and comparable BC levels observed in the Lesser 

Himalayan Region that indicates anthropogenic influence as BC has considered as marker of 

human influences. In case of OCs, comparable levels were observed, among which higher 

concentrations were observed in sampling zone comprising Muzaffarabad district, capital of AJK. 

Source proximity could be the possible reason for higher levels of OCs. Source diagnostic ratios 

of DDTs suggested recent input that might due to illegal use of pesticides in the region. It was 

revealed that BC is potentially an important fraction of soil carbon that could influence OCs 

distribution in the region. 
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Chapter 3 

Results and Discussion 

Part B 

Higher atmospheric levels and contribution of black carbon in soil-air partitioning of 

organochlorines in Lesser Himalaya [Published: Ali et al. (2018b)] 

Highlights 

 Long range atmospheric transport (LRAT) may be the dominant atmospheric 

source of organochlorines (OCs) in Lesser Himalayan Region based on backward 

air mass trajectories and Clausius–Clapeyron results 

 Polychlorinated biphenyls (PCBs) showed increasing trend along the altitudinal 

zones 

 Soil-air partitioning showed combined influence of organic matter and black carbon 

on OCs based on KOA and KOA + KBC models 
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3.2. Results and Discussion 

3.2.1. Climatic parameters 

Average values of temperature (K), precipitation (mm) and wind speed (km/h) for the 

period of deployment of PUFs is presented in Table 3.6 and Appendix 3.3. The overall range for 

temperature, precipitation and wind speed was found between 271.9–289.7 K, 16.5–89 mm and 

9.5–13 km/h. Usually, temperature decrease and precipitation increase along the altitude in the 

LHR. This climatic data was extracted from https://globalweather.tamu.edu/request/view/60278. 

Wind direction map (Figure 3.9) shows movement of winds from south western part of country 

towards north eastern part in study region.  

3.2.2. Atmospheric levels of OCs in the LHR 

The atmospheric concentrations of OCs in pg/day/PUF were converted to volumetric air 

concentrations (pg m–3) using average sampling rate of 3.5 m3 day–1 (Liu et al., 2009; Qu et al., 

2015) for the total of 56 days. The summary of atmospheric OCs concentrations (pg m–3) is 

presented in Table 3.7 for LHR. Among studied OCPs (overall concentration ranged between 

3.77–247 pg m–3), ∑HCHs were at the highest levels (71.6%) ranged between 3–210 pg m–3 

followed by ∑DDTs (22.2%: 0.75–67.1 pg m–3), cis-chlordane (2.66%: 0.08˗6.74 pg m–3) and 

HCB (1.42%: 0.17–7 pg m–3). Within compound groups, α-HCH had the highest atmospheric 

contribution (45.6%) among ∑HCHs, ranged between 1.26–210 pg m–3 followed by β-HCH 

(36.5%) and γ-HCH (17.9%). This concentration range of α-HCH is higher than Mt. Everest [8.7–

25.9 pg m–3; (Li et al., 2006b)], Waliguan Baseline Observatory, northern Tibet [11–110 pg m–3; 

(Cheng et al., 2007)], Lulang, TP [0.6–51 pg m–3; (Sheng et al., 2013)] and Rocky Mountains, 

western Canada [8–47 pg m–3; (Daly et al., 2007c)], which indicates higher contamination level in 

the LHR. α-/γ-HCH ratio indicated the technical or lindane usage of HCH in the region. 

Technically, HCH mixture generally composed of α-, β-, γ- and δ-HCH with 60-70, 5-12, 10–12 

and 6-10% respectively with minor amount of other isomers, while lindane comprised of 99% γ-

HCH (Ali et al., 2014a; Barakat et al., 2013; Dai et al., 2011). Higher ratio (α-/γ-HCH = 3-7) 

indicated technical usage, while lower ratio is an indication of lindane usage (usually near 0; (Dai 

et al., 2011). With exclusion of three outlier values (D7, N4, N6), we have found the α-/γ-HCH 

ratio ranged between 0.12−5.5 (Table 3.7) for available data set that indicates mix usages of 

lindane and technical HCH mixtures. Further, presence of significant amount of β-HCH 

https://globalweather.tamu.edu/request/view/60278
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Figure 3.9: Wind direction map. Data presented in this figure was extracted from 

https://www.meteoblue.com for the period of sampling i-e., 8 November, 2016 to 2 January, 2017. 
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(Figure 3.10) may be owing to its relatively higher stability, lower vapor pressure and its resistance 

to microbial degradation (Ali et al., 2016a; Zhang et al., 2003). p,p'-DDE was the highest 

contributed congener (46.1%) with a range of 0.7−40.7 pg m–3 among ∑DDTs followed by o,p'-

DDT (18.8%) > o,p'-DDE (12.4%) > o,p'-DDD (12.1%) > p,p'-DDD (6.9%) > p,p'-DDT (3.6%). 

The comparison of p,p'-DDE with other global studies suggest its higher levels in LHR against 

Lulang, TP [0.084−23.8 pg m–3; (Sheng et al., 2013)], Rocky Mountains, western Canada [1−9 pg 

m–3; (Daly et al., 2007c)], Lys Valley, Italian Alps [1.4−5.7 pg m–3; (Jaward et al., 2005a)], Central 

Pyrenees [0.9−12 pg m–3; (van Drooge et al., 2004)] and High Tatras [2−12 pg m–3; (van Drooge 

et al., 2004)]. The ratio of DDE+DDD/DDT < 0.5 indicated direct input of DDT and ratios > 0.5 

indicated the past or historical usage of DDT (Li et al., 2012). Except site JR6 and exclusion of 

D5 as outlier, the value of DDE+DDD/DDT was found greater than 0.5 (Table 3.7) that suggests 

the historical or past DDT usage. 

Atmospheric concentration of ∑PCBs ranged between 8.49–458 pg m–3 in LHR. This 

concentration range is higher than Lulang, TP [∑6PCBs: below detection limit–16.7 pg m–3; 

(Sheng et al., 2013)], Shergyla Mountain, TP [∑25PCBs: 0.22–2.15 pg m–3; (Zhu et al., 2014)], 

Central Pyrenees [∑10PCBs: 16−70 pg m–3; (van Drooge et al., 2004)], High Tatras [∑10PCBs: 

23−64 pg m–3; (van Drooge et al., 2004)] and Lys Valley, Italian Alps [∑8PCBs: 7.5−52 pg m–3; 

(Jaward et al., 2005a)]. Three highest contributed congeners were PCB-52, -74 and -18 with 14, 

7.9 and 6.3 %, respectively. Tetra- and penta-homologue PCB groups showed highest contribution 

in air of LHR with 38.6 and 29.7 %, respectively (Figure 3.11). Wang et al. (2010b) observed tetra-

PCBs as major homologue group when studying PCBs across TP. This might be attributed to the 

reason that intermediate chlorinated congeners have larger potential of LRAT as compared to 

lower chlorinated PCBs that can be efficiently degraded during LRAT and higher chlorinated 

PCBs that has less volatility, owing to which they can be efficiently removed by particle bound 

deposition (Wang et al., 2010b; Wang et al., 2016). Further, PCBs homologue composition 

comparison with Aroclor technical mixtures indicated input of Aroclor 1248 in the region (Figure 

3.11). 

3.2.3. Backward air mass trajectories, spatial/altitudinal trends and source implications 

As the LHR was divided into four zones based on anthropogenic input along the altitude, 

the increasing trend of OCs contamination was observed for OCPs was as: Zone C>D>B>A and 
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for PCBs as: Zone D>C>B>A (Figure 3.12 and Figures 3.13). Based on the overall distribution of 

organochlorines in these altitudinal zones (Appendix 3.4), we implicated both regional/local and 

short/long range transport processes and proximity for OCs sources in the region. Figure 3.14 

illustrates the mechanism of OCs transportation and deposition in LHR primarily based on the 

mechanism proposed by Wang et al. (2016) that depicts three transport mechanisms i-e., (i) long 

range synaptic scale transport; (ii) valley transport and (iii) precipitation scavenging and vegetation 

sorption of POPs. According to these mechanisms, long range transport may have brought 

contaminants to LHR. To assess this hypothesis, we run backward trajectory analysis for each zone 

in order to understand the long-range transport of organic contaminants from potential source 

regions. The Hybrid-Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model available 

from Air Resource Laboratory (http://ready.arl.noaa.gov/HYSPLIT.php) was used for backward 

trajectory analysis. From each zone, a central location was used and backward trajectories at 500 

m above ground level were calculated for 56 days at each selected location. Maximum 24 

trajectories were run with 6 h of interval for each day. A total of 1344 trajectories were calculated 

for each location that were displayed using ArcGIS v 10.1. A height of 500 m above ground level 

is considered as standard elevation, which significantly influences the investigation of well mixed 

convective boundary layer for regional transport (Jin et al., 2013). The results of backward air 

mass trajectories are depicted in Figure 3.15a-d for each zone. These air masses indicated higher 

input of westerlies that generally pass through LHR in winter and may brought loads of 

semivolatile persistent organic pollutants from Central Asia, Middle East and even Europe. 

According to Wang et al. (2010b), westerlies blown from west to east and split into two flows after 

blocked by TP, but before splitting and reaching TP, these winds are passing over from the LHR 

and blocked by Himalayan range (Wang et al., 2016). Further, according to (Gong et al., 2015), 

the lower height of mixed layer in northern Pakistan may limit the transport of OCs to upper level 

westerly jet. This might be the reason that we have found higher levels of OCs as compared to 

high elevated TP (Wang et al., 2016). The air masses of different zones along the altitude provide 

important implications for OCs distribution in LHR such as the air mass source region become 

widen and expanded along the altitude and Zone C and D received air masses from Middle East, 

central Asia, Iran and Afghanistan. Further, Zone D also receive air masses from industrial region 

of Punjab province as well, which hold several industrial cities and higher anthropogenic influence 

(Ali et al., 2014b). Here, it is interesting to know that Zone A is at lowest altitude and close to 

http://ready.arl.noaa.gov/HYSPLIT.php
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Figure 3.12: Spatial distribution of atmospheric OCPs and PCBs in the Lesser Himalayan Region 
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Figure 3.14: Schematic illustration of OCs transport in the Lesser Himalayan Region 



 

   90 

 

Figure 3.15a: Backward air mass trajectories run for Zone A of the Lesser Himalayan Region 
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Figure 3.15b: Backward air mass trajectories run for Zone B of the Lesser Himalayan Region 
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Figure 3.15c: Backward air mass trajectories run for Zone C of the Lesser Himalayan Region 
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Figure 3.15d: Backward air mass trajectories run for Zone D of the Lesser Himalayan Region 
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Punjab province and much susceptible of receiving higher OCs levels and air masses from nearby 

industrial regions but it showed lower atmospheric levels of both OCPs and PCBs, which revealed 

us to implicate the upslope transportation of these contaminants along the altitude. Wind direction 

map also shows movement from lower altitude regions towards higher altitude regions (Figure 

3.9). In this way, valley or local wind transport may be the mechanism that play role in altitudinal 

movement of OCs from lower to higher elevations. Further, Zone C contained higher levels of 

OCPs, which showed an implication of direct input from anthropogenic activities being done in 

this zone. By inference, it is revealed that lower altitude regions are generally influenced by local 

emissions and higher altitude regions are susceptible to long range atmospheric transport of POPs. 

It may be the reason that though lower altitude regions of LHR were under influence of local 

emissions (Zone A and B) but the upward winds and long range westerlies transport these 

contaminants towards higher altitudes as higher concentrations were observed in Zone C and more 

particularly in Zone D in case of PCBs. PCBs showed interesting altitudinal trends in terms that 

all homologue groups showed increasing trend along the altitude. This distribution of PCBs may 

have following source implications: (i) air masses that increases along the altitude and showed 

higher contribution in Zone D at highest altitude as a result of long range transport system; (ii) 

upslope transportation of contaminants produced in the region or may receive from regional 

transport processes; (iii) direct input from proximate sources as in case of Zone C, which is highly 

vulnerable against anthropogenic and industrial activities. Another possible source may be the 

stock of obsolete pesticides of 31.5 MT that are stored in AJK as indicated by the National 

implementation plan (NIP) for phasing out and elimination of POPs from Pakistan under 

Stockholm Convention article 7(a) (GoP, 2009). 

3.2.4. Further insight into LRAT: Results of Clausius–Clapeyron (C–C) equation 

Temperature has a strong influence on atmospheric partial pressure of organic compounds 

(Halsall et al., 1999; Venier and Hites, 2009) and can be modelled by using Clausius–Clapeyron 

equation as: 

ln P = (–ΔH/R) (1/T) + constant = m(1/T) + b    (1) 

where P is the partial pressure (atm), –ΔH is the enthalpy of vaporization (KJ/mol), R is the gas 

constant and T is the air temperature (K). m is the slope which can be used to calculate the 

enthalpies of phase change or vaporization. A number of studies (Buehler et al., 2002; Hoff et al., 
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1998; Hoff et al., 1992; Honrath et al., 1997; Lee et al., 2000; Wania et al., 1998) have used this 

approach to infer the temperature influence on atmospheric concentrations of semi volatile organic 

chemicals by plotting the natural logarithm of partial pressure of chemical as a function of 

reciprocal of temperature. From the regression slopes of the C–C plots, the enthalpies of 

vaporization can be calculated via the expression i-e., slope = –ΔH/R. The values of ΔH (KJ/mol) 

for studied chemicals in C–C plots has shown in Table 3.8. According to above discussion, the 

slopes, r2 or enthalpies of phase change can be used to interpret the results of C–C regression plots. 

According to Lee et al., 2000, inferences can be made from both energy of phase transition (ΔH) 

and slope with regard to the importance of temperature in controlling the atmospheric 

concentrations of the compound. The steep slopes with high r2 values between ln P and 1000/T 

provide an indication of the temperature driven local air-surface cycling that primarily influences 

air phase OCs (Gong et al., 2010; Li et al., 2008a). While relatively shallow slopes or an 

insignificant relationship suggested the atmospheric transport as a source of OCs (Gong et al., 

2015). Results of C–C regression plots for air of LHR are presented in Figure 3.16. Detailed C–C 

plots can be viewed in Figure 3.17 and enthalpies of phase change or vaporization in Table 3.8. 

Our results indicated relatively statistically significant results (p ≤ 0.05) with r2 values for PCB-

18, -22, -52, -74, -70, -104, -87, -118, -105, -151, -141, -156, -188, -170 and -189 ranged between 

0.22–0.65 that indicates re-volatilization from local soil reservoir and temperature dependent 

surface air exchange as the source of these chemicals in the LHR. Whereas all OCPs (α-HCH, β-

HCH, γ-HCH, o,p'-DDD, p,p'-DDD, o,p'-DDE, p,p'-DDE, o,p'-DDT, p,p'-DDT, CC and HCB) 

and other PCBs (-54, -49, -44, -95, -99, -110, -123, -114, -149, -138, -158, -167, -157, -187, -183, 

-174 and -180) did not show any significant relationship between ln P and inverse of temperature. 

This indicates the input of LRAT as the dominant source for these chemicals in the LHR. Based 

on the C–C plots, Sheng et al. (2013) demonstrated that atmospheric concentration of POPs are 

dominantly influenced by LRAT of monsoon and local revolatilization from land surface is limited 

in Lulang, TP. No doubt, the local sources of these chemicals also exist in the LHR (as discussed 

in previous section) but owing to the implication of upslope transportation, it might be the reason 

that all OCPs and most of the PCBs have shown LRAT as the dominant source as compared to 

local surface re-emissions.  
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Figure 3.17: Clausius–Clapeyron (C–C) plots showing ln P (atm) versus 1000/T (K); cont. 
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Figure 3.17: Clausius–Clapeyron (C–C) plots showing ln P (atm) versus 1000/T (K); cont. 
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Figure 3.17: Clausius–Clapeyron (C–C) plots showing ln P (atm) versus 1000/T (K); cont. 
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Figure 3.17: Clausius–Clapeyron (C–C) plots showing ln P (atm) versus 1000/T (K) 
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3.2.5. Soil-air partitioning of OCs 

Soil-air partitioning of OCs in the LHR was assessed using organic carbon based model 

via absorption and black carbon inclusive model via adsorption mechanism. The basic equations 

and calculations regarding soil-air partitioning models are presented in Chapter 2. The soil data 

used in this soil-air partitioning model has already discussed in Part A of Chapter 3 and is presented 

in Table 3.9 in summarized form for this part of the thesis.  

According to the results depicted in Figure 3.18, Appendix 3.5 and Appendix 3.6, good 

agreement has been observed between measured vs predicted Log KP for both KOA and KOA + KBC 

models for α–HCH, β–HCH, o,p'–DDD, p,p'–DDD, p,p'–DDE, HCB, PCB–52, –49, –44, –74, –

70, –99, –87, –118, –114, –105, –180 and –189. It should be noted here that the r2 values are based 

on the upper limit confidence interval value of the slope at 95%. The upper limit confidence 

interval values of the slopes for both KOA and KOA + KBC models are positive exept PCB-114, -

105, -170 and -189. These results are based on overall data set. The regression (r2) values ranged 

between 0.31–0.86 and 0.298–0.85 for KOA + KBC and KOA models, respectively. This may imply 

a competition between organic carbon and black carbon for controlling the sorption and 

partitioning mechanism of OCs in the soil. (Cornelissen et al., 2005a) in their review stated that 

sorption of Phenanthrene to environmental BC could be lower as much as one order of magnitude 

as compared to pure BC. This attenuation may be caused by competition of amorphous organic 

matter molecules for or blocking carbonaceous geosorbents sites (Cornelissen and Gustafsson, 

2006; Jonker et al., 2004). We observed such behavior in field studies previously in soil-air 

partitioning of PBDEs (Ali et al., 2015a) and PCNs (Ali et al., 2016b) in the Indus River Basin, 

Pakistan where a combined contribution of total organic carbon and black carbon was observed. 

But in case of PCBs, we observed influential role of BC being played in soil-air partitioning in the 

Indus River Basin of Pakistan (Ali et al., 2015c). Our results of LHR have also shown indication 

of a combined influence of organic carbon and black carbon on soil-air partitioning of OCs. 

Nevertheless, the preferential role of black carbon in soil-air partitioning of organic chemicals has 

been documented (Dachs and Eisenreich, 2000; Fernández et al., 2002; Ribes et al., 2003) but 

owing to following reasons, the combined influence of organic matter and BC was observed as 

compared to sole adsorptive dominance over soil-air partitioning of OCs in the LHR. Keeping in 

view the LRAT process, most of the OCs get limited time for equilibrium and adsorption with BC. 

Further, it might be owing to non-availability of BC in the sampling sites for carrying out the OCs  
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adsorption because of presence of other forms of organic chemicals. Further, there might be the 

competition effect being caused by the presence of organic matter (Jonker and Koelmans, 2002b), 

though it is well known that BC forms can exhibit up to 10-1000 times stronger sorption capacity 

in comparison with other forms of carbon fractions. TOC fraction found in this study (0.68 to 

4.13%) was higher in comparison with BC (0.016 to 0.177%), which might cause the competition 

for OCs sorption with BC. The relationships of measured vs predicted model results for both KOA 

+ KBC and KOA models for different altitudinal zones were also deduced. Results of these 

relationships are depicted in Appendix 3.5 and Appendix 3.6. The high altitude zones (Zone C and 

D), particularly Zone C overall showed better model predictions as compared to lower altitude 

zones (Zone A and B). This might be owing to the similar sources and higher anthropogenic input 

from Zone C. Finally, it should be noted here that Log KBC values for PCBs were predicted from 

the statistical relationship by (van Noort, 2003) as experimental KBC’s are not available in the 

literature. This is further a limitation in case of OCPs where even such type of statistical 

relationship is not available as for PCBs, so we used the relationship as (van Noort, 2003) proposed 

for PCBs. We hope to get better model predictions if experimental BC (soot)-air partition 

coefficients will be available in future studies. 

3.2.6. Conclusions 

The results demonstrates the levels and source implication along with BC mediated soil-

air partitioning of OCPs and PCBs in the Lesser Himalaya beside the altitude. The region is lower 

stretch of greater Himalaya that is part of third pole environment. Results revealed higher 

concentrations of organochlorines that may be attributed to “westerlies” that blow from west to 

east and usually blocked by Himalaya, which makes a natural barrier. Backward trajectory 

analysis, in this regard, infer air masses coming from Middle East, Iran, Afghanistan and even 

Europe. Further, the LHR lies in the altitude range that makes a favorable mixing layer for OCs. 

Hence, higher levels of OCs were observed as compared to other regional studies conducted in 

high altitude TP region most probably owing to LRAT and local emissions. C–C plots further 

revealed LRAT for all OCPs and most of the studied PCBs. Soil-air partitioning based on 

absorption (KOA) and adsorption models (KOA + KBC) revealed combined influence of both organic 

carbon and black carbon in LHR. Further investigations may help in better understanding the role 

of seasonal patterns and carbon fractions in distribution of organic pollutants at high altitude 

regions of Himalaya and TP. Laboratory studies should be focused on deducing black carbon-air 
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partition coefficients for OCPs in order to get better and accurate model predictions particularly 

for field data. 
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Chapter 3 

Results and Discussion 

Part C 

Sedimentary Black Carbon and Organochlorines in Lesser Himalayan Region of Pakistan: 

Relationship along the Altitude [Published: Ali et al. (2018d)] 

Highlights 

 First investigation of sedimentary black carbon and organochlorines in Lesser 

Himalayan region of Pakistan 

 Implication for upslope, short/long-range transport and local emission sources 

contribute to the contamination of Lesser Himalayan Region 

 Black carbon showed influential relationship in sedimentary distribution of OCs 

along altitudinal zones 

 

Graphical Abstract 
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3.3. Results and Discussion 

Table 3.10 provides the summary of pH and texture of all sediment samples collected from 

different zones of the Lesser Himalayan Region. Generally, the pH was slightly acidic to basic 

(6.4–9.5 with average of 7.7±0.7) in the Lesser Himalayan Region. EC ranged between 129–304 

with average value of 226±47 μS/cm in the Lesser Himalayan Region. Sand fraction ranged 

between 42.5–83 % followed by silt (2–37.8 %) and clay (11–27.5 %) with average values of 

61.5±12.4, 20.2±11.5 and 18.3±4.4 %. 

3.3.1. Sedimentary BC and TOC fractions in the LHR 

The sedimentary carbon content (TOC and BC) from Lesser Himalayan region and its 

comparison with other global studies has shown in Table 3.11. Overall, the TOC varied between 

1.7−65.4 mg g−1 with average concentration of 28.7±13.9 mg g−1. This concentration is higher than 

reported for surface sediments of Yamuna River (13.7±5.1 mg g−1) by Parween et al. (2014) but 

far lower than surface sediment samples of Swedish Continental Shelf [4.8−168 mg g−1; Sánchez‐

García et al. (2012)]. Our reported values were also lower than sediment core samples taken from 

Slovenian alpine lacustrine sediments [70−200 mg g−1; Muri et al. (2002)], while comparable with 

those of Mexican margin sediments [17.6−79.9 mg g−1; Gélinas et al. (2001)]. The levels of BC 

varied between 0.3−43.5 mg g−1 with average concentration of 16.1±13.9 mg g−1, which was 

higher than surface sediments of seven Pan-Arctic Rivers [0.17±0.07−1.5±0.1 mg g−1; Elmquist et 

al. (2008)] and Yamuna River [0.46±0.23 mg g−1; Parween et al. (2014)]. Though, BC is 

omnipresent in the environment, marine sediments are considered as their ultimate sink where 

more than 90% of the BC burial occurs in the continental shelf on global scale (Fang et al., 2015). 

Owing to this reason, we compared our values with those of marine sediments data as well. It was 

noted that our reported values of BC for LHR were higher than continental shelf sediments of 

Sweden [0.58–17.66 (2.41 ± 2.18) mg g−1; Sánchez‐García et al. (2012)], Gulf of Maine, USA 

[0.11–1.73 (0.65 ± 0.46) mg g−1; Gustafsson and Gschwend (1998)] and Gulf of Cádiz, SW Spain 

[0.10–1.10 (0.40 ± 0.30) mg g−1; Sánchez-García et al. (2013)]. This higher concentration might 

be attributed to the fresh and direct input of BC in the riverine sediments of LHR as a result of 

anthropogenic activities. When compared with core sediment samples around the globe, we 

observed that our reported values were higher than BC sedimentary concentrations from eastern 

basin of Nam Co Lake [0.49−1.09 mg g−1; Cong et al. (2013)], Alps, Switzerland [1.5−3.3 mg g−1;  
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Bogdal et al. (2011)] and Lake West Pine Pond, New York [0.6−8 mg g−1; Husain et al. (2008)]. 

The spatial distribution of BC and TOC is depicted in Figure 3.19. Spatially, highest concentration 

of TOC (mg g−1) was observed in Zone C (33.7±12.1) and with slight difference, Zone A also 

exhibited the same concentration (33.4±16.8), which might attributed to sedimentary load, 

adjacent runoff and urban/rural waste water discharge (Saleem et al., 2013).  Zone B (24.8±11.6) 

and D (23±13.7) contained comparatively lower TOC levels owing probably to quick runoff and 

lower input from adjacent anthropogenic activities. BC results showed interesting information 

when observing altitudinal concentrations. Higher concentrations of BC were observed at some 

highest studied altitudes i-e., Parla in Zone C (43.5 mg g−1 at altitude of 915 masl) and Kel in Zone 

D (36.9 mg g−1 at altitude of 2050 masl), apart from the fact that higher altitude sites are 

comparatively less affected by anthropogenic and urban activities. There is a strong possibility of 

transportation of BC from other regions via long range atmospheric transport because BC form we 

measured could be resistant to CTO-375 method thereby primarily determined in the form of small 

and light BC particles (Hammes et al., 2007) that can easily be transported in remote regions 

(Bogdal et al., 2011). So, we implicate that owing to the higher concentrations at higher altitudes 

clearly indicates long range transport of these pollutants in the region. We could also implicate 

that BC exhibits the upslope enrichment like that of persistent organic pollutants. Apart from long 

range atmospheric transport, several other activities in the region might also contribute to the BC 

pollution such as fossil fuel and biomass burning, vehicle emissions and development of mega 

projects such as Neelum Jhelum Hydropower Project particularly in Zone C. BC/TOC is a widely 

accepted marker of BC sources such as industrial activity, household coal combustion, traffic 

pollution, biomass burning, incineration and condensation of aromatic and acetylenic molecules 

in gas phase (Muri et al., 2002). BC/TOC < 0.11 has been the indication of incomplete biomass 

burning as source of BC, whereas a value of 0.5 indicates the industrial activities, fossil fuels 

burning and traffic emissions as BC source (Liu et al., 2011). Our study area indicated mix sources 

of BC as BC/TOC ranged between 0.008−2.58 except one site, which showed outlier value of 12.9.  

3.3.2. Organochlorines in sediments of the LHR 

To summarize the results, descriptive statistics of measured compound concentrations are 

provided in Table 3.12. The OCPs studied here were widely distributed in the surface sediments 

of LHR with total concentration of ∑OCPs were in the range between 0.59−3.64 ng g−1. Among 

the analyzed residues of OCPs, ∑DDTs were the predominant with average concentration of 
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Figure 3.19: Spatial distribution of BC and TOC in sediments of the Lesser Himalayan Region 
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1.13±0.86 ng g−1 followed by β−endosulfan (0.054±0.015 ng g−1), ∑HCHs (0.033±0.03 ng g−1), 

∑chlordane (0.026±0.02 ng g−1), HCB (0.01±0.02 ng g−1) and heptachlor (0.008±0.01 ng g−1). For 

∑DDTs, the concentration ranged between 0.57−3.51 ng g−1, comparable with Nam Co, Tibetan 

Plateau [0.4−4.1 ng g−1; Cheng et al. (2014)] and European high altitude mountain Andean Lakes 

[0.019−4.1 ng g−1; Borghini et al. (2005)]. The concentration range reported here is much lower 

as compared to riverine sediments of Edo State, Nigeria [n.d.−970 ng g−1; Ogbeide et al. (2016)] 

and Eastern Cape, South Africa [n.d.−110 ng g−1; Awofolu and Fatoki (2003)]. Among DDTs, 

p,p'−DDT was the dominant congener (51.3%) followed by 

p,p'−DDE>o,p'−DDT>p,p'−DDD>o,p'−DDD> o,p'−DDE. ∑HCH ranged between 0.002−0.11 ng 

g−1, much lower than Nam Co, Tibetan Plateau [0.7−2.8 ng g−1; Cheng et al. (2014)] and Eastern 

Cape, South Africa [n.d.−177 ng g−1; Awofolu and Fatoki (2003)]. Among HCH isomers, β−HCH 

was the dominant metabolite (40.5%) followed by γ−HCH and α−HCH. Concentration of other 

OCPs were ranged as follows: β−endosulfan (0.03−0.09 ng g−1), ∑chlordane (0.003−0.07 ng g−1), 

HCB (0−0.12 ng g−1) and heptachlor (0.001−0.04 ng g−1). The sediments contamination with OCPs 

indicates its long term application in the region. It has been reported in the National 

Implementation Plan for phasing out and elimination of POPs from Pakistan that Azad Jammu & 

Kashmir holds 31.5 MT of obsolete pesticides, which might be the major input for sedimentary 

contamination (GoP, 2009). Further, pesticides production in Pakistan was observed to be 

increased from 1982-1997 from 1.4 to 13.8 million kg along with imports of pesticides from 3.5 

to 31 million kg (Younas et al., 2013). The total concentration of PCBs (31 congeners) ranged 

from 0.01 to 1.31 ng g−1 with a mean value of 0.27 ng g−1, lower than sedimentary PCB 

concentrations of Canadian Arctic Lake [∑68PCBs: 2.4-39 ng g−1; Muir et al. (1996)] and North-

West Scotland Lake [∑7PCBs: 1-12 ng g−1; Rose and Rippey (2002)], while comparable with Lake 

Chungará [∑37PCBs: 0.16-2.45 ng g−1; Pozo et al. (2007)]. Overall, PCB-169, -28 and -52 showed 

the highest contribution in total of studied PCBs with 25.9, 20.3 and 6.1%. Further, with in 

compound groups, PCB-28 in tri-, PCB-52 in tetra-, PCB-101 in penta-, PCB-169 in hexa- and 

PCB-170 in hepta-PCBs showed higher contributions. 

3.3.3. Spatial/altitudinal distribution and source implications 

All the studied contaminants are essentially of anthropogenic origin so regional or local 

emissions and short or long-range transport processes may affect the spatial distribution patterns. 

Moreover, mountain environments have been shown to cause cold trapping effect, which means 
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contaminants could accumulate at higher altitudes via cold condensation process (Daly and Wania, 

2005; Westgate, 2013; Westgate and Wania, 2013). The results of spatial/altitudinal distribution 

are depicted in Figure 3.20. Further, the simple graphical representation of distribution of OCPs 

and PCBs in different altitudinal zones is presented in Figure 3.21 and Appendix 3.7. Lower 

altitude zones generally showed lower levels of both OCPs and PCBs particularly Zone A apart 

from the fact that it is situated near anthropogenic sources. This zone is also close to the industrial 

cities of Gujrat and Gujranwala. Whereas Zone B, which is relatively clean than Zone A exhibits 

higher levels that shows the upslope transport of contaminants in the LHR. Moreover, lower 

chlorinated groups have shown increasing trend along the altitude. Blais et al. (1998) found lower 

chlorinated PCBs in snow samples collected from Rocky Mountains, Canada and they supported 

the cold condensation theory, according to which more volatile less chlorinated di- and tri-PCBs 

were preferentially enriched with increasing altitude owing to their higher liquid vapor pressures. 

Local source emissions are also highlighted in case of Zone C where highest levels of 

contamination were observed that is close to the densely populated urban area of the Muzaffarabad 

and influenced by the mega developmental activities of the Neelum-Jhelum Hydropower project. 

Higher POPs levels in vicinity of industrialized and densely populated regions are reported in the 

literature, which indicated the influence of regional and local sources (Aichner et al., 2013; 

Kallenborn, 2006; Schuster et al., 2010; von Waldow et al., 2010). Other studies including Gasic 

et al. (2009) also highlighted the cities as ongoing source of organic contaminants. If we exclude 

Zone C from our altitudinal pattern, it is shown that Zone D also exhibits comparatively higher 

levels of OCPs and PCBs as compared to Zone A and B despite the fact that it is relatively cleanest 

zone in terms of anthropogenic source emissions. There are several possibilities for such 

comparatively higher concentrations at this altitude range of 1351-2324 masl. First, this zone is 

next to Zone C and there is strong possibility of transport of contaminants from Zone C (737-975 

masl) to Zone D according to the upslope enrichment phenomena of volatile organic chemicals. 

Second, long range atmospheric transport could also be the source of contamination in this high-

altitude region. Backward trajectory analysis (brief methodology presented in supporting 

information) suggested that air mass over this high-altitude region could be the source of long 

range atmospheric transport of organic pollutants (Figure 3.15a-d). Third, it might be the 

possibility of re-release of contaminants from high altitude glacier regions to this zone. Recently, 

Sharma et al. (2015) reported that melting Himalayan glaciers could be the major  
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Figure 3.20: Spatial distribution of OCPs and PCBs in sediments of the Lesser Himalayan Region 
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contributor of POPs in Gangetic Plain. Guzzella et al. (2016) revealed that melting glaciers could 

contribute as secondary source of POPs in lake sediments in southern slopes of Mount Everest. 

Overall, we could implicate that upslope, short and long-range transport and local emission sources 

contribute to the contamination of different altitudinal zones of Lesser Himalayan Region. Here, 

it should be considered that our sampling sites along mountains of Lesser Himalayan region 

exhibits diverse range rather than sampling from the slope of a single mountain (Daly and Wania, 

2005), which could ultimately affects the transport mechanisms of organic pollutants in a region.  

3.3.4. Role of BC-versus-TOC in explaining the OCs distribution in sediments of the LHR 

Due to higher sorption capacity of BC over TOC (Accardi-Dey and Gschwend, 2002), the 

role of carbon fractions (TOC and BC) in sedimentary distribution of OCs was evaluated for LHR. 

Previously, it has been shown that OCPs and PCBs can extensively adsorb with BC, which is 

sometimes two orders of magnitude higher than absorption of TOC (Bucheli and Gustafsson, 2000, 

2003; Hung et al., 2010a; Jonker and Koelmans, 2002b; Jonker and Smedes, 2000). Principal 

component analysis using XlStat was performed on overall data set in order to evaluate the 

potential role of carbon fractions. The results are depicted in Figure 3.22. Component 1 explained 

45.2% of variance, whereas component 2 explained 14.8% of the overall variance. BC clearly 

influences ∑HCHs, HCB and all PCB congener groups (Tri-, Tetra-, Penta-, Hexa- and Hepta-) in 

first component of the PCA. It might be owing to the common sources of BC and OCs as discussed 

in earlier sections such as LRAT, fossil fuel and biomass burning etc. TOC did not show any 

relationship with OCPs and PCBs. Further, Pearson Correlation Analysis was performed for each 

zone having different altitudinal ranges and the results are presented in Table 3.13. No significant 

relationships were observed in case of TOC neither in case of BC with OCPs and PCBs in Zone A 

(357-383 masl) except hepta-PCBs that was under influence of BC. Results of Zone B (397-733 

masl) are interesting that most of the OCs showed stronger relationship with both TOC (r = 0.50-

0.90) and BC (r = 0.54-0.86). Zone C showed higher influence of BC upon several OCPs and 

PCBs over TOC primarily owing to the source similarity. For example, BC showed stronger 

correlation with ∑HCHs, ∑DDT, ∑Chl, β-endosulfan, HCB and with overall OCPs with r values 

of 0.73, 0.67, 0.73, 0.59, 0.72 and 0.69, respectively. Further, all PCBs except penta-group showed 

significant relationship with BC with r values of 0.88 (tri-PCBs), 0.57 (tetra-PCBs), 0.67 (hexa-

PCBs), 0.54 (hepta-PCBs) and 0.73 (∑PCBs). Penta-PCBs express weak correlation with BC (r = 

0.45) that indicates distinguish sources of penta-PCBs and BC. At highest altitude Zone D (1351- 
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2324 masl), no significant relationship was observed in case of both BC and TOC with OCPs 

except HCB vs BC (r = 0.72). Whereas in case of PCBs, lower to medium chlorinated groups (tri- 

to penta-PCBs) showed correlation with both BC and TOC. The preferential relationship of certain 

OCPs with BC relative to TOC between different altitudinal zones might owed to the co-emission 

of OCPs and BC, dominance of BC to adsorb OCPs, more stable discharge of BC than TOC and 

larger sorption of OCPs to BC after deposition in sediments (Hung et al., 2010a; Sánchez-García 

et al., 2010). Moreover, BC structure develops spherules/aciniform agglomerates, owing to which 

onion like structure of sub µm size with surface area of ~63 m2 g-1 has evolved that contributes in 

greater sorption of OCPs (Ali et al., 2014a; Semple et al., 2013). The higher sorptive relationship 

of BC with PCBs has also been documented in the literature (Ali et al., 2015c; Jonker et al., 2004; 

Zimmerman et al., 2004). These compounds can penetrate into the narrow pores of BC, where they 

interact with aromatic pore walls of BC via π– π forces (Pehkonen et al., 2010), particularly the 

planar congeners of PCBs. Further, this stronger relationship of BC vs PCBs than TOC could also 

be explained by different degradability of both carbon fractions (Ali et al., 2014a). BC is 

considered as the most inert form of carbon, which is difficult to degrade biologically and 

chemically over time. Whereas TOC is relatively easy to degrade in the environment, hence 

facilitating the desorption of OCs more quickly than from BC, owing to which BC showed stronger 

affinity with OCs as compared to TOC in the sediments of LHR (Accardi-Dey and Gschwend, 

2002). 

3.3.5. Sedimentary composition of OCs 

The technical mixture of HCH contains 60-70% α-, 5-12% β-, 10–12% γ-, 6-10% δ-HCH 

and minor amounts of other isomers (Barakat et al., 2013), while lindane consists of almost 99 % 

γ-HCH (Dai et al., 2011). Therefore, high ratio of α-HCH to γ-HCH (between 3-7) provides an 

indication of technical HCH, while high γ-HCH percentage showed the dominant lindane 

contamination in the environment (Li et al., 2012). Overall α-HCH/γ-HCH ratio ranged between 

0.02-7.74 with average of 1.04 (Table 3.14) indicating mix sources of both lindane and technical 

HCH. Further, higher percentage of β-HCH (40.5%) was observed over α- and γ-HCH (Figure 

3.23). β-HCH is reported to be resistant to microbial degradation and most stable isomer (Salvadó 

et al., 2013) with lower water solubility and vapor pressure (Xiao et al., 2004). Moreover, α- and 

γ-HCH could also be transformed to β-HCH after prolonged aging (Salvadó et al., 2013). γ-HCH 

was also observed in significant percentage (36.8%), showed clear indication of recent lindane use  
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in the region, a similar pattern previously reported for Lake Qarun of Egypt (Barakat et al., 2013). 

The ratio of DDE+DDD/DDT < 0.5 indicated direct input of DDT and ratios > 0.5 indicated 

the past or historical usage of DDT (Li et al., 2012). In LHR, these ratios were found between 

0.03-2.01. Zone A, B and D showed average DDE+DDD/DDT ratios of 0.07, 0.25 and 0.26, 

respectively (Table 3.14), indicating direct inputs of DDTs, while this ratio is higher (1.16) in Zone 

C that indicates historical application of DDTs. The ratios of DDE/DDD was less than 1 in Zone 

A (0.93), indicating aerobic biotransformation process (Pazi et al., 2012) and greater than 1 in 

Zone B, C and D (1.20, 1.71 and 1.35 respectively), indicating anaerobic type of degradation 

processes in these areas . Moreover, the ratios of o,p'-DDT/p,p'-DDT provides the information 

about the use of technical DDT or dicofol. Technical DDTs comprised mainly of 15% o,p'-DDT 

and 85% p,p'-DDT, while dicofol shows the reverse pattern (Qiu et al., 2005). In our study area, 

technical DDT was mainly used as the ratios of o,p'-DDT/p,p'-DDT were found less than 1, 

ranging between 0.01-0.86 .  

Technical chlordane was reported to be used as an agricultural pesticide for citrus, corn, 

home lawns, gardens and as termiticide in house foundation (Li et al., 2006a). Chlordane, 

technically composed of 8-13% cis- and 8-15% trans-chlordane, the ratio (CC/TC) of which 

generally lies between 1.2 and 1.3 (Lin et al., 2012). This ratio would generally be decreased in 

the environment owing to faster degradation of cis-chlordane over trans-chlordane (Ali et al., 

2014a). The values of CC/TC in Zone A, C and D were 0.34, 0.67 and 0.40, respectively (Table 

3.14), indicated old chlordane sources in the region, while Zone B exhibits value of 1.12 that 

indicates technical grade application of chlordane. 

The PCB profile was mainly composed of hexa- and tetra-PCBs with 31.9 and 31.6%, 

respectively followed by lower chlorinated tri-PCBs (22.9%). Penta-PCBs (9.1%) and hepta-PCBs 

(4.4%) exhibited comparatively lower concentrations. In comparison with Aroclor technical 

mixtures, apparently no significant resemblance was shown with any Aroclor mixture, however, 

higher presence of hexa-PCBs may be attributed towards Aroclor mixture of 1260 (Figure 3.24).  

3.3.6. Conclusions 

The results of this section provide the levels of carbon fractions (BC and TOC) and OCs 

in surface sediments along the altitude in the Neelum-Jhelum River system of Lesser Himalayan 

region of Pakistan. Comparable levels of TOC and higher levels of BC in comparison with other  
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reported data indicated anthropogenic influence in the region, whereas the ratios of BC/TOC 

specified the mix sources of biomass and fossil fuel burning. DDTs among OCPs, whereas hexa- 

and tetra-homologue groups among PCBs were the predominant organic contaminants in the 

studied region. It is implicated that upslope, short and long-range transport and local emission 

sources contribute to the contamination of different altitudinal zones of Lesser Himalayan Region. 

Zone C that is close to the densely populated region of the Muzaffarabad, have shown higher levels 

of contamination owing to source proximity. PCA and correlation analysis revealed that BC 

potentially have influential effect on most of the OCPs and PCBs distribution because of its higher 

sorption capacity. It is suggested to further investigate the relationships of organic contaminants 

with carbon fractions including both BC and TOC particularly in surface sediments along the 

higher altitudes. 
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Chapter 3 

Results and Discussion 

Part D 

Accounting for Water Levels and Black Carbon Inclusive Sediment-Water Partitioning of 

Organochlorines in Lesser Himalaya, Pakistan using Two Carbon Model (Ali et al., 2018c) 

Highlights 

 Comparatively higher water levels of OCPs and PCBs were observed in Neelum-

Jhelum river system of Lesser Himalaya 

 Elevated levels were found close to the urbanized altitudinal zone 

 Two carbon Freundlich model better improve the measured vs predicted 

concentrations for Neelum-Jhelum river system of Lesser Himalaya 
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3.4. Results and Discussion 

3.4.1. Water levels, composition and global comparison of OCs 

Table 3.15 provides the summary of results depicting organochlorine levels (OCPs and 

PCBs) in LHR, whereas the comparison of the values obtained in this study with other global 

studies is depicted in Table 3.16. Overall, ∑OCPs were ranged between 0.07−41.4 ng L−1, among 

which ∑HCHs were highest contributing contaminant followed by ∑DDTs, HCB and cis-

chlordane. The range of ∑HCHs were 0.042−41.2 ng L−1 with median of 0.95 ng L−1, much higher 

than waters of Nam Co Lake, Tibetan Plateau [0.0379−0.1274 ng L−1; (Ren et al., 2017)], Redo´, 

Pyrenees, Spain [2.9 ng L−1; (Vilanova et al., 2001)] and Gossenkölle, Alps, Austria [0.99 ng L−1; 

(Vilanova et al., 2001)]. α-HCH was highest contributed among HCHs with percentage of 52.3% 

followed by γ-HCH (24.2%) and β-HCH (23.4%). α-/γ-HCH ratio indicated the technical or 

lindane usage of HCH in the region. Technically, HCH mixture generally composed of α-, β-, γ- 

and δ-HCH with 60-70, 5-12, 10–12 and 6-10% respectively with minor amount of other isomers, 

while lindane comprised of 99% γ-HCH (Ali et al., 2014a; Barakat et al., 2013; Dai et al., 2011). 

Higher ratio (α-/γ-HCH = 3-7) indicated technical usage, while lower ratio is an indication of 

lindane usage (usually near 0; (Dai et al., 2011). We have found the α-/γ-HCH ratio ranged between 

0−2.95 (Table 3.15) with average value of 0.73, which is an indication of lindane usage in the 

LHR. Further, β-HCH was also found in significant amount (Figure 3.25), which is the most stable 

isomer of HCH with lower water solubility and vapor pressure and is also resistant to microbial 

degradation (Ali et al., 2016a; Zhang et al., 2003). 

∑DDTs ranged between 0.002−27.2 ng L−1, which is greater in comparison with other 

studies such as Yamdrok and Co Ngoin Lakes [0.2−0.3 ng L−1; (Wang et al., 2016; Zhang et al., 

2003)], Ladove, High Tatras, Slovakiass [0.012 ng L−1; (Fernández et al., 2005)] and Nam Co 

Lake, Tibetan Plateau [BDL−0.0013 ng L−1; (Ren et al., 2017)]. p,p'-DDE was the highest 

contributed isomer (73.6%) among DDTs followed by p,p'-DDD>o,p'-DDD>o,p'-DDE>o,p'-

DDT>p,p'-DDT. HCB levels were in a range amongst 0.03−3.88 ng L−1, while the cis-chlordane 

ranged between 0.06 to 0.11 ng L−1 as the lowest contributed OCP in the LHR.  

Levels of PCBs in water samples from LHR indicated the range between 0.671−84.5 ng 

L−1, which is higher than all other studies mentioned in Table 3.16 of global comparison. For 

example, these levels are higher than waters from Nam Co Lake, Tibetan Plateau [BDL−0.0019 
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ng L−1; (Ren et al., 2017)], Redo´, Pyrenees, Spain [0.062 ng L−1; (Vilanova et al., 2001)], 

Gossenkölle, Alps, Austria [0.11 ng L−1; (Vilanova et al., 2001)], Øvre Neådalsvatn, Caledonian, 

Norway [0.026 ng L−1; (Vilanova et al., 2001)], Lake Redon, Pyrenees, Spain [0.056 ng L−1; 

(Fernández et al., 2005)] and Ladove, High Tatras, Slovakiass [0.064 ng L−1; (Fernández et al., 

2005)]. The composition profile of PCBs suggested greater input of higher chlorinated PCBs such 

as penta-, hexa- and hepta-PCBs in the LHR with percent contribution of 28.8, 41.2 and 16.8%. 

Only penta- and hexa-PCBs contributed 70% in LHR. These results are consistent with those 

reported in waters of Baiyangdian Lake in North China (Dai et al., 2011). Higher percentage 

composition of hexa-PCBs may have contributed in the LHR by the use of Aroclor technical 

mixtures of 1254 and 1260, which usually contain 23 and 46% of hexa-PCBs, respectively. The 

contribution of penta-PCBs (Figure 3.26) in the region may be associated with the use of paints as 

it is the main homologue component in paints (Dai et al., 2011). 

3.4.2. Spatial/altitudinal distribution and source implications 

The contamination of Neelum-Jhelum river water in LHR with OCPs and PCBs shows 

clear trend based on anthropogenic activities. Figure 3.27 and Figure 3.28 illustrates the spatial 

trends along different altitudinal zones of the studied region. Appendix 3.8 depicts spatial 

distribution of different OCPs and PCBs groups in LHR. As, all of the studied compounds exhibits 

anthropogenic origin so the zone close to the industrial and anthropogenic origin is likely to be 

more contaminated with organochlorines owing to direct discharge and source proximity. Zone C 

was found highly contaminated that is close to the densely populated urban area of Muzaffarabad 

and influenced by the mega developmental activities of Neelum-Jhelum Hydropower project. 

Higher POPs levels in vicinity of industrialized and densely populated regions are reported in the 

literature, which indicated the influence of regional and local sources (Kallenborn, 2006; Martinez 

et al., 2013; Schuster et al., 2010; von Waldow et al., 2010). On the other hand, higher altitude 

Zone D also showed comparatively higher OCPs and PCBs levels in comparison with Zone A and 

B. Zone D was apparently clean and far from direct emission sources, however significant levels 

of OCs in this region implicate us to reveal upslope movement of chemicals from lower altitude 

zones and possibility of long range transport of chemicals in this zone. Backward trajectory 

analysis suggested that air mass over this high-altitude region could be the source of long range 

atmospheric transport of organic pollutants (Figure 3.15a-d). Himalaya is a natural barrier for  
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Figure 3.27: Spatial distribution of OCPs and PCBs in waters of the Lesser Himalayan Region 
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westerlies and lower stretch of its range (LHR) is vulnerable to receive higher loads of OCs coming 

from middle east, Europe, Iran and central Asia as well (Wang et al., 2016). This zone exhibits the 

altitudinal range of 1351-2324 masl, which is favorable mixing layer for OCs. Further, this zone 

is next to Zone C and there is strong possibility of transport of contaminants from Zone C (737-

975 masl) to Zone D according to the upslope enrichment phenomena of volatile organic 

chemicals. Third, it might be the possibility of re-release of contaminants from high altitude glacier 

regions to this zone. Recently, Sharma et al. (2015) reported that melting Himalayan glaciers could 

be the major contributor of POPs in Gangetic Plain. Guzzella et al. (2016) revealed that melting 

glaciers could contribute as secondary source of POPs in lake sediments in southern slopes of 

Mount Everest. Moreover, mountain environments have been shown to cause cold trapping effect, 

which means contaminants could accumulate at higher altitudes via cold condensation process 

(Daly and Wania, 2005; Westgate, 2013; Westgate and Wania, 2013) and it is implicated that these 

contaminants may trapped in higher altitude Zone D of LHR. Overall, we could implicate that 

upslope, short and long-range transport and local emission sources contribute to the contamination 

of different altitudinal zones of Lesser Himalayan Region. Here, it should be considered that our 

sampling sites along mountains of Lesser Himalayan region exhibits diverse range rather than 

sampling from the slope of a single mountain (Daly and Wania, 2005), which could ultimately 

affects the transport mechanisms of organic pollutants in a region. 

3.4.3. Sediment-water partitioning of OCs in the LHR 

One carbon (based on organic carbon via absorption mechanism) and two carbon (based 

on organic carbon and black carbon) models were employed in order to determine the dominant 

mechanism in riverine system of LHR. Detailed data including sediment sampling, analysis and 

concentration has been discussed in previous Part C (Ali et al., 2018d). Briefly, TOC and BC 

ranged between 0.0017−0.0654 and 0.0003−0.0435 g g-1 for LHR. ∑OCPs were in the range 

between 0.59−3.64 ng g-1, while PCBs were ranged between 0.01 to 1.31 ng g-1. The summary of 

data related to sedimentary total organic carbon, black carbon and OC compounds used in this Part 

D for one carbon and two carbon models is presented in Table 3.17. 

No clear agreement has made between researchers on the use of one or two carbon models. 

Historically, organic matter was considered as the principal factor in controlling the sorption of 

organic compounds and later solid-water distribution coefficients were normalized to total organic  
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carbon (Cornelissen et al., 2005a). This concept was challenged when linear relationships were 

failed to characterize equilibrium sorption as a result of one carbon model based on the fraction of 

total organic carbon (Accardi-Dey and Gschwend, 2002; Ali et al., 2016a). A two-carbon model 

considering both organic carbon and black carbon was proposed that improved the model 

predictions (Accardi-Dey and Gschwend, 2002, 2003; Ali et al., 2016a; Armitage et al., 2008; 

Koelmans et al., 2009; Schwarzenbach et al., 2005; Werner et al., 2009; Zhang et al., 2013). 

However, this model based improvement is also criticized when conversely, Hawthorne et al. 

(2011) and Martinez et al. (2013) suggested that two-carbon model has not improve the model 

predictions against one carbon model. 

We employed both one carbon and two carbon Freundlich model on sediment-water data 

set for LHR and the results are presented in Figure 3.29a-b and Figure 3.30a-b, respectively. 

Following OCPs and PCBs were used in evaluating one carbon and two carbon models: α-HCH, 

β-HCH, γ-HCH, o,p'-DDD, p,p'-DDD, o,p'-DDE, p,p'-DDE, o,p'-DDT, p,p'-DDT, cis-chlordane 

(CC), HCB, PCB-52, -49, -44, -74, -70, -99, -87, -118, -114, -105, -138, -158, -156, -187, -183, -

180, -170 and -189. It has clearly shown that the classical one carbon model based on the fraction 

of total organic carbon (that is amorphous with no input of petrogenic carbon such as BC) and 

organic-carbon partition coefficient (log KOC) does not explain the model output. The overall 

measured vs predicted concentrations have shown no relationship either with any of the OCP or 

PCB. This might be owing to the lower levels of TOC because usually contaminant and sorbent 

(TOC in this model) concentrations are particularly important in quantitative evaluation of sorption 

behavior and sorption isotherms from water to these matrices (TOC) that are nonlinear (Endo et 

al., 2009). On the other hand, when the fraction of black carbon was included in the two carbon 

Freundlich model, it improved the overall output of the model and have shown significant 

relationship between measured vs predicted concentrations. Two carbon model improved the 

relationship for α-HCH, β-HCH, γ-HCH, o,p'-DDD and p,p'-DDD with r2 values ranged between 

0.43−0.73 among OCPs after inducing black carbon and associated partition coefficient (log KBC-

W) into the model. While PCB-52, -44, -74, -70, -118, -105, -138, -158, -180, -170 and -189 with 

r2 values ranged between 0.32−0.58 among PCBs show improved model predictions after 

inclusion of black carbon and log KBC-W in the two-carbon model. Here, it could be explained that 

Freundlich exponent nF is determined by both the hydrophobic structure of nonionic organic 

compound as well as characterization of the sorption sites on BC (Lambert et al., 2011) and the  
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Figure 3.29a: Measured vs predicted concentrations of one carbon model based on absorption of 

organic carbon for OCPs in the LHR 
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Figure 3.29b: Measured vs predicted concentrations of one carbon model based on absorption of 

organic carbon for PCBs in the LHR 
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Figure 3.30a: Measured vs predicted concentrations of two carbon Freundlich model based on 

absorption of organic carbon and adsorption onto black carbon for OCPs in the LHR 
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Figure 3.30b: Measured vs predicted concentrations of two carbon Freundlich model based on 

absorption of organic carbon and adsorption onto black carbon for PCBs in the LHR 
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value for this nF was taken to be 0.7 (Werner et al., 2009) based on literature values. Although, 

different nF values has also been used (Arp et al., 2011) particularly for PCBs in the literature and 

there is a discussion among investigators whether the Freundlich isotherm exponent should be 

optimized when comparing concentration effects on different sediments. Hawthorne et al. (2011) 

found no significant improvement when varied values of nF from 0.5-1 were used so we used 

generally recognized value of 0.7 and did not apply any Freundlich correction to determine log 

KBC-W values. Based on the overall data set results, we can say that adsorption is the dominant 

mechanism behind in controlling sediment-water partitioning of organochlorines in LHR aquatic 

system as compared to total organic carbon alone. 

The relationships of measured vs predicted model results for both one carbon and two 

carbon models for different altitudinal zones were also deduced. Results of these relationships are 

depicted in Appendix 3.9 and Appendix 3.10. Although, the sample size becomes reduce in 

altitudinal zone relationships, but it showed overall improvements in model predictions. One 

carbon model also showed measured vs predicted relationships for few of the OCPs and PCBs in 

different altitudinal zones as well, indicating potential role of organic carbon via absorption of 

organochlorines. For example, γ-HCH and PCB-74 showed improved model predictions in Zone 

A, C and D. Highest number of OCP isomers and PCB congeners (about 53%) have shown 

improved model predictions in Zone B with r2 ranged between 0.31-0.96. Two carbon model 

showed highest model improvement for Zone C with r2 ranged between 0.43-97 for about 67% of 

the organochlorines. These results provide an insight to the similar sources of carbon fractions and 

organochlorine contaminant. For example, relatively higher association of measured vs predicted 

concentrations were observed in Zone B (in case of one carbon model) and Zone C (in case of two 

carbon model). Zone B is assumed to be relatively clean and rich in organic carbon, whereas Zone 

C is highly influenced by nearby local source emissions, industrial activities and anthropogenic 

input. Further, model results obtained for Zone D may reach the similar conclusion as this Zone is 

generally not much influenced by human activities so measured vs predicted relationships of OCs 

for both one carbon and two carbon models not fit well for about 77-80% of the compounds. 

Overall, it is suggested that adsorption is the main controlling mechanism for organochlorines 

based on the fraction of black carbon LHR and majority of the compounds were not available as 

part of the organic carbon pool (Zhang et al., 2013). Though, few compounds showed absorption 

into the organic carbon at different altitudinal zones but their respective two carbon models 
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improve the predictions. Further, co-emission of organochlorines and BC during combustion 

processes may improve the model predictions in altitudinal zones along with dominance and higher 

specific surface of BC (Ali et al., 2014a; Hung et al., 2010a; Sánchez-García et al., 2010). 

Reduction of carbon fractions from the system also plays critical role in defining the model output 

as organic carbon is readily degradable as compared to BC pool, which is considered to be the 

most inert and recalcitrant form of carbon (Accardi-Dey and Gschwend, 2002; Ali et al., 2014a). 

Finally, the physical and chemical properties of carbon fractions also have significant role in 

sorption processes as BC develops aciniform/spherules agglomerates and evolves into onion like 

structure with surface area of ~63 m2 g-1, which makes it highly aromatic and condensed (Ali et 

al., 2014a) thence shows strong propensity for adsorption (Arp et al., 2009). BC also exhibits 

strongly sorbing aromatic π systems and may consist of graphene sheets, which tend to be highly 

polarizable and these fused aromatic rings serve as both π donors and acceptor (Keiluweit and 

Kleber, 2009). 

3.4.4. Conclusions 

Higher water levels of OCPs and PCBs in LHR was observed that indicates elevated 

anthropogenic inputs in the region. Particularly, the altitudinal zone that is closer to the urban and 

industrial activities exhibited greater amount of contamination level. Sediment-water partitioning 

models indicated that organic carbon based one carbon model could not predict appropriately, 

whereas black carbon inclusive two carbon Freundlich model showed improved model predictions. 

The model has been applied in different sediment samples around the globe and controversial 

conclusions were present in the literature. So, it is advised to further apply the model in high 

altitude water systems in order to improve its output. 
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Chapter 4 

General Discussion 

Third pole is geomorphologically the highest and largest mountain region with an average 

elevation of > 4000 m and home to all peaks of the world over 7000 masl. Being part of the third 

pole environment, Himalaya is a massive mountain system, situated in south of third pole, forming 

an arc of about 2400 km2, which plays a significant role in earth’s climate system. It has been 

divided into Higher/Greater Himalaya, Sub Himalaya and Lesser Himalaya, based on tectonics 

and structural data (Mughal et al., 2016). This high elevated region is surrounded by densely 

populated and industrialised countries i-e., China and South Asian countries, owing to which 

significant amount of environmental pollutants is expected to deteriorate environment of the 

region. Amongst trace environmental pollutants, organochlorine pesticides (OCPs) and 

polychlorinated biphenyls (PCBs) are two groups of persistent organic pollutants (POPs), which 

gained much scientific and public attention due to their omnipresence, bioaccumulation and 

toxicity (Ali et al., 2017). These persistent organic pollutants are generally produced in the warm 

regions but travel to high elevated cold regions due to their physio-chemical properties and deposit 

there as a result of cold condensation process. By inference, ample evidence supported the fact 

that these chemicals are volatilized from warm tropics or temperate regions and transported via 

long range atmospheric transport to high altitude regions where they become trapped as a result of 

the process of cold condensation (Westgate, 2013). High altitude mountain regions, in this regard, 

have attracted increasing recent interest as receptor regions for these chemicals (Bogdal et al., 

2009; Poma et al., 2017). 

Though, atmosphere is the main transport vector, which has widely distributed organic 

contaminants around the globe from source to remote regions (Cui et al., 2017; Jaward et al., 

2005b) but other environmental matrices such as soil, sediment and water also plays crucial role 

in receiving, supplying and global cycling of these chemicals in the environment (Ali et al., 2015c; 

Cabrerizo et al., 2011b; Holoubek et al., 2009; Ribes et al., 2003). Soils and sediments are 

considered to be one of the major reservoir or sinks of these chemicals (Meijer et al., 2003; Salem 

et al., 2013) because of the abundance of organic matter content, larger retention capacity, 

hydrophobicity, low water solubility and sorption to particulate matter (Wang et al., 2014) 

(Kucuksezgin and Tolga Gonul, 2012). Once deposited, these chemicals tend to accumulate in 
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soils and sediments for a longer period of time (Cetin and Odabasi, 2007). However, the input of 

these chemicals to these matrices is not permanent because of re-volatilization of these chemicals 

back into the environment as a secondary source (Cabrerizo et al., 2011a; Cui et al., 2017; Salem 

et al., 2013). Therefore, a better understanding of the partitioning processes between soil-air and 

sediment-water is decisive for controlling the environmental fate of OCs at regional as well as 

global scale.  

As a traditional paradigm, up to the late 90s, it was thought that organic carbon content of 

soil and sediments via absorption mainly controls the soil-air and sediment-water partitioning 

processes of semivolatile organic chemicals (Ali et al., 2015a; Ali et al., 2016b; Ali et al., 2018d; 

Ali et al., 2015c; Parween et al., 2014; Ribes et al., 2003; Sánchez‐García et al., 2012). However, 

over the last decade, sorption process of non-polar organic chemicals was considered to be the 

combination of absorption into the organic carbon and extensive adsorption onto another pool of 

carbon namely “carbonaceous geosorbents” such as black carbon (Ribes et al., 2003), with the 

later dominating the soil-air (Ali et al., 2015c) and sediment-water (Accardi-Dey and Gschwend, 

2002, 2003; Ali et al., 2016a; Armitage et al., 2008; Koelmans et al., 2009; Schwarzenbach et al., 

2005; Werner et al., 2009; Zhang et al., 2013) partitioning of organic chemicals. Usually, this 

dominance occurred in case of higher fraction of black carbon or lower soil organic carbon (Ribes 

et al., 2003). Enhancing the sorption process may limit the bioavailability of these toxic chemicals 

(Ahrens and Depree, 2004; Huang et al., 2003; Jonker and Koelmans, 2002b; Koelmans et al., 

2006). Black carbon is one particular form among carbonaceous geosorbents, which does not have 

any universally accepted definition (Petzold et al., 2013) but may refer to the partially charred 

materials produced as a result of incomplete combustion of biomass and fossil fuels (Goldberg, 

1985; Koelmans et al., 2006; Ni et al., 2014; Schmidt and Noack, 2000; Schmidt et al., 2001). The 

presence of carbonaceous geosorbents such as black carbon is postulated to be the reason for 

reduced availability, phase partitioning and ecotoxicity in the soils and sediments (Accardi-Dey 

and Gschwend, 2002, 2003; Ali et al., 2016a; Ali et al., 2014a; Cornelissen et al., 2004).  

As discussed previously, the geography of the Lesser Himalayan Region make this 

particular area susceptible to high levels of OCs, therefore, studying the levels of OCs in different 

environmental matrices and their interaction with carbon fractions (BC and TOC) was essential to 

determine. Previously, no study has particular focus on this region regarding detailed assessment 

of levels, sources and implication for atmospheric circulations upon OCs and potential role of BC 
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and TOC in distribution status of OCs in LHR, according to the best of our knowledge. This 

chapter discusses the major findings of the study keeping in view the objectives mentioned in 

Chapter 1. Further so, strengths and limitations of current study along with future directions are 

also part of this chapter.  

4.1. Concentration Profile of OCs in the LHR 

Organochlorine pesticides and polychlorinated biphenyls were analyzed in soil, air, 

sediment and water from the Lesser Himalayan Region of Pakistan (Ali et al., 2018a; Ali et al., 

2018b; Ali et al., 2018c; Ali et al., 2018d). These concentrations were measured along the altitude. 

Organochlorine pesticides in soil, air, sediment and water samples from LHR ranged between 

0.69−5.77 ng g−1, 3.77−247 pg m−3, 0.59−3.64 ng g−1 and 0.07−41.4 ng L−1, respectively. DDTs 

were prevalent in soil and sediments, while HCHs were at highest levels in atmospheric and water 

samples. PCBs concentrations ranged between 0.12–2.55 ng g-1, 8.49–458 pg m–3, 0.01−1.31 ng 

g−1 and 0.671−84.5 ng L−1 in soil, air, sediment and water matrices, respectively. Generally, in 

global comparison, these concentrations are higher in air and water matrices and lower to 

comparable in soils and sediments. Further, several of the studied groups showed higher 

concentrations in comparison with TP as compared to other global studies. This might be owing 

to the geographical location of the Lesser Himalayan Region, which makes the region susceptible 

of receiving OCs from monsoon, local emissions and blocking of westerlies by Greater Himalaya. 

∑DDTs were the prevalent OCP residues in soils of LHR followed by ∑HCHs. Concentration of 

both of these contaminants were generally low in comparison with European sites but higher than 

TP sites. Furthermore, same trend was observed in case of PCBs that is the reported concentrations 

for LHR were low in comparison with European sites, while higher than few of the TP sites. 

Sedimentary concentrations of OCPs showed dominance of ∑DDTs but followed by β−endosulfan 

than ∑HCHs. The levels of ∑DDTs and ∑HCHs were found comparable or lower in sediments. 

Similarly, PCBs concentrations were also found lower in comparison with other global studies. 

This trend of generally lower concentration levels in soils and sediments may attributed to the fact 

that most of the contaminant sources could be LRAT, valley transport and wet deposition (further 

details in later sections). Due to this reason, retention of these contaminants is low as they did not 

get enough time to bind with organic matter, black carbon and other carbon fractions, which are 

considered as principal controlling factor in fate and distribution of OCs in the environment. 
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The atmospheric concentrations of OCPs indicated highest concentration of ∑HCHs over 

∑DDTs and other studied OCPs. These concentrations are higher in comparison with other global 

studies including European, Canadian and particularly TP sites. More so, the concentration levels 

of PCBs were also observed higher in atmosphere of LHR as compared to European and TP sites. 

Tetra− and penta− homologue groups of PCBs were dominant in the region that might be attributed 

to LRAT because medium chlorinated groups are ideal for LRAT. Higher chlorinated PCBs are 

less volatile, due to which they could effectively remove by particle bound deposition and lower 

chlorinated PCBs could degrade during LRAT (Wang et al., 2010b; Wang et al., 2016), hence the 

dominance of tetra− and penta− groups of PCBs could be the result of LRAT. In case of OCs in 

water samples, ∑HCHs were the prevalent group among OCPs and exhibited much higher 

concentration as compared to other sites from TP and Alps. β-HCH, which was most stable isomer 

of HCH, was found in significant amount (Ali et al., 2016a; Zhang et al., 2003). Levels of ∑DDTs 

were also higher than TP. Similarly, the levels of PCBs were also found higher than other sites of 

TP and high altitude mountains including Alps from European sites. These higher levels of OCPs 

and PCBs in atmospheric and water samples indicated the ongoing major pollution sources in the 

Lesser Himalayan Region. 

Overall, LRAT may have the dominant source of OCs in the Lesser Himalayan Region, 

but there are several other source implications as well. For example, the excessive use of pesticides 

in the past and storage of obsolete pesticides in the country and in Azad Jammu & Kashmir region. 

Pakistan holds one of the major stockpiles of pesticides in the country. According to the National 

Implementation Plan for Phasing Out and Elimination of POPs, AJK holds 31.5  MT of obsolete 

pesticides, which may be the major pollution source of OCPs in the (GoP, 2009). No doubt, the 

use of persistent pesticides in the country has gradually decreased in recent years but still the 

contamination has been found in different matrices as reported earlier and this indicated the illegal 

use of such chemicals in the country. Pesticides has been used in the country since 1954 when 250 

MT of pesticides were imported  (Jabbar and Mallick, 1994). A 100 times increase in pesticide use 

has observed in the country during 1980-2002 (Khan et al., 2002). Further, it is reported that 

production of pesticides in the country has increased from 1.4 to 13.8 million kg between 1982-

1997 along with imports from 3.5 to 31 million kg (Younas et al., 2013). In order to control the 

environmental consequences of these contaminants, legal regulations such as Agricultural 

Pesticide Ordinance (1971) and Agriculture Pesticide Rules (1973) were imposed in the country 
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but there is no proper implementation of such type of regulations. Pakistan also signed and ratified 

several international conventions that deals directly or indirectly with POPs such as Rotterdam 

Convention (1999) and Stockholm Convention (2001) for controlling and phasing out of POPs. 

But, still there is a dire need of taking steps for proper implementation of these regulations for 

controlling and phasing out of POPs in the country (Ali et al., 2014b). 

4.2. Spatial Distribution Patterns of OCs in the LHR 

The spatial patterns of OCs in LHR highlights important phenomena’s that contributed in 

the contamination of the area i-e., source proximity, upslope/valley transport and long range 

atmospheric transport of OCs in the region. We shall discuss the contribution of these processes 

below: 

4.2.1. Long range atmospheric transport and upslope movement of OCs in the LHR 

Back ward air mass trajectories indicated the implication for long range transport 

mechanism of OCs in the Lesser Himalayan Region of Pakistan (Ali et al., 2018b). From lower to 

higher altitudinal zones, generally a clear trend was observed in case of all matrices i-e., higher 

concentrations in Zone C then in Zone D > B > A (Ali et al., 2018a; Ali et al., 2018b; Ali et al., 

2018d). This trend is somehow differ from the assumption of contamination in the region because 

Zone A is close to industrial region of Punjab but it exhibits lower concentrations as compared to 

Zone B. Further, Zone D is also considered to be relatively clean but relatively higher levels were 

observed as compared to Zone B and D. This trend implicated for the indication of long range 

atmospheric transport and more particularly upslope or valley movement of OCs in the region. The 

results of backward air mass trajectories indicated higher input of westerlies that generally pass 

through LHR in winter and may brought loads of semivolatile persistent organic pollutants from 

Central Asia, Middle East and even Europe (Ali et al., 2018b). According to Wang et al. (2010b), 

westerlies blown from west to east and split into two flows after blocked by TP, but before splitting 

and reaching TP, these winds are passing over from the LHR and blocked by Himalayan range 

(Wang et al., 2016). Moreover, according to Gong et al. (2015), the lower height of mixed layer in 

northern Pakistan may limit the transport of OCs to upper level westerly jet. Results of Clausius–

Clapeyron equation (Ali et al., 2018b) also indicated LRAT as the dominant source of OCs in the 

Lesser Himalayan Region. Previously, Sheng et al. (2013) also identified LRAT via monsoon as 

the dominant mechanism for TP.  



 

   150 

4.2.2. Source proximity 

Proximate to potential sources of POPs are an important factor when studying POPs 

distribution along the altitude (Westgate, 2013). The distribution of OCPs and PCBs in this study 

indicated “source proximity” as an important factor in contribution of POPs contamination in the 

region. The results indicated higher levels of both OCPs and PCBs in Zone C, which is close to 

urbanized area of Muzaffarabad (Ali et al., 2018a; Ali et al., 2018b; Ali et al., 2018d). This higher 

contamination of OCPs and PCBs was generally observed for all studied environmental matrices. 

Further, different developmental activities and mega projects such as construction of Neelum-

Jhelum Hydropower Project are potential sources of OCs in this zone.  

4.3. Black Carbon: Implications for Fate and Biogeochemical Cycles of OCs in the LHR 

Black carbon is an important fraction of soil and sedimentary carbon that may contribute 

in fate and biogeochemical cycling of OCs. By inference, BC is omnipresent in the environment 

(Ali et al., 2017) but its ultimate sink is supposed to be the marine sediments (Fang et al., 2015). 

An estimated 90% of the global BC burial is occurred in continental shelf sediments (Sánchez‐

García et al., 2012). Land based BC could reach the marine sediments via riverine or atmospheric 

transport. In this way, marine sediments have extensively been focused during last decades for 

quantifying and estimation of BC flux budgets. Scarce data is available that depicts the presence 

of BC in soils and riverine sediments, particularly those at high altitude regions. Therefore, this 

study was focused to quantify BC in high altitude soils and riverine sediments. Owing to analytical 

and resource constraints, we could not be able to assess the atmospheric levels of BC in LHR but 

we understand and implicate the role being played by atmospheric movements in cycling of carbon 

fractions in LHR. Further, keeping in view the LRAT phenomena associated with soot BC 

(analysis by CTO-375 method), high altitude environments cannot be neglected (Ali et al., 2017). 

Literature provided several examples that shows the presence of BC in high elevated regions 

especially in Himalaya (Babu et al., 2011; Dumka et al., 2010; Marenco et al., 2006; Marinoni et 

al., 2010; Ming et al., 2010; Nyeki et al., 1998; Shaw, 2007). So, the implication of high altitude 

soils and sediments as important sinks as well as releaser of black carbon should be considered. 

The range of BC in soil and sediments for LHR was 0.16–1.77 and 0.3–43.5 mg g–1, while those 

of TOC was 6.8–41.3 and 1.7–65.4 mg g–1, respectively (Ali et al., 2018a; Ali et al., 2018d). 

Though, these levels of BC in both matrices are lower in comparison with TOC but even then, BC 
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potentially has significant role in fate and distribution of OCs in the region. Its higher sorption as 

well as desorption capacity for hydrophobic organic contaminants potentially influence the 

biogeochemical cycling of OCs (Ali et al., 2017). Despite of its lower concentration as compared 

to organic carbon pool, the higher black carbon–air partition coefficients (KBC) and black carbon–

water partition coefficients (KBC–W) in comparison with octanol–air partition coefficients (KOA) 

and octanol–water partition coefficients (KOW), respectively make soot BC a major pool for OCs 

distribution in the environment of LHR. This research highlights important contribution of BC in 

soil and sedimentary distribution of OCs in LHR. Further, it plays an important role in soil–air and 

sediment–water partitioning of OCs in the environment of LHR. Though, soil–air partitioning of 

OCs were observed to be the result of contribution of both organic carbon and black carbon (Ali 

et al., 2018b) but despite its lower levels than TOC, its contribution shows high influence of its 

adsorptive characteristics. In case of its role in sediment–water partitioning, it shows highly 

dominant role in partitioning of OCs between riverine sediments and water of LHR. Overall, it is 

concluded that BC potentially has an important contribution in distribution status, soil–air and 

sediment–water partitioning of OCs in LHR, hence provided an important insight into 

biogeochemical cycling of OCs in lower stretch of Himalaya. 

4.4. Role of BC/TOC in Sorption and Desorption of OCs 

BC also plays important role in desorption of contaminants. The role of reversibility of 

OCs bound by BC particles is an important phenomena. According to (Semple et al., 2013), 

initially the BC matrix has no chemical to bound, then after BC-contaminant interaction, the BC 

matrix becomes swell and accommodate sorbate molecules and finally upon desorption, BC 

released some of the molecules in order to get stability (Sander et al., 2007; Semple et al., 2013). 

The regression results of BC and TOC vs OCs in soil clearly indicated both sorption and desorption 

mechanisms. The negative slope of regression plots in case of BC and TOC vs OCs in Zone C 

indicated the re-releasing of OCs back into the soil environment. 

4.5. Strengths and Limitations of this Research 

This doctoral thesis documents first investigation on levels and association of carbon 

fractions (TOC and BC) with organochlorine pesticides and polychlorinated biphenyls in Lesser 

Himalayan Region of Pakistan. Further, the geographical location of the Lesser Himalaya is very 

important keeping in view the atmospheric transport and re-releasing of OCs. On one hand, this 
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region receives atmospheric concentrations of OCs with monsoon and westerlies and on the other 

hand, it may receive higher loads of OCs releasing from melting glaciers in close vicinity of Lesser 

Himalaya. Therefore, this thesis provides the baseline data for future studies along with description 

of different mechanisms involve in fate and distribution of OCs in high altitude regions. This thesis 

also reports first investigation of long range atmospheric transport of OCPs and PCBs to high 

altitude regions of Pakistan, which provides an important insight for future studies. Regionally, 

this study fulfills the gap of monitoring data because number of important studies provide POPs 

data for TP and western upper Himalaya but southern side of Himalaya was previously not in 

focus. Though, this study explores very important issue of OCs that need to be addressed but 

certainly there are some limitation in this study as well. For example, black carbon was analyzed 

only in soil and sediments. Due to analytical and resource constraints, aerosol soot particles and 

dissolved carbon forms were not measured, which would provide a better picture, if analyzed under 

the scope of this study. Further, the upper zone of the study region lies at the Line of Control, 

which is close to the disputed area and extensive sampling was not done due to unusual situation 

at borders.  

4.6. Recommendations and Future Directions 

 In perspective of black carbon, it is important to measure its atmospheric concentration and 

transport mechanism in high altitude regions but due to analytical and resource constraints, 

it was not measured in this study. Hence, an important aspect of partitioning of OCs on 

black carbon in the atmosphere was not assessed, which should be focused in future studies. 

 Clausius–Clapeyron results indicated the long range atmospheric transport as an important 

mechanism of movement of OCs in the Lesser Himalayan Region. But more 

comprehensive studies are required with broad range of sampling area. 

 Temporal variation studies are required to understand the impact of seasonal variation upon 

LRAT, soil–air and sediment–water partitioning of OCs in the Lesser Himalayan Region. 

 Further, highest altitudinal ranges of Greater Himalaya should be focused in perspective of 

studying POPs and impact of black carbon in overall biogeochemical cycling of POPs in 

the region. 

 One aspect of black carbon is its influence upon albedo reduction, hence its potential role 

needs to be identified in climate change perspective. 
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 No doubt, if black carbon has played significant role in affecting the glacial melting of 

Greater Himalaya, then re-release of POPs could be a great threat for nearby population of 

south Asian region and this would be an important issue to be studied in future. 

4.7. Concluding Remarks 

Under the scope of this study, organochlorines including OCPs and PCBs were monitored 

in different environmental matrices of the Lesser Himalayan Region of Pakistan along the altitude. 

Further, the soil and sedimentary carbon fractions i-e., black carbon and total organic carbon were 

assessed along with their potential role in distribution, soil–air and sediment–water partitioning of 

OCs along the altitude. Lesser Himalayan Region in Pakistan is the lower stretch of Greater 

Himalaya that is part of third pole environment. Results of current project revealed higher 

atmospheric and water concentrations and lower to comparable soil and sedimentary 

concentrations along the altitude in the Lesser Himalayan Region of Pakistan. Backward trajectory 

analysis and upslope source implications revealed LRAT as an important source apart from local 

sources. “Westerlies” are usually blocked by Himalaya that blows from west to east and air masses 

coming from Europe, Iran, Afghanistan and Middle East may brought higher loads of OCs in the 

region. C–C plots further revealed LRAT for all OCPs and most of the studied PCBs. Soil-air 

partitioning based on absorption (KOA) and adsorption models (KOA + KBC) revealed combined 

influence of both organic carbon and black carbon in LHR. Sediment-water partitioning models 

indicated that organic carbon based one carbon model could not predict appropriately, while black 

carbon inclusive two carbon Freundlich model showed improved model predictions. Further 

investigations may help in better understanding the role of seasonal patterns and carbon fractions 

in distribution of organic pollutants at high altitude regions of Himalaya and TP. Laboratory 

studies should be focused on deducing black carbon-air partition coefficients for OCPs in order to 

get better and accurate model. So, it is advised to further apply the model in high altitude air and 

water systems in order to improve its output. 
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Appendix 2.1: Detection frequency (at > LOD) of OCPs and PCBs in soil and sediment samples 

from the Lesser Himalayan Region 
 

Soil (n = 32) 
 

Sediment (n = 32)  
Detected Frequency (%) 

 
Detected Frequency (%) 

α-HCH 31 97 
 

32 100 

β-HCH 31 97 
 

32 100 

γ-HCH 31 97 
 

32 100 
∑HCH 31 97 

 
32 100 

op-DDD 31 97 
 

32 100 

pp-DDD 31 97 
 

32 100 
op-DDE 31 97 

 
32 100 

pp-DDE 31 97 
 

32 100 

op-DDT 31 97 
 

32 100 
pp-DDT 31 97 

 
32 100 

∑DDT 31 97 
 

32 100 

Cis-chlordane 30 94 
 

32 100 
Trans-chlordane 31 97 

 
32 100 

∑Chlordane 31 97 
 

32 100 

β-endosulfan 28 88 
 

20 63 
Heptachlor 31 97 

 
32 100 

HCB 31 97 
 

32 100 

∑OCPs 31 97 
 

32 100 
PCB28 32 100 

 
32 100 

PCB37 32 100 
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32 100 
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31 97 
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31 97 
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23 72 
Tetra-PCBs 32 100 
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PCB101 32 100 
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13 41 
PCB114 29 91 

 
18 56 
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17 53 
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12 38 
Penta-PCBs 32 100 

 
32 100 
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8 25 

PCB138 25 78 
 

19 59 
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13 41 

PCB156 12 38 
 

7 22 

PCB158 25 78 
 

17 53 
PCB166 16 50 

 
9 28 

PCB169 32 100 
 

32 100 

Hexa-PCBs 32 100 
 

32 100 
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19 59 

PCB179 5 16 
 

3 9 

PCB180 18 56 
 

20 63 
PCB183 18 56 

 
12 38 
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15 47 

PCB189 12 38 
 

9 28 
Hepta-PCBs 30 94 

 
32 100 

∑PCBs 32 100 
 

32 100 
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Appendix 2.2: Detection frequency (at > LOD) of OCPs and PCBs in air and water samples from 

the Lesser Himalayan Region 
 

Air (n = 32) 
 

Water (n = 32)  
Detected Frequency (%) 

 
Detected Frequency (%) 

α-HCH 27 84 
 

22 69 

β-HCH 18 56 
 

16 50 

γ-HCH 19 59 
 

13 41 
∑HCHs 32 100 

 
30 94 

op-DDD 13 41 
 

18 56 

pp-DDD 25 78 
 

22 69 
op-DDE 31 97 

 
23 72 

pp-DDE 26 81 
 

22 69 

op-DDT 21 66 
 

13 41 
pp-DDT 6 19 

 
14 44 

∑DDTs 32 100 
 

27 84 

Cis-chlordane 19 59 
 

14 44 
HCB 12 38 

 
25 78 

∑OCPs 32 100 
 

32 100 

PCB18 19 59 
 

17 53 
PCB22 26 81 

 
23 72 

Tri-PCBs 30 94 
 

28 88 

PCB54 22 69 
 

22 69 
PCB52 25 78 

 
22 69 

PCB49 13 41 
 

13 41 

PCB44 18 56 
 

21 66 
PCB41/64 20 63 

 
25 78 

PCB74 17 53 
 

17 53 

PCB70 20 63 
 

19 59 
PCB60/56 23 72 

 
19 59 

Tetra-PCBs 32 100 
 

32 100 

PCB104 22 69 
 

30 94 
PCB95 15 47 

 
28 88 

PCB90/101 21 66 
 

21 66 
PCB99 16 50 

 
28 88 

PCB87 22 69 
 

22 69 

PCB110 19 59 
 

20 63 

PCB123 14 44 
 

19 59 

PCB118 19 59 
 

28 88 

PCB114 19 59 
 

9 28 
PCB105 20 63 

 
26 81 

Penta-PCBs 29 91 
 

32 100 

PCB151 18 56 
 

26 81 
PCB149 21 66 

 
21 66 

PCB153/132 13 41 
 

27 84 

PCB141 17 53 
 

28 88 
PCB138 15 47 

 
14 44 

PCB158 13 41 
 

24 75 

PCB167 19 59 
 

24 75 
PCB156 16 50 

 
24 75 

PCB157 17 53 
 

30 94 

Hexa-PCBs 28 88 
 

32 100 
PCB188 13 41 

 
16 50 

PCB187 16 50 
 

24 75 

PCB183 12 38 
 

19 59 
PCB174 15 47 

 
21 66 

PCB180 13 41 
 

19 59 

PCB170 16 50 
 

18 56 
PCB189 21 66 

 
23 72 

Hexa-PCBs 29 91 
 

32 100 

∑PCBs 32 100 
 

32 100 
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Appendix 3.1: Spatial distribution of soil OCPs and PCBs in different altitudinal zones of the 

Lesser Himalayan Region (based on average values) 
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Appendix 3.2: Regression scatter plots of OCs vs BC and TOC for different altitudinal zones of 

the Lesser Himalayan Region 

 

Scatter plots of BC vs OCPs for Zone A of the Lesser Himalayan Region 
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Scatter plots of BC vs PCBs for Zone A of the Lesser Himalayan Region 
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Scatter plots of BC vs OCPs for Zone B of the Lesser Himalayan Region 
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Scatter plots of BC vs PCBs for Zone B of the Lesser Himalayan Region 
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Scatter plots of BC vs OCPs for Zone C of the Lesser Himalayan Region 
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Scatter plots of BC vs PCBs for Zone C of the Lesser Himalayan Region 
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Scatter plots of BC vs OCPs for Zone D of the Lesser Himalayan Region 

 

 

 

 

 



 

190 
 

 

Scatter plots of BC vs PCBs for Zone D of the Lesser Himalayan Region 
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Scatter plots of TOC vs OCPs for Zone A of the Lesser Himalayan Region 
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Scatter plots of TOC vs PCBs for Zone A of the Lesser Himalayan Region 
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Scatter plots of TOC vs OCPs for Zone B of the Lesser Himalayan Region 
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Scatter plots of TOC vs PCBs for Zone B of the Lesser Himalayan Region 
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Scatter plots of TOC vs OCPs for Zone C of the Lesser Himalayan Region 
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Scatter plots of TOC vs PCBs for Zone C of the Lesser Himalayan Region 
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Scatter plots of TOC vs OCPs for Zone D of the Lesser Himalayan Region 
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Scatter plots of TOC vs PCBs for Zone D of the Lesser Himalayan Region 
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Appendix 3.3: Climatic data for sampling locations of the Lesser Himalayan Region 
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Appendix 3.4: Distribution of different OCPs and PCBs in atmosphere of different altitudinal 

zones of the Lesser Himalayan Region 
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Appendix 3.5: OCPs and PCBs measured vs predicted Log KP from KOA model  

 

OCPs and PCBs measured vs predicted Log KP from KOA model for whole data set of the LHR (x-

axis: measured values; y-axis: predicted values) 
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OCPs and PCBs measured vs predicted Log KP from KOA model for Zone A data set of the LHR 

(x-axis: measured values; y-axis: predicted values) 
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OCPs and PCBs measured vs predicted Log KP from KOA model for Zone B data set of the LHR 

(x-axis: measured values; y-axis: predicted values) 

 

 

 

 

 



 

205 
 

 

OCPs and PCBs measured vs predicted Log KP from KOA model for Zone C data set of the LHR 

(x-axis: measured values; y-axis: predicted values) 

 

 

 

 

 



 

206 
 

 

OCPs and PCBs measured vs predicted Log KP from KOA model for Zone D data set of the LHR 

(x-axis: measured values; y-axis: predicted values) 
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Appendix 3.6: OCPs and PCBs measured vs predicted Log KP from KOA + KBC model  

 

OCPs and PCBs measured vs predicted Log KP from KOA + KBC model for whole data set of the 

LHR (x-axis: measured values; y-axis: predicted values) 
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OCPs and PCBs measured vs predicted Log KP from KOA + KBC model for Zone A data set of the 

LHR (x-axis: measured values; y-axis: predicted values) 
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OCPs and PCBs measured vs predicted Log KP from KOA + KBC model for Zone B data set of the 

LHR (x-axis: measured values; y-axis: predicted values) 
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OCPs and PCBs measured vs predicted Log KP from KOA + KBC model for Zone C data set of the 

LHR (x-axis: measured values; y-axis: predicted values) 
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OCPs and PCBs measured vs predicted Log KP from KOA + KBC model for Zone D data set of the 

LHR (x-axis: measured values; y-axis: predicted values) 
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Appendix 3.7: Distribution of different OCPs and PCBs in sediments of different altitudinal zones 

of the Lesser Himalayan Region 
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Appendix 3.8: Distribution of different OCPs and PCBs in riverine water in different altitudinal 

zones of the Lesser Himalayan Region 
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Appendix 3.9: Measured vs predicted concentrations of one carbon model based on absorption of 

organic carbon  

 

Measured vs predicted concentrations of one carbon model based on absorption of organic carbon 

for OCPs in Zone A of the LHR 
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Measured vs predicted concentrations of one carbon model based on absorption of organic carbon 

for PCBs in Zone A of the LHR 
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Measured vs predicted concentrations of one carbon model based on absorption of organic carbon 

for OCPs in Zone B of the LHR 
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Measured vs predicted concentrations of one carbon model based on absorption of organic carbon 

for PCBs in Zone B of the LHR 
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Measured vs predicted concentrations of one carbon model based on absorption of organic carbon 

for OCPs in Zone C of the LHR 
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Measured vs predicted concentrations of one carbon model based on absorption of organic carbon 

for PCBs in Zone C of the LHR 
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Measured vs predicted concentrations of one carbon model based on absorption of organic carbon 

for OCPs in Zone D of the LHR 
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Measured vs predicted concentrations of one carbon model based on absorption of organic carbon 

for PCBs in Zone D of the LHR 



 

224 
 

Appendix 3.10: Measured vs predicted concentrations of two carbon Freundlich model based on 

absorption of organic carbon and adsorption onto black carbon  

 

Measured vs predicted concentrations of two carbon Freundlich model based on absorption of 

organic carbon and adsorption onto black carbon for OCPs in Zone A of the LHR 
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Measured vs predicted concentrations of two carbon Freundlich model based on absorption of 

organic carbon and adsorption onto black carbon for PCBs in Zone A of the LHR 
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Measured vs predicted concentrations of two carbon Freundlich model based on absorption of 

organic carbon and adsorption onto black carbon for OCPs in Zone B of the LHR 
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Measured vs predicted concentrations of two carbon Freundlich model based on absorption of 

organic carbon and adsorption onto black carbon for PCBs in Zone B of the LHR 
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Measured vs predicted concentrations of two carbon Freundlich model based on absorption of 

organic carbon and adsorption onto black carbon for OCPs in Zone C of the LHR 
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Measured vs predicted concentrations of two carbon Freundlich model based on absorption of 

organic carbon and adsorption onto black carbon for PCBs in Zone C of the LHR 
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Measured vs predicted concentrations of two carbon Freundlich model based on absorption of 

organic carbon and adsorption onto black carbon for OCPs in Zone D of the LHR 
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Measured vs predicted concentrations of two carbon Freundlich model based on absorption of 

organic carbon and adsorption onto black carbon for PCBs in Zone D of the LHR 


















