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Abstract

The ubiquitous geochemical tracers tend to persistently transport and accumulate in different
environmental compartments, and a better understanding of geochemical tracer transport
mechanism is essential for conservation and resource management. In this thesis, systematic
data sets were collected from many typical environmental compartments both in China and
Australia, including the catchment, desert, and typical mining sites at an alpine stream etc.
Various geochemical tracers and methodologies, such as heavy metals and stable isotopes
were applied to make a comprehensive exploration of the interactive impacts of human
activity and natural processes on the transport and accumulation of geochemical tracers. The

main findings of this thesis are:

(1) The species distribution model (SDM) can help improve the prediction accuracy of
mapping geochemical tracers by considering the important explanatory variables. The
prediction results of Chapter 2 and Chapter 3 confirmed the effectiveness and potential of
leveraging SDMs from ecology to study heavy metal contamination in the field of hydrology,
which offered new insights to understand the relationships between HMs and the human and

physical environment.

(2) The combinations of interdisciplinary, multi-methods, various geochemical tracers, and
indicators, facilitate the improvement of discovering the transport processes of tracers. In
Chapter 3, the end member mixing analysis (EMMA) and SDM were combined to study the
vertical hydraulic connections between surface water and groundwater. The water chemical
tracers in river water were found to be able to serve as good explanatory variables to predict
the HMs in soil in Chapter 4. And both elemental concentration and bioaccumulation ratio
were used as the indicators to study the bioaccumulation processes in Chapter 6, which can
provide more detailed information, otherwise the spatial attributes of the geochemical

background information will be ignored. All these results supported this perspective.

(3) The model selection and model averaging methods constitute an advancement in
quantitatively interpreting the relationships between isotopic signatures of precipitation and
their local climatic variables. This method can supplement or precede more complex studies

of hydrological cycles utilizing isotope tools.

Overall, the combination of various chemical tracers, as well as the introduction of powerful
methodologies from related research fields, can effectively help improve the analysis
accuracy. This thesis offers an improved understanding of the transport and accumulation of

chemical tracers between different environmental compartments, and can provide useful

XVI



database at the data scarce areas. The results of this thesis can also provide scientific

strategies for the regional development and management.

Keywords: environmental compartments, carriers, geochemical tracers, bioaccumulation,
catchment, hydrological units, mining activity, spatial distribution models, model selection,

arid and semi-arid regions, China, Australia
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Chapter 1. Introduction

1.1 Research background

1.1.1 Transport of elements between environmental compartments

The different forms of chemical elements, also known as geochemical tracers, have been
widely used as ‘proxies’ to study the earth system sciences. The interactions of geochemical
tracers between different environmental compartments are driven by both the natural
environment and anthropogenic activity. Potential sources of these tracers may be mobilized
by a series of natural activities, including the volcanic activity (Process g in Figure 1-1), the
weathered and eroded from the crustal material (Process e & h in Figure 1-1), and forest fires
(Process fin Figure 1-1). Additionally, rapid economic growth over recent decades has
necessitated greater levels of natural resources extraction and exploitation, and required to
provide important chemical elements needed for developing populations. The development of
technology has made it possible to extract more natural resources, but meanwhile the
anthropogenic activity will extract unprecedented contaminants into the environment. These
anthropogenic activity releases can give rise to higher concentrations of contamination,

imposing great potential threats to human health and environmental sustainability.

Geochemical tracers have been reported to actively transport within multiple environmental
compartments, such as the catchment (Hassellov and von der Kammer, 2008), urban system
(Sarkar et al., 2021), agriculture (Meite et al., 2018), estuary (Fang et al., 2016), mining sites
and public transport system etc., (Goth et al., 2019; Senduran et al., 2018; Stojic et al., 2017),
spreading from local, regional, to global scales. The main transport processes of chemical
elements in the cycling systems of different environmental compartments were presented in
Figure 1-1. The atmospheric deposition from the atmosphere consistently brings chemical
elements from the aerosols into the geosphere and hydrosphere (Nickel et al., 2014). The soil
on the other hand plays as an elemental sink for the suspended particles, dust, and sand, and a
place where the irrigation and seepage water pollutants accumulate. For instance, important
sources from anthropogenic emission are mining (Process i in figure 1-1), disposal of sewage
effluents (Process a in figure 1-1), fertilizers (Process d in figure 1-1), vehicle emissions,
lead-acid batteries and aging water supply infrastructure (Process b & ¢ in figure 1-1). The
elements suspended particles from tailing soil in close proximity of industrial and mining
areas can then travel to a long distance during the precipitation erosion and runoff generation
processes (Li et al., 2020). In addition, modern fluvial sediments in hydrodynamic sorting
process also influence the river water elemental contents via the water-rock interaction. The

HMs converge into river water, which would be deposited on floodplain sediments (Hassellov



and von der Kammer, 2008) or transported farther downstream by the floods and channel
aggregation (Hochella Jr et al., 2005). Eventually, elemental signatures will be biomagnified
or bioaccumulated within biosphere, which involves aquatic organisms (Process 1 in Figure 1-

1), insects, potentially mammals (Process k in Figure 1-1).

Figure 1-1. The sources and transport of chemical elements in the cycling systems of hydrosphere,
biosphere, atmosphere, and geosphere. Transport processes include (a) stands for the disposal of
sewage effluents, (b) waste, such as lead-acid batteries, (c) the combustion of energy fuel, (d) the
pesticides and fertilizer from agriculture, (¢) wind- blown dust, (f) forest and grass fire, (g) volcano
activity, (h) natural crust, (i) mining activity, (j) absorption from the groundwater and soil, and (k) & (1)

bioaccumulation in different trophic levels.

The chemical elements can exist in multiple forms in the natural environment. Heavy metals
(HMs), hydrochemistry, and stable isotopes were focused on in this thesis, and literature
review of their significance were presented in 1.1.2, and 1.1.3 part. And in 1.1.5 part, the

application of novel non-lethal bioindicator method by bird feather was presented.

1.1.2 HMs and adverse effects

These chemical elements have been divided into many types according to the different
purposes of research. For instance, from the perspective of environmental contaminants, the
chemical elements are often divided into trace elements (Abdullah et al., 2015), heavy metals
(Frantz et al., 2012; Furtado et al., 2019), metals and metalloids (Badry et al., 2019; Lopez-

Perea et al., 2019), etc. Some elements are essential and nutrients for the proper functioning
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of the human body (Prashanth et al., 2015), including Ca, Co, Cu, Fe, Mg, and Zn, etc., while
some elements are toxic to the human body, interfere with its functioning and undermine
health, and a small amount could be fatal (Dudka and Miller, 1999), like As, Cd, Pb, Al, Li
and Hg. These toxic elements have no known physiological functions, but are potentially
fatal. However, some essential elements, if the intake exceeds the standard, will threaten
health, such as Mn, Mo (0.05 pg/ day), Cr (50-200 pg/ day). In addition, the compounds of
some essential elements can be very harmful, such as the hexavalent chromium compounds

(Costa and Klein, 2006).

Contaminant elements can directly degrade air, water, and soil quality, and accumulate in
animals through food consumption. Exposure to contaminant elements may cause endocrine
and nervous disorders, certain physiological and behavioral abnormalities. On account of the
widespread distribution and extensive use, Hg, Pb, Cr, As, and Cd are the most toxic

elements.

The volcanoes, forest fires, ore extraction, and fossil fuels such as coal and petroleum, are the
main sources of Hg (Pirrone et al., 2010). Mercury levels in the industrial environment are
increasing due to mercury mining, discharge from hydroelectric, chlor-alkali plants, paper
industries, refineries and dental clinics as well as thermometer factories (Brooks et al., 2008).
The inorganic and organic mercury are accumulated in the bodies of organisms that prey on
those that have bio-accumulated mercury, so the diets are also normally the main source in
biosphere, such as fish and other seafood. The three main chemical forms of mercury are
mercury vapour, inorganic mercury compounds and organic mercury compounds (Morel et
al., 1998). Exposure to them has serious harmful effects on the central nervous system,
developing nervous system and immune systems (Zahir et al., 2005). Mercury can also
influence the reproductive system by threatening the development of the fetus’s brain, or
cause attention deficit and developmental delays in early life (Tas et al., 1996). The mercury
may even directly harm the organs, such as kidneys, liver, lung, heart, eyes, skin and brain

(Mahurpawar, 2015; Wolfe et al., 1998; Xu et al., 2018).

Lead is sourced from the wind-blown soil and road dust, and it is also from industrial sources,
deteriorated paint, and the combustion of leaded gasoline and aviation fuel. The
anthropogenic sources of chromium include cement-producing plants, manufacture of
chromium-based products, emissions of chromium-based natural energy consumption, and
cigarette smoke (Marschall and Schumacher, 2012). Lead can damage the central nervous
system, and a statistically significant correlation between the lead exposure and violent crime

in the United States also demonstrated this result (Nevin, 2000).



Arsenic is present in more than 200 different minerals, and mining activity is the major
process that contributes to arsenic contamination of air, water and soil (Zhu et al., 2008).
About one-third of the arsenic in the Earth's atmosphere is of natural origin from volcanic
activity. Chromium and Arsenic have chronic carcinogenic effect at high concentration levels
(Mandal and Suzuki, 2002). Cadmium is a naturally occurring toxic heavy metal with
common exposure in industrial workplaces, plant soils, and from cigarette smoking.
Cadmium and Cadmium compounds cause bone demineralization disease or impair lung

function.

The mining activity is one of the most important sources for contaminant elements, which
typically require large quantities of water to process ore (Johnson and Hallberg, 2005).
Discharges of mine effluent and seepage from tailings may lead to serious contamination of
freshwater resources (Candeias et al., 2015; Fetter et al., 2017). Mining pollutants can drain
directly into local run-off or can be dispersed into a river via rainfall or other hydrological
processes. Nonpoint source pollutants that infiltrate deep soil or enter streams can be

transported into aquifers by the exchange process between groundwater and surface water.
1.1.3 Hydrochemistry and isotopic tracers

The hydrochemistry method is the most straightforward and cost effectively way to trace, dig
and interpret the influence of hydrological cycles on geochemical tracers’ transport
information (Wang et al., 2018). The hydrochemistry tracers include major soluble ions, pH,
EC, TDS, and stable isotopes etc. The hydrochemistry methods offer advantages over some
physically based methods like the large water level gauging or monitoring networks, not only
due to a much lower cost (Cook et al., 2013), but also providing more accurate information on
the interaction and transportation over large spatial regions. These advantages enable water
chemistry methods to be widely applied for ascertaining source and origin, or geochemical
evolution processes (Liu et al., 2015), the interactions between different water bodies
(Maurya et al., 2019; Wang et al., 2018), and monitoring the contamination transport and
accumulation mechanisms in the hydrological cycles (Hatzinger et al., 2013; Khalil et al.,
2015; Liu et al., 2019). The research scale has been spatially extended to Arctic and Antarctic
areas (Hodson et al., 2002; Hoshina et al., 2016; Hoshina et al., 2014).

Water stable isotopes of 6'%0, 8D, and deuterium excess (d-excess=0D-85'%0) offer a
powerful proxy for evaluating the hydrological cycles, such as precipitation (Price et al.,
2008; Risi et al., 2008), glacier (Kumar et al., 2018), permafrost water (Lacelle et al., 2014),
surface water (Ogrinc et al., 2008), groundwater (Abbott et al., 2000; Wassenaar et al., 2009),
and plant water (Bush et al., 2017), etc. Due to their stable properties, the water isotopic



signatures have been widely used to analyze various hydrological processes, like the
hydraulic connections between surface water and groundwater (Yin et al., 2011), stream water
recharge mechanism (Li et al., 2014), hydrograph separation (Lyon et al., 2009), and the
influence of climate change on cryosphere (Kreutz et al., 2003; Li et al., 2016).

1.1.4 Bioaccumulation signals by bird feathers

Tracing the accumulation of chemical elements in organisms is an extremely complicated
process, which will be affected by both the biotic and abiotic factors. To discover these
processes, the prerequisite is to find a reliable entity that must be closely connected with both
the environment and human activity. Birds are very good potential candidate to verify the
above hypothesis. Birds are more sensitive to the surroundings than the human beings and
other animals (Wretenberg et al., 2010). The foraging, breeding and other biological
behaviors will be in close contact with the environment, which will be eventually recorded in
the bird’s body. Colonial birds’ nests or roosts are in proximity at a particular location
(Brandis et al., 2018), and this provides possibility for specific areas of study. In some areas
where there is shotgun hunting, the birds that select hard grit for grinding food are extremely
good sentinels to monitor the Pb contamination (Newth et al., 2013), as the grits are similar in
weight and size to the shotgun pellets that deposit heavily in their habitats. Bird feathers are
outstanding to trace the element bioaccumulation mechanism. Compared with some lethal
sampling research methods like blood, liver, muscle, kidney and other internal organs (Lopez-
Perea et al., 2019), feathers are a nondestructive method. In addition, when compared with
other non-invasive method such as eggshells, feathers can accumulate and record more
information over a longer period (Abbasi et al., 2015). Previous bird feather bioaccumulation
research covers wide trophic levels from herbivore to carnivore predators, as well as being
over a large spatial range, even including Antarctica (Metcheva et al., 2011), and long-term
temporal records from the museum feathers (Frederick et al., 2004). The ‘bird feather’ was
inserted as the key word in Google Scholar and Web of Science, to search any online
published literature that had applied the bird feather as bioindicator tools. The distribution
map of sampling sites for the elemental bioaccumulation research using bird feathers
according to these literatures were created as Figure 1-2. The environment signatures in bird

feathers are presented as below.
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Figure 1-2. The distribution map of sampling sites for the elemental bioaccumulation research using
bird feathers according to literature review.

1.1.4.1 Trophic signals

The stable isotopes in feather were able to trace the trophic signatures in food web
(Thompson and Furness, 1995). The ratios of stable isotopes of N'3/N'* and C'3/C'2, always
were prescribed as 8'°N and 8'3C, can give detailed information of the structure and
interaction among the food webs. The 3!°N in organisms showed strong trophic signals, for
example, the declining 8'°N levels in Northern Fulmars Fulmarus indicated their declining
trophic level (Thompson and Furness, 1995). The 6'3C gives weak trophic information, but it
can better show the dietary sources from different “forage base”. Previous research found that
the waterbirds were more depleted in 3!°C for the terrestrial consumers, -28%o (Jury et al.,
1987), than marine consumers, -19~-24%o (Peterson and Fry, 1987). Variations in '°C can
also reflect the different foraging location with a specific atmosphere condition (Farmer and

Leonard, 2011).

Trophic shifts over time can be analyzed using historical feather records, e.g., museum
collections. Comparing the contemporary feather isotope ratios with historical records, the
trophic level shifts can be identified (Farmer and Leonard, 2011), and the triggers can be
inferred because many birds will change their feeding strategy in response to the climate
change, as well as human activity. According to previous research, the flesh- footed
shearwaters’ 8'°C values in feathers decreased from -16.040.8%o in 1936 to -17.4+1.6 %o in

2011 in response to the dietary items shifting, and the 3'°N also showed a decreased trend



from +16.9£1.5%o in 1936 to +13.9£1.6 %o in 2011 (Ofukany et al., 2014). And Quillfeldt et
al. (2010) found the Thin-billed prions become more dominant in poleward areas because the
diet had been changed due to the climate change by comparing the feather & *C isoscapes

from different periods.

Except for the feather collected from the field, many controlled experiments had also been
conducted under laboratory conditions (Mizutani et al., 1992; Pearson et al., 2003). The
previous research had already provided many isotopic mixing models for the conservation
research. The IsoSource mixing model was often applied to identify isotopic contributions of
various sources of sediments (Phillips and Gregg, 2003). The SIAR (Stable Isotope Analysis
in R) is able to analyze the smooth transition autoregressive and quantify diets (Parnell et al.,
2010). Given the isotopic information of the consumers’ tissues and food sources, the
SIMMR (Stable Isotope Mixing Models in R, Parnell et al., 2010) and MixSIAR (Mixing
Stable Isotope Analysis in R, Stock and Semmens, 2016), can help estimate the assimilated

diet through the food web.

1.1.4.2 Movement information

Many birds migrate thousands of kilometers for dietary resources during breeding periods, or
for favorable weather during the non-breeding periods, so better understanding of the
migration strategy is essential for the conservation and resources management. The feather
information will be matched to the isotopic gradient in the surrounding areas, so the

signatures can help describe the movements of birds.

Unlike 8'5N which is indicative of trophic level, the 8'3C is potentially a good reference for
tracing the geolocations. Based on the & '*C isoscape characters, Quillfeldt et al. (2010) found
the pelagic seabird showed a moving pole-wards migration trend during the non-breeding
period by using the stable isotope ratios of feathers grown at different periods. For the large
spatial scale, many migrant birds are trans-equatorial to the opposing hemisphere, and current
research has found that the ratio of §'*C declined sharply with the latitude effect in the
southern hemisphere (Phillips et al., 2009). There existed a 7%o gradient and the §'*C
decreased from -23.2%o in 53°S to -30.3%o in 62°S (Quillfeldt et al., 2010).

The preference of stopover habitat selection has also been observed in the isotopic profile of
813C (Yohannes et al., 2014). Previous studies found that stable isotope signatures have good
potential forensic tool for the movements, especially in mid to high-latitude continental
regions where exist strong spatial isotopic gradients (Bowen et al., 2005), such as Northern
American and Southern Ocean areas. However, Roscales et al. (2011) demonstrated that the

novel feather stable isotopic methods were not suitable for the northeast Atlantic area due to
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the weak gradients in 8'3C baseline values. This weak signature of stable isotopes is also a

problem for the Australian continent (Miller and Trigoboff, 2001).

1.1.4.3 Contamination signatures

Incorporating the stable isotopes and heavy metals in the bird feathers provides a powerful
method to trace the fate of contaminants. Although the 8'3C is mainly applied to trace the
primary source of carbon diet, combining 3'*C together with HMs, can show the pathway of

contaminations into food chain or food web.

Einoder et al. (2018) found that mercury in feather will increase with trophic 8'°N level, and
arsenic and copper are higher than the level in food chain. Besides, the information of
contaminants in feather can help monitor the pollutions at a large spatial scale. For example,
Watanuki et al. (2015) used the Hg and 3°N to trace the pollution a large spatial scale.
Hampton et al. (2018) combined Pb and feather isotope information to trace the potential
threaten from Pb- based bullets. Einoder et al. (2018) reported the higher lead loads in bird
feather exceeding the toxic threshold. Watanuki et al. (2015) traced the mercury contaminants

from the primary feather in Japan during the pollution events.

1.1.4.4 Climate signals

Climate change is also a critical driver of bird behaviors. The influence of meteorological
factors could be analyzed based on the long historical feather information. For example, based
on the comparison of feather stable isotopes collected from different periods, Lavers et al.
(2014) found the predator populations of shearwater in Australia have been affected by the
Leeuwin Current shifts and ENSO, and gave a prediction of the waterbirds based on the
meteorological models prediction. The SOI (Southern Oscillation Index) was also applied to
connect the relationships between feather contents and dietary items shifting. By comparing
the feather 8 '3C isoscape in different periods, Quillfeldt et al. (2012) reported the Thin-billed
prions become more dominant in poleward areas because of the diet shifting caused by the sea

temperatures increasing.
1.2 Research questions and knowledge gaps

The main research questions that this thesis focused on solving were explained in Figure 1-3,
as well as the tracer methods of each chapter and the corresponding environmental
compartments. Based on systematic data sets from China and Australia, various geochemical
tracers were applied in this study to make a comprehensive exploration of the interactive

impacts of human activity and natural processes on the transport and accumulation of



geochemical tracers. The specific research questions and current knowledge gaps that this

thesis tried to fill are as follows:
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Figure 1-3. Framework showing proposed outline of each main chapters in this thesis, with chemical
elements transport among various environmental compartments at different scales.

1.2.1 Transport of heavy metals between different carriers at catchment scale

HMs have been consistently entering the food chain, imposing great harm on environment
and public health. However, previous studies on the transport mechanism and dynamics of
HMs have been profoundly limited by the spatial inconsistence and scarcity of the field
observations, especially over the complex environment such as large-scale catchments. There
are three important ‘gaps’ in the current knowledge remain to be solved: 1) only single HM
carrier was investigated in most of the previous studies, profoundly hindering our
understanding of the interactions among different carriers, which play an important role in
transporting the HMs; 2) insufficient explanatory variables of HMs were often selected to

correspond with a specific carrier studied in previous research. Therefore, comprehensive



explanatory variables from separated environment and human factors are needed for a better
understanding of HM contamination and transport mechanism; 3) current mapping methods
of HMs are dependent on the spatial interpolation like Kriging, which are greatly affected by
the intensity and spatial distribution of field data sampling. Therefore, comprehensive
explanatory variables and efficient spatial modelling methods have been increasingly called
for better identifying HMs and their carriers. These research questions were conducted in

Chapter 2.

1.2.2 Water ions and stable isotopes to study the hydraulic connections between

different hydrological units

The water quantity interaction and water contaminant transportation are two criteria for
evaluating the hydraulic connections between different hydrological units. The connections
could be even more complicated in the arid regions due to the extremely frequent interactions
between surface water and groundwater, as well as the spatial inconsistence of river water
across large scales. The active shallow groundwater is not only affected by the interactions
from surface water and deep groundwater, but also a series of natural and human factors. An
accurate understanding of the relationships between shallow groundwater and these
explanatory variables has always been a knowledge gap that restricts hydraulic connection

research in arid regions.

There are three main knowledge gaps currently. (i) The sub-basin scale exchange was mostly
focused on by previous models (Freyberg et al., 2017; Khalil et al., 2015; Klaus and
McDonnell, 2013; Liu et al., 2015), which failed to analyze the action-response relationship
between different hydrological units. Although a few studies had carried out research for
inter-basin exchanges, the research scope is limited to around the boundary (Wang et al.,
2013; Zhao et al., 2012), where always cannot represent the characteristics of the entire unit.
(i1) Only the water quantity interactions were focused on by the conceptual models of the
EMMA (Guo et al., 2019; Wang et al., 2013). To the best of our knowledge, few research has
applied this conceptual model for the water pollutant transportation between different
hydrological units. (iii) Some pollution tracers, like nitrates, sulfates (Hu et al., 2019; Khalil
et al., 2015), were often selected to correspond with a specific pollution source, such as the
industry or agriculture sites (Guo et al., 2019). Explanatory variables with spatial attributes
were always insufficient. Therefore, systematic sampling along the potential hydraulic
connection routes, and introduction of novel spatial distribution model with considering the
geological and hydrological factors are two essential requirements to fill these current

knowledge gaps. These research questions were conducted in Chapter 3.
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1.2.3 Water chemical parameters and soil heavy metals to trace mining pollutants

As the important anthropogenic sources of contaminant elements, the influence of mining
activity had attracted many researches. Traditionally, heavy metals are used to trace pollutants
in the soil, atmosphere, and aquatic systems, but they are often traced directly without
considering conversion forces, and previous research has primarily focused on each of these
transmission media separately. Spatially, although the effect of mining on water quality has
been well studied on river areas proximal to mining activities in low altitude environments
(Kondolf, 1997), the process of large-scale mining impacts within alpine catchments is more
complicated and less studied. For example, mountainous geomorphology can significantly
alter the export of weathering solutes and transport pathways (Rascher et al., 2018; Wellen et
al., 2018). Furthermore, alpine topographic features make it more difficult to understand
transport processes of contaminants in upstream environments. Thus, it is necessary to
develop a novel method of tracing major water chemical parameters and soil heavy metals to
fill the above knowledge gaps about the mining pollutants. These research questions were

conducted in Chapter 4.
1.2.4 Variations of stable isotopes in precipitation influenced by local climatic factors

The study area of this topic was selected at the Qinghai-Tibet Plateau (QTP), where the
hydrological cycles have experienced significant changes recent years. A thorough
understanding of the relationships between isotopic compositions (3!%0 and D) in
precipitation and potential local climatic factors is a prerequisite requirement for discovering
these hydrological processes in the Third Polar area. However, long-term continuous
precipitation isotopic data in QTP, as well as the synchronous local climatic records were
scarce due to the harsh environment, poor traffic and observation conditions. Thus,
continuous sampling and synchronous local climatic variables over a long-term period at the
transition zones of the QTP are two essential requirements to fill these current knowledge

gaps. These research questions were conducted in Chapter 5.
1.2.5 Bioaccumulation mechanisms of heavy metals in waterfowl feathers

Understanding the mechanisms of element transportation and accumulation can help to
monitor human health and environment conservation, but the accumulation of chemical
elements in organisms is an extremely complicated process, which will be affected by both
the biotic and abiotic factors. Their spread and accumulation will be accelerated, enhanced,
and strengthened directly or indirectly by anthropogenic activity, and their relationship with

the environmental background is more complicated. Bird feathers are a reliable tool to
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discover these elemental bioaccumulation mysteries. There are four important ‘gaps’ in the
current knowledge remaining to be solved. (i) The elemental geochemical background is
ignored, and most of the current bioaccumulation research on feathers focused on independent
elemental concentration, and tries to give the threshold of different elements in bird feather
(Lopez-Perea et al., 2019). In addition, the previous research about the bioaccumulation ratio
focused on blood, hair, feces, urine and other organs, and only a few studies focused on the
feather bioaccumulation ratio. (ii) The essential and toxic elements were not discussed
separately, and compared with toxic elements, heavy metals, etc., the information that
essential elements can indicate has rarely been analyzed. (iii) In terms of the explanatory
variables, previous research focused on human activities and ignored the environment
variables. Although some studies involved the environment, they were neither very systematic
or comprehensive. (iv) Previous research stayed at the qualitative stage, with few quantitative

analyses. These research questions were conducted in Chapter 6.

1.3 Significance of this thesis

The transport and accumulation of chemical elements are complicated processes, and the
toxic elements can be consistently entering the food chain, imposing great harm on
environment and public health. However, previous studies have been profoundly limited by
the spatial inconsistence and scarcity of the field observations, as well as the mapping
methods. Thus, a comprehensive framework of novel methods and datasets have been
conducted in this thesis to fill these knowledge gaps for better mapping and assessing
geochemical transport in different environment compartments, such as the catchment scale,
different hydrological units, as well as the mining activity and bioaccumulation processes.
The novel methodologies and experiment designs presented in this study can also be applied

in other similar researches.

Additionally, this thesis was based on systematic field sampling over large spatial scales, as
well as history record materials, remote sensing data, and geographic information system
productions. The outcomes of this thesis will not only provide useful database for other
research, especially at the data scarce areas, but also provide scientific strategies for the

regional development and management.
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Chapter 2. Heavy metal habitat: a novel framework for mapping heavy metal

contamination over large-scale catchment with a species distribution model

Abstract

Heavy metals (HMs) have been consistently entering the food chain, imposing great harm on
environment and public health. However, previous studies on the transport mechanism and
dynamics of HMs have been profoundly limited by the spatial inconsistence and scarcity of the
field observations, especially over the complex environment such as large-scale catchments. As
a result, comprehensive explanatory variables and efficient spatial modelling methods have
been increasingly called for better identifying HMs and their carriers. In this study, a novel
methodological framework for mapping HM contamination at catchment scale was proposed
and applied, combing a species distribution model (SDM) with physical environmental and
human factors. With the field samples of HMs from river water, wet deposition, soil and modern
fluvial sediments across the Heihe river basin, our proposed framework was able to model the
‘habitat’ of each HM in the geographic space (termed as the HM ‘habitat’) and identify the HM
‘hotspots’ in the catchment. Results showed HM hotspots in the soil were identified in the
middle reach of the Heihe river basin where intense human activities occur. The variables of
the human footprint including distance to road, GDP, and nightlight were found to play the
most important roles in soil HM transport among others. The output maps of HM habitats from
soil, sediment, and wet deposition well agreed with the influence of industry contaminants,
hydraulic sorting, and precipitation washout process respectively, indicating the potential of
SDM in modelling the spatial distributions of the HM carriers. In addition, we found the
distributions of HMs in the primary carrier of river water were attributed to both of the human
and environmental variables. These variables, along with the maps of HM distributions derived
from secondary carriers were thus selected as explanatory variables in SDM to predict the
spatial patterns of the final HMs in river water, which was observed to have largely improved
the prediction accuracy. These results confirm the effectiveness and potential of our framework
to leverage SDMs from ecology to study heavy metal contamination at catchment scale, which
offers new insights to understand the relationships between HMs and the human and physical

environment.

Keywords: Heavy metal; species distribution models; Catchment; Carriers; Explanatory

variables; Redundancy analysis; Model selection
Highlights:

* The output maps of HMs from soil, sediment, and wet deposition could respectively reflect

the influence of industry contaminants, hydraulic sorting, and precipitation washout process
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* HM transport from secondary carriers helped improve the prediction accuracy of HMs in river

water through SDM

* SDM can be reasonably extended to the field of HM transport in water chemistry

2.1 Introduction

Heavy metals (HMs), ubiquitous and generally persistent in the environment, tend to
accumulate in water cycle and bio-magnify in the food chain (Ali et al., 2019), imposing great
potential threats to human health and environmental sustainability. HMs have been found to
actively transport within multiple environmental compartments, such as the catchment
(Hassellov and von der Kammer, 2008), urban system (Sarkar et al., 2021), agriculture (Meite
et al., 2018), estuary (Fang et al., 2016), mining sites and public transport system etc., (Goth et
al., 2019; Senduran et al., 2018; Stojic et al., 2017), spreading from local, regional, to global
scales. Thus, understanding of HMs transport mechanism and dynamics is essential for

conservation and resource management (Hassellov and von der Kammer, 2008).

Studies on heavy metal contamination within catchment have been increasingly applied to
ensure a sustainable resource supply of catchments for people, stock, flora and fauna (Hochella
Jr et al., 2005). However, such research has been challenged by the complex environment of
catchment system, which consists of multi-dimensional carriers, such as the atmospheric
deposition, soil, sediment, river water and biosphere etc., (Figure 2-1). For example, the
atmospheric deposition in a catchment consistently brings HM contaminants from the aerosols
into the river water, soil and eventually groundwater (Nickel et al., 2014). Soil on the other
hand plays as a pollutant sink for the suspended particles, dust, and sand, and a place where the
irrigation and seepage water pollutants accumulate. The HM suspended particles from tailing
soil in close proximity of industrial and mining areas can then travel to a long distance during
the precipitation erosion and runoff generation processes (Li et al., 2020). In addition, modern
fluvial sediments in hydrodynamic sorting process also influence the river water HM contents
via the water-rock interaction. Eventually, the HMs converged into river water, which would
be deposited on floodplain sediments (Hassellov and von der Kammer, 2008) or transported
farther downstream by the floods and channel aggregation (Hochella Jr et al., 2005). Therefore,
the river water plays an active role in linking various carriers within a catchment, which we
defined as the primary carrier in this study, while other carriers as secondary carriers. HMs
transport within biosphere, which involves aquatic organisms, insects, potentially mammals,
was not included here due to its intrinsic complex biotic factors (Hochella Jr et al., 2005) and

lack of data.
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Figure 2- 1. The HMs transport among primary carrier of river water and secondary carriers of wet
deposition, soil and sediment at catchment scale.

Heavy metal contamination and transport mechanism in catchment system have been
investigated in the previous studies for addressing three main questions in the field: (i) What
are the potential sources of the HMs and how the various carriers interact to spread them; (ii)
What are the potential explanatory variables that drive HMs transport, at the perspectives of
both the extrinsic factors and intrinsic mechanism; and (iii) What and where are the
environmental impacts of the HMs. Key papers including their strength and limitations for these
essential research questions are summarized in Table 2-1. For example, source apportionment
methods using receptor models such as ‘enrichment factors’ and ‘principal component analysis’
models have been widely used to identify sources of HMs (Cable and Deng, 2018; Lv, 2019).
These models however cannot quantify the relative contributions of different pollutant sources
(Lv, 2019). Multivariate receptor models including ‘principal component score/multiple linear
regressions’ and ‘positive matrix factorization’ thus were introduced to address this issue
(Taiwo et al., 2014). However, these models require heavy prior knowledge of HM transport
process, ignore spatial correlations among samples, and more importantly, often fail in
identifying the connections between HMs and different explanatory variables for successful
prediction of future HM contamination (Hu et al., 2020; Lv, 2019). Recent development of
nanotechnology may offer potential solution for accurately identifying the relationships
between HMs and explanatory variables, which yet is too expensive and not suitable for large-
scale study areas (Hassellov and von der Kammer, 2008; Hochella Jr et al., 2005). Meanwhile,

modern statistical methods including simple linear models and advanced machine learning have
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been increasingly proposed to identify the relationships between HMs and explanatory

variables (Hu et al., 2020).

As a result, although these previous studies have made significant contributions (details in the
literature review of Table 2-1), there are three important ‘gaps’ in the current knowledge remain
to be solved, which are largely due to the spatial inconsistence and scarcity of the field
observations: 1) only single HM carrier was investigated in most of the previous studies,
profoundly hindering our understanding of the interactions among different carriers, which play
an important role in transporting the HMs; 2) insufficient explanatory variables of HMs were
often selected to correspond with a specific carrier studied in previous research. Therefore,
comprehensive explanatory variables from separated environment and human factors are
needed for a better understanding of HM contamination and transport mechanism; 3) current
mapping methods of HMs are dependent on the spatial interpolation like Kriging, which are
greatly affected by the intensity and spatial distribution of field data sampling.

Therefore, a comprehensive framework of novel methods and datasets is needed to fill these
knowledge gaps for better mapping and assessing heavy metal contamination in catchment
especially at large-scale. Species distribution modelling (SDM) has been widely applied in
research areas such as conservation biology, ecology and evolution. SDMs of various
algorithms can map the past, current and future spatial distributions of species with species
presence-only sample data and environmental data (e.g., climate, land use, soil etc), reflecting
the suitability of their potential habitats (Guisan and Thuiller, 2005). SDMs can produce
spatially continuous map of habitat suitability in the presence of methodological challenges:
non-randomness of the occurrence data, inhomogeneity of the collection efforts, landscape
heterogeneity in different scales etc (Ducci et al., 2015; Kearney and Porter, 2009). With the
big data revolution, the applications of SDMs have been increasingly extended to other fields
to create important new knowledge, such as geographical planning and design (Braunisch et al.,
2011; Clemente et al., 2019; Walden-Schreiner et al., 2018), spatial distribution of human
emotion (Li et al., 2021) etc. We thus believe SDMs can bring new perspectives for mapping
the HM distributions, as important research similarities between species and HM do exist. (i)
Multiple entities can coexist. For example, multiple species can share the same habitat while
the multiple HMs discussed in this study own the same feature (e.g.,Pb, Hg, As, Cd, etc. often
co-exist in the location of the catchment). (ii) Like species, HMs are being influenced by multi-
dimensional explanatory variables, which can be classified into the natural and human factors.
(iii) With corresponding explanatory variables, the patterns of both species and HMs can be
predicted and presented as spatial maps (Elith and Franklin, 2013). (iv) Only the occurrence
dataset of research entities is required. Thus, SDMs have great potential for mapping habitats

of HMs and may bring new directions in this field.
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In this study, we developed a novel framework for mapping HM contamination at large
catchment scale combing a species distribution model with environmental and human variables.
With different HMs (e.g., Pb, Hg, As, Cd, etc.) being considered as different ‘species’, we were
able to model the ‘habitat’ of each HM in the geographic space (termed as the HM ‘habitat’)
along with HM ‘hotspot’. In particular, over the study area of Heihe catchment we aimed to: (i)
investigate the spatiotemporal ‘habitats’ of HMs within in various carriers and their interactions;
(i1) separate impacts from natural environment and human activities on secondary carriers (e.g.,
atmospheric deposition, soil, and sediment etc.); (iii) assess spatial HM transmission patterns
of river water (the primary carrier) across the entire catchment, with modelled spatially
consistent data. This study proposed to leverage SDMs models from ecology to map HM
contamination, which can effectively build the environment-human-HM relationships to fill the
current important knowledge gaps over large-scale catchment. This will offer new future

perspectives and directions to the field of hydrological chemistry.

Table 2- 1. Summary of relevant studies conducted previously for investigating HM contamination and
transport mechanism at catchment scale (the current paper is added for completeness). Three
components in the 'Key results' column are identified by the code:(1) interactions among multiple
carriers;(2) explanatory variables used;(3) spatial maps of HM distributions. NA represents ‘not
applicable’ in the relevant research.

Study Field  sampling Analytical methods  Key results
design/
requirements
Lv (2019) Prior designs with Receptor  models, (1) Only one carrier of soil was analysed
sampling density APCS/MLR and (2) NA
of 2km x 2km ata PMF, Kriging (3) Kriging maps with the factors resulting from
1138 km? County  interpolation receptor models
Nickel et al. Sampling network GLM, geo- (1)NA

(2014) throughout statistics multivariat  (2) A set of potential predictors were classified
Norway is e regression, based on literature review
required Kriging (3) Regression and residual maps with grid size of
interpolation 5km x 5 km
Hu et al. Proximity Three machine (1) Soil and crop ecosystems
(2020) learning  methods (2) Soil properties and land use types.
GBM, RF, GLM (3)NA
Hassellov Proximity TEM (1) Topsoil and river water
and von der (2)NA
Kammer (B)NA
(2008)
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Sharma et A prior Risk index analysis, (1) Atmospheric deposition and vegetables
al. (2008) reconnaissance traditional statistical (2) Only land use types were extracted
survey was analyses (B)NA
conducted before
sampling
Liang et al. Proximity Curvilinear (1) Atmospheric deposition and soil
(2017b) regression analysis (2) Only land use types were analysed
(3)NA
Hochella Jr Proximity TEM (1) Floodplains and riverbed sediments
et al. (2005) (2) Only mining activity
(3)NA
Quinton and  Proximity Traditional (1) Soil and water
Catt (2007) statistical analyses (2) NA, only land use types
(3)NA
Zang et al. Sampling station Receptor models, (1) Only one carrier of precipitation
(2021) and synchronous PCA, PMF (2) Natural environmental factors and human
equipment is influence
necessary (3)NA
Liang et al. High  sampling PMEF, Kriging (1) Only one carrier of soil
(2017a) density of seven interpolation (2) Only land use types
sites/ km? (3) Kriging interpolation maps
Li et al. Grid distribution Correlation analysis, (1) NA
(2017) point method PCA, Kriging (2) Only the land use types close to piles of mine
interpolation tailings were analysed
(3) Kriging interpolation maps
This study Covering entire SDMs; RDA; GLM; (1) Multiple carriers of river water, atmospheric
catchment; each GAM,; model deposition, soil, and sediment were analysed
dimension of selection and model (2) Systematic explanatory variables to represent

carrier has their
own sampling

density

averaging

environmental and human influential factors;
auxiliary variables of secondary carriers

(3) Spatial maps of HM ‘habitat’, ‘hotspot’ and
river transmission across the entire catchment

modelled by a SDM

Proximity is a sampling strategy that chose a short distance apart between different dimensions
of carriers at the same location. Abbreviations of the analytical methods used in Table 2-1
include absolute principal component score/multiple linear regression (APCS/MLR), positive
matrix factorization (PMF), generalised linear models (GLM), gradient boosted machine
(GBM), random forest (RF), transmission electron microscopy (TEM), principal component
analysis (PCA), species distribution models (SDMs), redundancy analysis (RDA) and
generalised additive models (GAM).
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2.2 Study area

The Heihe River Basin (HRB) has always been considered as a natural laboratory in many
research fields (Cheng et al., 2014). The HRB originates in the Qilian Mountains along the
northeastern margin of the Qinghai-Tibet Plateau (QTP) that is known as the ‘Third Pole of the
World’ (Fig. 2-2A). It flows 821 km, covers an area of approximately 14.3 x 10* km?, and the
mean annual runoff is 1.588 x 10° m? (Ge et al., 2013). It is separated into upper, middle, and
lower reach areas by the Yingluoxia Hydrological Station (YLX) and the Zhengyixia
Hydrological Station (ZYX) (green triangles in Fig. 2-2B).

The elevations decrease from above 5,000 m asl in the headwater area into nearly 900 m asl in
the terminal lakes (Fig. 2-2C). Topographically, the basin ranges from the Qilian Mountains in
the south, through the middle reaches in the Hexi Corridor Plain, to the foothills and Alxa plain,
which partly border the Badain Jaran and Tengger deserts. The main geomorphological
compartments include the glacier, alpine ice-snow and permafrost, water conservation forest,
piedmont oasis, and desert oasis (Li et al., 2020). On the one hand, these numerous natural
contexts provide a perfect research platform for the HMs transport among various carriers, but
on the other hand they cause a lot of troubles for field sampling and observation. In other words,
it becomes challenging to ensure the spatial consistent of carriers within a catchment by the
conventional design and framework. Hydrologically, the upper reaches, containing 88% of the
total annual water resources in the basin, is the main runoff generation area. Due to the
extremely arid climatic and over exploited of water resource, the mainstream in the lower
reaches becomes wide and sluggish, or even dried up in some sections, which hinders the

consistent water sampling in the field.

In terms of the climate conditions, the mean annual precipitation in the upstream areas ranges
from 200 to 700 mm, while mean annual temperature decreases with elevation from 4 to -3°C.
The vegetation includes the mountain grassland, mountain forest and shrub, and alpine meadow
(Li et al., 2020). The mean annual temperature in the middle stream district is about 3 to 7°C,
and the mean annual precipitation ranges from 50 to 200 mm, and annual potential evaporation
ranges from 2,000 to 3,000 mm. In the downstream, the average annual evaporation is 3,755
mm, the mean annual precipitation is 42 mm (Xi et al., 2010), and the ratio of annual potential
evapotranspiration to the annual precipitation is up to 100 (Lu et al., 2021). Typical desert
riverside forest, shrubbery, and pratoherbosa meadow vegetation grow along the river, mainly
including Populus euphratica forest, P. euphratica-Tamarix sp. mixed forest and Tamarix sp.
forest (Xi et al., 2010). The soil erosion in the middle and downstream areas is super serious

and frequent, and these areas are the main source region of the Loess Plateau. Therefore, these
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distinct natural backgrounds provide sufficient preconditions for extracting environmental

explanatory variables.
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Figure 2- 2. (A) The Heihe River Basin (HRB) locates in the northeastern margin of the Tibet Plateau
(TP) and the mainstream generates in the TP. (B) shows the main cities distribution, sections, road, and
GDP (10* RMB km) distribution. (C) The sampling sites in this study.

As for the social- economic conditions, the HRB covers three administrative provinces of
Qinghai, Gansu, and Inner Mongolia autonomous region. The upstream area is dominated by
animal husbandry, coupled with many small-scale mines. The mines had been placed into
operation since the 1980s due to the special metallogenic conditions and resources (Li et al.,
2020). Some mines were even located near glaciers where is the important water resource area.
The conservation policy of the Qilian Mountain National Park had been adopted by the
government in June 2017 to ban mining activity (Yan and Ding, 2020). The middle reaches,
where accounts 95% of the population and 88.7% of the economy contributions (Fig. 2-2B), is

renowned for its developed agriculture, nonferrous metals, steel, and petrochemical resources
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(Zhang et al., 2020b). The agricultural development in the middle stream has a history of more
than 2,000 years. It is a commodity grain base in the northwest region and has an important
social and economic status. With the implementation of the ‘Great West Exploitation Strategy’
and ‘Silk Road Economic Belt’, agriculture and industry in Hexi Corridor have developed
rapidly. The downstream district is a pastoral area mainly inhabited by ethnic minorities. The
tertiary industries are developing rapidly in recent decades. The tourist population had exploded
and increased from 0.03 million in 2000 to 1.1 million in 2015, and the tourism income
accounted for two-thirds of the tertiary industry in 2015 (Lu et al., 2021). The agriculture
chiefly includes cantaloupe and cotton farming, and animal husbandry with sheep and camels.
These regional social- economic characteristics are obviously distinct within the catchment.

Thus, this study area provides an ideal research site for this study.

2.3 Framework design

_[ 1. Secondary carriers ]_
I N

Carriers | | Soil | | Sediment | Wet deposition | | 2. Primary carrier
| l | ~ River water
I
Explanatory l Human Natural | I | Human | | Natural | I
variables | | |
| : | - |
. . i i - - ] Soil HM spatial layers
| | Variable importance: Redundancy analysis, Model :e]ec‘tmnl | | Sediment HM spatial lavers |
| | [ Jwet deposition spatial layers |
I \_ L)
Spatial | SOII;" GDP+ lllg.ht.llg].l'l‘f' Pwden51ty+ terrain . | Providing HM distribution
distribution | Sediment~ Precipitation+ Temperature+ terrain information in sscond carrierd
Wet deposition~ R_amount+ R_ intensity+ Humidity+ terrain |
\ ——— e -
[3. Transport mechanism ]_
{- ______ Y
| AS e = Secondary carriers+ human+ natural+ regional variables|
4. Outputs Model selection

T e = Secondary carriers+ human+ natural+ regional variables |
Quantitative assessment of HMs in water
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Top models defined by AICc criterion | Hg ;.o = Secondary carriers+ human+ natural+ regional van'ablesl
Making predictions by top 5 variables
Important weights analysis of variables

Model averaging | Cu ey = Secondary carriers+ human+ natural+ regional \-‘a.riahlesl

I Pb e = Secondary carriers+ human+ natural+ regional variables

Z s = Secondary carriers+ human+ natural+ regional variables,

Figure 2- 3. Flowchart of this study with specific information for each step.

There were 4 main steps in this research (Figure 2-3). (i) Create spatial distribution layers of
secondary carriers through SDM. In order to distinguish the effects of explanatory variables,
soil sampling sites were close to the human activity locations, while sediment and wet

deposition were far away from human activity. The importance analysis of explanatory based
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on RDA and model selection will be then performed, and important variables will be used for
prediction. (ii) Select systematic explanatory variables for primary carries, including human
footprint variables and environmental variables, as well as the HM layers of secondary carriers.
(iii) Relationships between HMs in river water and explanatory variables were analyzed by glm
and gam. (iv) The spatial distributions of HMs in river were predicted by SDM, considering all

the potential variables.

The methods and database used in this study were interpreted according to the main components
of SDM. The main steps for SDMs include (i) conceptualization, (ii) data preparation; (iii)
model fitting, (iv) performance assessment, and (v) outputs (Elith and Leathwick, 2009; Guisan

and Zimmermann, 2000).

2.3.1 Model conceptualization

In ecology, the SDMs use species presence-only data and explanatory variables to assess
species’ niches and predict their potential habitats. In other research fields, the various entities
are regarded as different ‘species’, and the areas showing the positive relations with research

objectives are defined as ‘habitat’, such as the ‘emotional habitat’ (Li et al., 2021).

In this study, each HM, like As, Cd, Pb, Zn in the geographic space can be regarded as the
‘species’, and the spaces where show high concentrations are regarded as the ‘Heavy metal
habitat’. And we can depict the relationship between HMs and their explanatory variables, then

predict HMs spatial distribution by the explanatory variables.

2.3.2 Data preparation

2.3.2.1 Field sampling of various carriers

For the purpose of this study, the primary carrier river water, secondary carriers soil, modern
fluvial sediment, and atmospheric deposition were sampled within the HRB catchment (see
Figure 2-2C). There was no sampling density or spatial consistent requirements for the primary
carrier collection but tried to cover the entire catchment scale. A sets of river water samples
were collected along the mainstream and tributaries of the HRB both in winter (December) and
summer (July) periods. All river water samples were filtered with 0.22 pm polycarbonate
membranes in the field into polythene bottles that had been thoroughly prewashed with
deionized water. Samples were stored at 4 °C until being shipped to the laboratory for further

HMs concentration analysis.

To further separate the influence from natural and anthropogenic variables, the secondary

carriers were sampled with intentions. The sites of collecting the soils were around typical land
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use types, for example the mining soils in the upstream, agricultural and industry soils in the
middle stream, and the livestock field soils in the downstream areas (Figure 2-2C). To obtain
representative samples, a series of standard soil sampling procedures were adopted (Li et al.,
2020). Approximately 1 kg of fresh soil was collected using a clean plastic dustpan and brush
and was stored in plastic bags at each site. On the contrary, the modern fluvial sediment samples
were collected from riverbed and floodplain. All the sampling sites were far from urban areas
and farmland to minimize the influence of human activity (Figure 2-2C). Each sample was
taken from the subsurface below 10 cm depth by using a precleaned spade. Prior to analysis,
both soil and sediment samples were air dried at ~20 °C; sorted through a 2 mm plastic sieve
to remove gravel-sized stones, large plant roots and other debris; ground; homogenized with an
agate mortar; and passed through a 200-mesh sieve (Zhang et al., 2020a). The atmospheric
depositions were collected at a Qinghai spruce and Qilian juniper forest sites, with an elevation
of 2850 and 3050 m asl respectively in the upstream of the catchment. The samples were
collected after each rainfall event, and stored in clean 2 L polyethylene bottles, and refrigerated
at 4 °C before analysis (Zang et al., 2021). The atmospheric deposition samples were filtered
through a 0.45 pm polyester fiber membrane filter. The filtrates (rainwater) were transferred to
clean polyethylene bottles and ultrapure HNO;3 was added to acidify the samples (pH < 2). The
particulates collected on the filters (particulate matter) were dried at 40 °C, then weighed and

refrigerated at 4 °C for further determination of elements.

The concentrations of HMs were measured by the inductively coupled plasma mass
spectrometer (ICP-MS, 7500a, Agilent, Santa Clara, CA, USA). For quality control and
assurance, blanks and standard reference materials (GBW07408 (GSS-8)) were processed using
same digestion procedure. For most of the HMs, the corresponding relative standard deviation
was below 5%. The grain size of the sediment was separated by bromoform with a specific
gravity of 2.89 g/cm?. A total of 37 sediments were used to analyze the relationship with
ecology factors, and 25 out of them were obtained to analyze the relationships with lithology.
All these samples were collected and analyzed around 2015, and finally a valid dataset of 94

water, 65 soils, 37 sediments and 8 wet depositions was collected for subsequent analysis.
2.3.2.2 Groups of explanatory variables

For the river water, we proposed two types of adequate and systematic explanatory variables
based on the physical processes. One is the main explanatory variables, including the natural
and human factors, the other is the auxiliary variables that we extracted from the corresponding
HMs from the secondary carriers. The sets of explanatory variables were selected based on
these principles: (a) variables can stand for typical natural and economic conditions in this

catchment, such as the social- economy status; (b) variables are closely related to HMs transport
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process, for example the frequent and strong erosions; and (c) variable has been proven by
previous studies to have a profound impact on the HMs, such as the terrains around the mining
sites. All these datasets were extracted from the social statistical, geographical information

system products, and remote sensing dataset.

Main explanatory variables

The main explanatory variables were presented in Table 2-2. Land use data, terrain data, and
meteorology data were all from the resources and environment data center of the Chinese

Academy of Sciences (RESDC) (http:/www.resdc.cn). Socio-economic data mainly included

spatial distribution data of a 1 km grid GDP, nightlight, and population density. Transport data
(railways, expressways, national highways and provincial roads) also came from RESDC.
Population data (the ratio of urban to rural population) and economic development data (GDP
and Engel coefficient) were obtained from The Statistical Bureau of Zhangye (2011). Finally,
five natural variables and eleven human variables were extracted.

Table 2- 2. Potential natural and human explanatory variables for HMs. NA represents ‘not applicable’
in the relevant research.

Variables Comments Resolution  Unit

natural variables

NDVI Normalized difference vegetation index 1 km NA
DEM elevation 30 m m asl
erosion soil erosion classification 1 km NA
temperature 500 m (&
precipitation 500 m 10'mm

human variables

GDP gross domestic product 1 km 10* RMB km?
P_ density population density 1 km inhabitants km
d road distance to road NA m

night light Range from 0 to 63 1 km NA

land 1 forests 30m m?

land 2 grassland 30m m?

land 3 water 30m m?

land 4 unexploited land 30m m?

land 5.1 agriculture and plantations 30m m?

land 5.2 urban and rural residential 30m m?

land 5.3 industry, mining 30m m?
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Aucxiliary variables

The corresponding HMs concentration in secondary carriers was defined as the auxiliary
variables to predict the primary carrier. Each carrier has their own sampling density during the
filed collection process. We first calculated the respective determinant variables for each
secondary carrier according to the SDMs model, and then predict their spatial distribution based
on these determinant variables by SDMs. Once the spatial maps of each carrier are built within
the catchment, the corresponding points can be extracted according to the location of the river
water sampling point, and the geographic location can be synchronized. This is also our main

methodology to solve gapl.

2.3.3 Model fitting

The choice of adequate modelling algorithms and desired model complexity should be guided
by the research objective and by hypotheses regarding the specific entities-variables
relationship (Elith and Franklin, 2013). According to the dataset characteristics, redundancy

analysis (RDA), model selection and model averaging were applied in this model fitting process.

2.3.3.1 Redundancy analysis

RDA was introduced here to deal with multicollinearity and which variables should be included
in the model. RDA is a powerful methodology to produce an ordination that regresses the
impact of a matrix of multiple explanatory variables. The multiple linear regression is
performed for the response variables in turn. The objects with similar variable values are

ordinated closer together, while different values are projected apart.

Before analysis, the datasets are needed to be normalized to reduce the influence of different
units. The qualitative variables are recorded as dummy variables (Legendre and Legendre,
2012), and they are different HMs species in this study. The explanatory variables with linear
correlation will be removed. Then a permutation test with 1000 was conducted to examine the
null hypothesis that no linear relationship exists between the response and explanatory variables.
The constraining variables significant was examined by permutation test with 100000, and the
determinant variables with higher significant value were remained when collinearity. The
proportion of variance explained by each RDA axis is presented by an eigenvalue. Considering
the extreme complexity of natural environment, the sum of the first two axes’ eigenvalues above
10% is acceptable (Badry et al., 2019). To the best of our knowledge, the RDA was the first
time to be applied in the HMs pollution area and will provide a more intuitive and direct concept

for the HMSs and variables.
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2.3.3.2 Generalized linear models

Generalized linear models (glm) allowing the response variables to have error distribution
models, have been widely used as an appropriate theoretic approach. Glm were applied in this
study to firstly examine the ability of a reasonable combination of explanatory variables to
explain variation of the HMs. Then the glm were applied to predict the spatial distribution of
HMs based on the above determinant variables. For the wet deposition, the glm were only used
for predicting spatial patterns, and the important variables were selected according to previous

research (Stankwitz et al., 2012; Zang et al., 2021).

Table 2- 3. The generalized linear models used in this study.

determinant variables selection

Soil land use+ GDP+ Population density+ nightlight+ distance to road
Sediment 1 NDVI+ precipitation+ temperature+ erosion+ grain size
Sediment 2 Zircon+ Apatite+ Rutilet+ Garnet+ Tourmaline+ [Imenite+ Magnetite+ Amphibole+

Epidote+ Pyroxene+ Limonite+ Sphene
Water human variables (GDP+ P_density+ nightlight+ d road+ Land use) +Natural
variables (NDVI+ precipitationt+ temperature+ erosion) +Secondary carriers (wet

deposition+ soil+ sediment)

Spatial distribution prediction

Soil [GDP+ nightlight+ P_density] + [terrain (dem+ slope+ tpi+ rough+ tri)]

Sediment [precipitation+ temperature] + [terrain (flowdir+ dem+ slope+ tpi+ rough+ tri)]

Wet [precipitation+ rainfall intensity+ humidity] + [terrain (dem+ slope+ tpi+ rough+
tri)]

water [GDP+ d _road+ nightlight+P_density] + [precipitation+temperature] + [Secondary

carriers] + [terrain (flowdir+ dem+ slope+ tpi+ rough+ tri)]

2.3.3.3 Generalized additive models

Generalized additive models (gam), where the response variable is not restricted to be linear in
the explanatory variables, were then introduced to further estimate the smooth components of
the glm models using smooth functions. The gam was introduced only for the primary carrier
analysis in this study. According to the characteristics of our dataset, only five important
variables were selected in the final models to depict the relationships between primary carrier

HMs and their explanatory variables.

Prior to model fitting procedure, natural and anthropogenic variables were scaled by subtracting

the mean and dividing by the standard deviation to enhance comparability of effect sizes across
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variables measured in different scales. The collinearity between the explanatory variables was

considered and only the most significant variables were retained for further analysis.

2.3.4 Model performance assessment

The models fitting should avoid overfitting or underfitting, and achieve a low generalization
error that characterizes its prediction performance. In order to identify such a model, model
selection and model averaging were used here to decide which model to select from candidate

model families based on performance evaluations.

2.3.4.1 Model selection

When multiple model algorithms or candidate models are fitted, model selection was
conducted to select the top model from a set of best models. The top model is the most
parsimonious combination of explanatory variables using the cross- validation process. There
are many selection criterions for model selection, and Akiake Information Criterion (AIC) is
the most commonly used criteria, which is a measure of the goodness fit of an estimated
statistical model (Burnham, K.P. and Anderson, D.R. 2002). The best models were then ordered
by the criteria of AIC. The AIC is a measure of fit that penalizes for the number of variables.

And AICc works better when the sample sizes are small:

_ 2K(K+1)
AlCc = AIC + 2222 (1)

Smaller values indicate better fit and thus the AICc can be used to compare models. Thus,
models with the lowest AICc are considered to be the top models, highlighting the included

variables and model support relative to other models within 2 AICc.

2.3.4.2 Model averaging

The model averaging was then proposed for addressing the issues of uncertainty in the choice
of probability distribution functions and the biased regression parameters during the model
selection process (Burnham and Anderson, 2002). According to the characteristics of our
dataset and the smooth functions, the selection of variables was based on: (a)whether
corresponding to the research objectives well; (b) whether consistent with the related results in
section 3.1 and 3.2; (c) sum of weights; and (d) whether collinear to each other. In this study,
only the most important five explanatory variables were retained in the final model set to predict

the relationships for each element in primary carrier.
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2.3.5 Outputs and visualization

Once we have estimated this HMs-explanatory variables relationship, we can make predictions

in space and in time by projecting the model onto available environmental layers.

The data extract, analysis, and maps visualization in this study were conducted in ArcGIS 10.5

(Environmental Systems Research Institute Inc.) and R v3.5.1 (R Core Team, 2018).

2.4 Results

2.4.1 Importance of explanatory variables for secondary carriers

2.4.1.1 Human driven factors via soil carrier
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Figure 2- 4. Triplot of Redundancy analysis (RDA) showing the effects of human activity variables on
soil heavy metals (R square=0.60). The yellow circles are the soil sampling sites, purple vectors
represent the effect of explanatory variables.

For the HM concentrations in soil, all the peak values were recorded in the middle reach areas,

where the average concentration of As in middle areas was even 20 times as that in the upstream

areas (Table 2-4). According to the results of RDA, the GDP and ‘distance to road’ played an

important role along the first axis, while other explanatory variables along the second axis

(Figure2- 4). The elements of As, Zn and Pb correlated with the GDP, especially in the middle

stream areas. On the opposite, the ‘distance to road’ was related to the downstream area. Cd
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centered in the coordination system, showing a correlation with most of the explanatory

variables. The land use types of forest and mining played an important role in the upstream area.

Table 2- 4. Average heavy metal concentrations of different carriers during summer period.

Carrier As Cd Cr Cu Hg Pb Zn unit

up 0.53 0.08 3.98 293 011 537 38.98 pg/L
water middle  0.68 031 4.67 354 033 698 32.42

down  0.56 025 3.62 357 025 574 49.17

up 15.36 1.64 3544 3487 0.04 2472 107.62  mg/kg
soil middle 320.55 2.70 91.68  46.03 0.06 1456.15 1030.23

down 1.45 021 29.12 1488 0.02 4.72 55.57
wet deposition 0.22 037 259 6.87 0.04 4.20 - ng/L
sediments - - 25517 - - 28.79 - mg/kg

Table 2- 5. Top models identified through model selection based on AICc. df= Degrees of freedom.
Weight= Akaike weight.

HM smoothed variables df loglik AlCc weight
soil
Arsenic d_road+ GDP+ nightlight 5 -388.05  787.12 0.33
d_road+ GDP+ land5.3+ nightlight 6 -387.58  788.6 0.16
Cadmium d road+ GDP+ land2+ P_density 6 -119.68  252.81 0.11
d_road+ GDP+ land2 5 -121.03  253.07 0.1
Lead d_road+ GDP+ nightlight 5 -495.92  1002.86 0.43
d_road+ GDP+land_3+ nightlight 6 -49546 100436 0.2
Zinc d_road+ GDP+ nightlight 5 -471.43  953.87 0.11
d_road+ GDP+ land_5.2+ nightlight 6  -470.28 954.01 0.1
sediment
" Chromium  2000um+ mean size+ temperature 5 -18593 38416  0.14
Garnet+ Zircon 4 -152.16  314.32 0.23
Nickel 63um+ 500pum+ mean size 5 -140.64  293.58 0.24
Garnet+ Zircon 4 -123.19  256.37 0.32
Lead land 3+ precipitation 4 -108.89  227.27 0.09
Magnetite+ Sphene 4 -79.28 168.55 0.66
water
Arsenic d_road+ precipitation 4 -9.12 27.19 0.09
Chromium  Cr.sedi+ Cr.wet 4 -77.48 163.92 0.22
Cooper d_road+ land 2+ land 5+ nightlight 8 -57.93 135.65 0.16
Mercury d_road+Hg.wet+land2+land3+land4-+land5+nightlight 11 447 -59.86 0.04
Lead d_road+GDP+land5.1+P_density+Pb.sedi+Pb.wet 8 -92.16 204.1 0.09
Zinc d_road+GDP+land 1+land2+land4+land5.1 8 -169.17  358.13 0.39
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element.sedi: the related element concentration in sediment; element.wet: the related

element concentration in wet deposition.

Top models with low AICc values were listed in Table 2-5. The top 2 models for each HM
content in soil were listed in the Table 2-2. We hypothesized that the soil HM contents might
be predominant by the different land use types, but only land use type of grassland showed
correlation with Cd from the top 1 model. While ‘distance to road’, GDP and nightlight

played a relatively more important role in correlated soil HMs than the different land use

types.

2.4.1.2 Nature driven factor via sediment carrier

The tri-plot of Figure 2-5a showed that the grain sizes of 0-63, 250-500 pm explained together
54.8% of the total variance of the HM data. The 0-63 um size showed significant influence in
the downstream area. The upstream area was related to high precipitation. For the lithology
RDA (Figure 2-5b), the Ilmenite, Garnet, and Magnetite played an important role in the first
axis (36.54%). The upstream was related to Epidote rocks, while downstream was correlated to

Sphene and Tourmaline.

The ‘500-2000pum grain size’, the ‘mean size’, and ‘temperature’ were the best predicted
parameters for Cr in the sediments (Table 2-5). And the ‘Garnet’ and ‘Zircon’ lithology
influenced Cr heavily. For Ni, the ‘0-63 and 250-500 grain sizes’ showed strongest correlation,
as well as the same lithology factors from Cr. On the opposite contrary, the grain sizes showed
no significant impacts on Pb, but the ‘land use type of water’ and ‘precipitation’ played an
important role. And unlike Cr and Ni, the lithology type of Magnetite and Sphene predicted the
Pb best (Table 2-5).
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Figure 2- 5. Tri-plots of Redundancy analysis (RDA) showing the effects of grain sizes and lithology
on sediment heavy metals (R square=0.56 and 0.38, respectively). The yellow circles are the sediment
sampling sites. Purple vectors represent the effect of environmental variables, the red triangles are the
catchment segments, and the green characters are plotted as the response variables. 63pum:0-63 um; 500
um:250-500 pm; 2000 um:500-2000 pm; mean size: the mean size of all the sediments; erosion: soil
erosion classification. The eigenvalue is the proportion of variance explained by each RDA axis.
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2.4.2 Spatial distributions of secondary carriers modelled by SDM

2.4.2.1 HMs in soil
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Figure 2- 6. Predicted distributions of soil heavy metals (Unit: mg/kg).

The explanatory variables we used to predict the HM distribution in soil are listed in Table 2-
3, including GDP, nightlight, and population density, as well as the terrain characteristic factors.
The concentrations of As, Pb, and Zn showed peak values around the big cities in middle areas,
especially Jiuquan and Jiayuguan where are typical industrial cities in northwestern China.

While the concentration of Cd had high values across the upstream areas (Figure 2-6).

2.4.2.2 HMs in sediment
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Figure 2- 7. Predicted distributions of sediment heavy metals (Unit: mg/kg).

The precipitation amount and temperature were selected as the explanatory variables according

to the results of glm (Table 2-5), and the terrain factors were also considered in the SDM to
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predict the spatial distribution of HMs in the sediment. The concentrations of all the HMs
showed an increased trend from upper reaches to lower reaches, especially Pb showing the most
obviously increasing characteristic in the downstream areas (Figure 2-7). However, high values
of each element in the upstream were distributed in dots, reflecting the influence of the

hydraulic sorting process.

2.4.2.3 HMs in wet deposition

Precipitation amount, rainfall intensity, humidity, and terrain factors were selected as the
explanatory variables to predict the spatial distribution of HMs in wet deposition (Table 2-5).
Output maps showed that the high values of HMs in wet deposition were distributed in the
downstream areas, but relatively lower in the upstream and middle stream segments. These
features might be explained by the scavenging effect and washout process of precipitation. In
downstream areas where precipitation is scarce, HMs will continuously be accumulated in
atmospheric particles, so high concentrations of HMs were observed during the limited
precipitation events. On the contrary, the large amount and high frequency of precipitation in

the upstream areas made the concentrations of HMs relatively lower.

00 05 10 15 20 25 0 100 200 300 400 500
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Figure 2- 8. Predicted distributions of wet deposition heavy metals (Unit: pg/L).
2.4.3 HM transmission at large scale catchment
In summer period, the highest values of As, Cd, Cr, Hg and Pb in river water were all from the

middle stream segments, while the upstream areas had the lowest values for most of the HMs
(Table 2-4).

2.4.3.1 Spatiotemporal distributions of heavy metals in river water

Except for Cu and Zn, the other four elements in the middle reaches were significantly higher
than those in other sections. As and Cr in the middle reaches were significantly higher in winter

than in summer, while Cu and Hg showed an opposite trend (Figure 2-9).
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Figure 2- 9. The temporal and spatial distributional characteristics of water heavy metals. (Down:
downstream, Middle: middle stream, Up: upstream).

2.4.3.2 Importance of variables for HMs in river water
According to the top models for water HMs (Table 2-5), As only showed correlation with
‘distance to road’. Top model for Cr was explained by the Cr content from sediment and wet

deposition. In terms of Hg, it was influenced by the ‘distance to road’, injection from the wet

deposition, ‘night light’, as well as most the land use types except for forests.
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The importation from sediments and wet deposition played an important role in the water Pb
concentration, as well as the economic parameters, including ‘distance to road’, GDP, ‘land use
type of agriculture’ and ‘population density’. None of the ecology variables were presented in

the top models for water HMs according to the AICc selection.

2.4.3.3 Relationships between HMs in river with all explanatory variables

Table 2- 6. Generalized Additive Models describing the response of water heavy metals to the major
explanatory variables. Approximate significance of smooth terms.

HM variables Edf refdf F P weights N DE
Arsenic d road 1.00 1.00 723 0.01 1 5 31.30%
GDP 229 277 1.14 028 042 2
precipitation 134 1.57 0.10 0.12 0.13 1
As.wet 1.00 1.00 0.07 0.79 0.13 1
As.soil 196 235 159 0.18 0.12 1
Chromium d road 1.57 194 0.65 0.07 1 5 48%
GDP 1.00 1.00 4.62 0.04 0.54 2
precipitation 5.73 6.75  2.65 0.03 0.87 4
Cr.wet 1.00 1.00 3.05 0.09 0.63 3
Cr.sedi 1.00 1.00 029 0.59 0.13 1
Cooper d_road 1.00 1.00 2.02 0.16 0.63 8  41.50%
GDP 149 178 049 061 0.5 7
precipitation 1.00 1.00 249 0.12 0.38 5
Cu.wet 1.00 1.00 3.02 0.09 0.24 3
nightlight 568 657 171 0.19 024 4
Mercury d road 1.00 1.00 0.54 047 - - 76.50%
GDP 219 274 1.19 030 - -
precipitation 2.27 2.80 554 0.01 1 2
Hg.wet 737 824 3.03 001 - -
land_5.1 1.00 1.00 093 034 0.59 1
Lead d_road 1.00 1.00 146 023 051 4 46.10%
GDP 1.00 1.00 193 0.17 0.39 3
Pb.wet 147 176 433 0.08 0.58 4
Pb.sedi 291 355 1.61 025 048 3
Pb.soil 235 2.80 335 0.02 1 7
Zinc d_road 1.00 1.00 399 0.05 033 2 4130%
GDP 1.00 1.00 226 0.14 0.67 4
Zn.soil 410 483 246 0.06 0.67 4
land_1 1.00 1.00 083 037 042 2
land_5.1 1.66 2.06 069 053 0.14 1

Edf= Degrees of freedom estimated to model. Ref.df= Degrees of freedom estimated to
waste. F= Significance of smoothed terms. P=P value. DE= Deviance explained. weights=

sum of weights (relative importance values, for each explanatory variable). N= N
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containing models (the number of times that each explanatory variable was included in

the total models).

According to the research objectives and the importance analysis of the variables (Table 2-5),

the top five significant variables were chosen as the final variables to explain the HMs in river

water. The ‘distance to road’ showed negative relationships with As, Cu, Hg and Pb, but a

positive influence for Zn, and a non-linear relationship with Cr (Figure 2-10). The GDP had

positive relationship with Pb, but negative with Cr and Zn. While for As, Cu and Hg, the GDP

showed a negative trend at first until the GDP increasing to 500, then turned into position

relationships. The precipitation had positive relationships with As and Cu, but roughly negative

relationships with Cr and Hg. The influence from wet deposition, showed positive relationships

with As, Cu and Pb, but negative with Cr, and non-linear relationship with Hg. The influence

of HMs from soil carrier played important roles in As, Pb, and Zn. It firstly showed a positive

trend, but then turned into negative trend when the concentration of As and Pb were around 7.5

ppm.
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Figure 2- 10. Smoothed fits of relationships between variables and water heavy metals.
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2.4.3.4 HM habitats and hotspots in river water
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Figure 2- 11. Predicted distributions of heavy metals in river water, without considering the related
heavy metals in secondary carriers (Unit: pg/L).

The human footprint variables, including GDP, population density, nightlight, distance to
road, and land use types, together with the environmental variables, including NDVI,
precipitation, temperature, and erosion classification were chosen as the explanatory variables
in SDM to predict the HMs in river water. In order not to discount the influence of HM
transport in catchment scale, the related HMs from secondary carriers were also considered in
our study. And the output maps without and with considering the HMs in secondary carriers
were presented in Figure 2-11 and Figure 2-12 respectively, and the latter method
significantly improved the prediction accuracy. For instance, there were new high
concentrations of As around the cities if we considered the contribution of arsenic transport

from soil and wet deposition (Figure 2-12). Many high concentration points of Pb were
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predicted in the upstream area when we considered the impact of Pb from the three secondary
carriers, which further reflected the impact of human activities in the upstream. Additionally,

the predicted concentrations of Hg and Pb showed an increased trend after we joined the HMs

in secondary carriers.
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Figure 2- 12. Predicted distributions of heavy metals in river water, with considering the related heavy
metals in secondary carriers (Unit: pg /L).

2.5 Discussion
2.5.1 Improvement of methodologies for HM mapping

Many methodologies have been developed to study the HM mapping and transport mechanism,

and their pros and cons are discussed here. Source apportionment is one of the most important
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methods to identify pollutant sources and quantify their contribution. Many published studies
have employed the receptor models as source apportionment tools. Enrichment factors (EF) and
Principal component analysis (PCA) models are two relatively simple receptor models, and
have been applied widely in the HMs source apportionment research (Cable and Deng, 2018;
Lv, 2019). PCA, as a linear technique for dimensionality reduction, could transform many
HMs into few principal components (PC) corresponding to a certain source (Li et al., 2017).
However, PCA cannot interpret the quantitative contributions of natural and human sources to
HMs (Lv, 2019). The introduction of multivariate receptor models can help to quantify the
source apportionment of HMs, such as the absolute principal component score/multiple linear
regression (APCS/MLR) and positive matrix factorization (PMF). These receptor modellings
use physical and chemical characteristics of pollutants to identify and apportion their
contributing sources (Taiwo et al., 2014). However, there are four main limitations in these
models. (i) Taiwo et al. (2014) underlined that the classification of potential sources and the
understanding of different transport processes within each particular source are required before
applying these models, considering the significant difference in potential origins. And the
combination of two or more of these receptor models is strongly suggested to evaluate the
uncertainties associated with different models. (ii) These methods ignore the spatial correlations
between sampling points, which will increase the uncertainties and errors in subsequent
calculations (Lv, 2019). (iii) Unlike the identification of comparable contributions from various
sources, these methods are unable to assess the importance of the different variables in the
modelling process (Hu et al., 2020). (iv) Further, few receptor models have succeeded in
predicting the relationships between HMs and explanatory variables, and this detailed
information is exactly necessary for governing the elevated levels of HMs contaminants. So,
digging the relations between HMs and potential variables should be an important research

direction to make up the limitations of receptor models.

Technically, some technologies have been developed to measure the HMs transport and
transformation from nanoparticle scale. Studies have demonstrated that combining the
transmission electron microscopy (TEM) and multielement detection is a more accurate and
effective way to directly provide the morphological information of HM transport process on
micro level (Hassellov and von der Kammer, 2008; Hochella Jr et al., 2005). However, these
nanoparticle technologies require considerable cost, time, and effort, and may be very sensitive
to experimental settings, which regrettably hinders their promotion to a wider catchment range.
Statistically, the statistical analysis is fortunately a powerful method to find the relationships
between HMs and explanatory variables. The traditional statistical algorithms, such as the
respective linear models, have been applied in previous research (Nickel et al., 2014; Sharma

et al., 2008). The advancement of machine learning and effective computing technology
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provides a new perspective regarding HMs transport mechanism, including the generalized
linear models (GLM), gradient boosted machine (GBM), and random forest (Hu et al., 2020),

etc.

And in this study, the GLM, GAM, model selection, and model averaging which can
quantitatively identify the relationships between different variables, were introduced.
Compared to PCA and other receptor models, the RDA can not only qualitatively analyze the
source, but also quantify the explanatory effect and analyze the relationship between samples
in different clusters. The combination of interdisciplinary and multi-methods facilitates the

improvement of the purposes of this research.

2.5.2 Overcoming the challenges of field sampling with SDM

The sampling strategy in field is a core scientific issue for studying the interactions among
various carriers. Geographical continuity is an important prerequisite for establishing
connections between different carriers. To ensure this, the main solution of previous research
is the ‘proximity’ strategy during the sampling process (Table 2-1). The typical research
includes the proximity between the soil and river water (Hassellov and von der Kammer, 2008;
Quinton and Catt, 2007), soil and crops (Hu et al., 2020), atmospheric deposition and soil
(Liang et al., 2017b), atmospheric deposition and vegetables (Sharma et al., 2008), flood plain
and riverbed sediment (Hochella Jr et al., 2005).

However, current methods of studying carriers’ interactions are challenging to ensure the
spatial consistence of carriers, which will discount the accuracy of subsequent analysis. There
are two limitations in this proximity design. Firstly, for each sampling point, the sampling
conditions are site specific in situ, and this will definitely increase the difficult for collecting
multi-dimensional carriers in one site. Complicated terrains, harsh weather, undeveloped public
transport system, and other constraints at the field work make it very difficult or even
impossible to collect multi-dimensional carriers at the same location (Li et al., 2020). Secondly,
for the entire catchment, especially with large scales, different carriers’ collecting sites cannot
distribute at the same sampling density or rate under actual circumstances. A dearth of
consistent data for different carriers is often credited as a major limitation for HMs interaction

research.

The data requirement in SDM is the presence only data, that is, just recording where the
presence of the species is observed. It can be seen that SDM has relatively low sampling
requirements and is very friendly to scientific problems that cannot provide continuous
sampling over large space. The sampling in this study was based on SDM requirement, and

collected different carriers in typical areas across the entire catchment as much as possible.
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2.5.3 Providing possibilities for systematic explanatory variables

Insufficient explanatory factors will affect the completeness and accuracy of the analysis results.
The selection of appropriate indirect and direct potential variables has been identified as a key
step of identifying the HMs sources and depicting the transport processes (Nickel et al., 2014).
Estimating the explanatory variables has previously been undertaken using three main
conventional approaches. (i) Collecting samples in typical land use areas, so land use is the
prevailing explanatory factor (Li et al., 2017; Liang et al., 2017a; Liang et al., 2017b; Sharma
et al., 2008). This means that a systematic reconnaissance survey was required to evaluate the
land use types or other information before sampling (Sharma et al., 2008). (ii) This method is
also applicable to point source pollution. Sampling needs to be taken next to typical site point
with pollution activities (Hochella Jr et al., 2005; Liang et al., 2017b; Quinton and Catt, 2007).
The mining operations are important point sources in previous research, like the waste rock and
smelter waste (Liang et al., 2017b). (iii) For some specific experimental sites, a series of
synchronous observation equipment is necessary. For example, at the location where the
precipitation is collected, the synchronous equipment should be arranged to record the rainfall

amount, intensity, duration, and wind speed, etc. (Zang et al., 2021).

Nevertheless, compliance sampling networks are not usually designed to obtain data for the
above conventional methods. The observables, locations, and time periods to estimate HMs
transport processes are also limited by the complex field situations and the lack of observation
sites. Recently, Hu et al. (2020) proposed that the use of geographic information system, remote
sensing products and other geographical information to extract explanatory variables is a very
time-saving and efficient method. But this study only used land use maps as auxiliary variables
and did not involve other human variables. More importantly, in addition to these two major
categories of environment and human factors, few studies have used the secondary carriers as

explanatory factors to explain and predict the primary carrier.

The Species distribution models (SDMs) were introduced and proposed here. SDMs can predict
a species’ probability of occurrence across a landscape by combining the species presence data
with its explanatory variables (Kearney and Porter, 2009). Another important advantage of
SDM is that it can superimpose and calculate many explanatory variables at the same time, and
the promotion of GIS and other products provides convenience for the extraction of these
variables information. In this study, we systematically collected almost all available GIS
products in this area. Before choosing the final variable, we also evaluated the importance of
each variable through RDA and model selection. Then the most influential explanatory
variables were selected according to the importance results and research purposes. This

research is also the first attempt to take the corresponding concentrations in the secondary
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carriers into consideration, as a factor for the transport of HMs between different carriers to
predict the distribution of HMs in river water. Comparing to the output maps without secondary

HM concentrations, our final results can improve the prediction accuracy.

2.5.4 Potential of SDM in predicting the spatial distributions of HMs

The spatial distribution of HMs has been regarded as an important part of contaminant risk
assessment (Li et al., 2017). The performance of current HM spatial prediction methods is not
perfect enough. The HM spatial distribution is a powerful tool to estimate the environmental
pollution. The Kriging interpolation is one of the most prevalent spatial interpolation methods
in previous study (Li et al., 2017; Liang et al., 2017a). Strong evidence has shown that
increasing the sampling density is the main approach to improve the accuracy of predictions
(Lv, 2019). But these conventional interpolations ignore the influence of many determinants,
and more attention should therefore be paid to investigate factors that could govern HMs
transport and distribution (Li et al., 2017). Some studies had tried to tackle with this problem.
Lv (2019) explored to apply the geostatistical techniques to estimate the HMs spatial
distribution based on the factors resulting from the receptor models. Nickel et al. (2014)
proposed to combine multivariate generalized linear models with Kriging interpolation to create
HMs maps at a high level of spatial resolution. However, both these two studies tried to ensure
the accuracy of prediction by increasing the sampling density (Table 2-1), which often
encounters the field sampling problems. In addition, lots of preparatory work for these two
studies was required and this undoubtedly increased the complexity of spatial prediction. For
example, the explanatory variables must be calculated and selected through the acceptor models

beforehand.

The prediction results of SDM in this study were not only considered the influence of the
background such as topography, water flow direction, etc., but also taken into account the
influence of human activities. This is a significant improvement over the predicted results of
previous studies. For example, our soil sampling points are not distributed in Jiuquan and
Jiayuguan areas, but the SDM model predicted that there were peak values in this place. The
high values distribution of these HMs was consistent with t previous studies, which proved the

feasibility and universal applicability of our model.

2.6 Conclusion

The spatial inconsistence and scarcity of the field observations are profoundly hindering our
ability to map HMs over large areas and understanding of the interactions among their carriers.

To address this issue, this study developed a novel methodological framework for mapping
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heavy metal contamination over HRB with a species distribution model. We applied this
framework with field samples of HMs to model the HM ‘habitats’ and identify contamination

‘hotspots’ across the catchment.

Results found that all the peak values of HM concentrations of soil samples were recorded in
the middle reach areas. The variables of distance to road, GDP, and nightlight played a
relatively important role in soil HMs. The output maps of HMs from soil, sediment, and wet
deposition could respectively reflect the influence of industry contaminants, hydraulic sorting,
and precipitation washout process, which proved the rationality of SDM in predicting the spatial
distribution of secondary carriers. Concentrations of As and Cr of the river water in the middle
reaches were significantly higher in winter than in summer, while Cu and Hg showed an
opposite trend. Both the human footprint variables and environmental variables made
contributions to the HMs in river water. All these variables, together with the HM transport
from secondary carriers were selected explanatory variables in SDM to predict the HMs in river
water, which helped improve the prediction accuracy. The methodological framework proposed
in this study facilitates future rigorous exploration in Hydrological chemistry and pollution

research.
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Chapter 3. Hydraulic connections between groundwater and surface water at different

hydrological units in arid regions
Abstract

The hydraulic connections between different hydrological units play an important role in
assessing the water resources, and these connections could be very complicated in the arid
regions due to the extremely frequent interactions between surface water and groundwater, as
well as the spatial inconsistency of river water across large scales. The active shallow
groundwater is not only affected by interactions from surface water and deep groundwater,
but also by a series of natural and human factors. An accurate understanding of the
relationships between shallow groundwater and these explanatory variables has always been a
knowledge gap that restricts hydraulic connection research in arid regions. The Badain Jaran
Desert (BJD) and two adjacent catchments of the Heihe River Basin (HRB), Shiyanghe River
Basin (SYH), from northwestern China were selected as the typical hydrological units.
Surface water, shallow groundwater and deep groundwater were systematically sampled
along with the potential groundwater flow directions. The end member mixing analysis
(EMMA) was applied to analyze the potential water quantity connections between these
different units, and then the species distribution model (SDM) was introduced to predict the
spatial distributions of contaminant tracers, which considered both the geological and
hydrological factors. Finally, the relationships between shallow groundwater and explanatory

variables were explored by model selection and model averaging.

Results found that (a) the chemical evolution of most water types was mainly controlled by
rock dominance, (b) the spatial distribution of highest values in shallow groundwater sulfates
coincided with the locations of typical industrial cities according to our output maps, and (c)
in addition to the sulfate replenishment from surface water and deep groundwater, the sulfates
in shallow groundwater were also affected by regional variables such as population density,
and the Mg2+ and EC contents in surface water. The introduction of the EMMA and SDM
methodologies can help improve the accuracy of predicting the spatial distributions of
groundwater. These results can also provide new ideas for revealing the hydraulic

connections, and especially water pollution between different hydrological units in arid areas.

Key words: hydraulic connection, hydrological unit, arid regions, water quantity interaction,
water quality, major soluble ions, stable isotopes, end member mixing analysis, species

distribution model, Badain Jaran Desert, Heihe river basin, Shiyanghe river basin

Highlights:
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* Systematically sampling typical water samples is the prerequisite for analyzing the

hydraulic connections between adjacent hydrological units;

* The EMMA model can quantitatively analyze the water quantity interactions between

surface water and groundwater in different hydrological units;

* The conceptual structure of EMMA provides a platform and theoretical basis for studying

water contaminant transportation;

* Geological background and hydrological factors affect the spatial distribution of

geochemical contents of groundwater;

* Sulfates in shallow groundwater were affected by replenishments from both surface water

and deep groundwater, as well as some regional variables

3.1 Introduction

The hydrological cycle plays an important role in various environmental compartments of
Earth (Mook and Rozanski, 2000). It not only provides water for life and production, but also
helps maintain the ecological balance (D’Odorico et al., 2019). However, if the water body is
polluted, the contaminants will be spread throughout the hydrological cycle, posing a great
potential threat. Hydraulic connection is an important indicator that reflects the hydrological
cycle (Lehr et al., 2015), and it includes two primary criteria, the water quantity interaction
and water quality connection (Banks et al., 2011). Evaluating the mechanisms of hydraulic
connections is essential for a clear understanding of the hydrological cycle, especially the

water contaminant movement in and out of the aquatic ecosystems.

A hydrological unit refers to a specific drainage area with unique geographic characteristics
that usually have obviously distinct hydrographic or topographic boundaries (Kwon and Kim,
2010; Seaber et al., 1987). These boundaries are just like administrative boundaries, so the
hydrological unit is also defined as the ‘hydrological province’, such as the desert and
adjacent catchment (Wang et al., 2018). There is little hydraulic connection between
neighboring hydrological units in surface water due to the boundaries, but the conditions in
groundwater could be more complicated. For example, the fracture networks (Chen et al.,
2004), connected aquifers, or non-zero hydraulic heads difference between adjacent
hydrological units (Gates et al., 2008), provide possibility for groundwater flow interactions
across the unit boundary (Wang and Zhou, 2018). In addition, the infiltration recharge,
various groundwater levels, unclear geological and aquifer conditions, further affect the

connections between different hydrological units. This study defines surface water as Layer 1
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(L1), and includes: river water, lake water, and reservoir water, while shallow phreatic

groundwater is defined as Layer 2 (L2), and deep confined groundwater as Layer 3 (L3).

The hydrochemistry method is the most straightforward and cost- effective way to trace and
interpret such hydraulic connections information (Wang et al., 2018). The hydrochemistry
tracers include major soluble ions, pH, EC, TDS, and stable isotopes etc., but in order to
distinguish isotopes in this study, the term “hydrochemistry method” excludes them. The
hydrochemistry methods offer advantages over some physically based methods like large
water level gauging or monitoring networks, not only due to a much lower cost (Cook et al.,
2013), but also providing more accurate information on interaction and transportation over
large spatial regions. These advantages enable water chemistry methods to be widely applied
for ascertaining source and origin, or geochemical evolution processes (Liu et al., 2015), the
interactions between different water bodies (Maurya et al., 2019; Wang et al., 2018), and
monitoring the contamination transport and accumulation mechanisms in the hydrological
cycles (Hatzinger et al., 2013; Khalil et al., 2015; Liu et al., 2019). The research scale has
been spatially extended to Arctic and Antarctic areas (Hodson et al., 2002; Hoshina et al.,
2016; Hoshina et al., 2014).

Water interaction and transportation have obvious regional characteristics because they are
affected by a wide range of factors, such as different climate backgrounds, geology, land use
conditions, etc. (Klaus and McDonnell, 2013). This research will focus on the hydraulic
connections in arid and semi-arid regions. Compared with other climate zones, common
features of arid land include low and irregular precipitation, high temperatures, high
evaporation rates, and fragile ecological environments (Liu et al., 2015; Wang et al., 2015).
These characteristics have caused multiple interactions and reuseof surface water and
groundwater, which is the most unique hydrological phenomenon in arid regions. Arid land
occupies more than one third of the earth's land surface, and can be found in the Midwestern
United States, Australia, Northwest China, Israel, and Africa etc. A thorough understanding
of the hydraulic connections between different hydrological units in arid regions is necessary
for water resources regulation and water quality protection on a global scale, which is
important for the decision-making processes regarding sustainable development of the region

(SDG6) (Sadoff et al., 2020).

Previous studies on the interaction and transportation of water bodies between different
hydrological units in arid and semi-arid areas mainly focused on solving the following
questions. (i) Although there is little hydraulic connection between different hydrological
units in L1, what are the conditions for L2 and L3? (ii) How to quantitatively interpret the

vertical hydraulic relationships between L2, and L1, L3, including the transportation of water
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contaminants? (iii) The L2, shallow groundwater is susceptible to human activities, but how
to quantify these human influences? (iv) How to map the spatial distribution of

hydrochemistry tracers in groundwater L2, L3, and improve the accuracy?

Previous studies' attempts to solve these general problems were listed in Table 3-1, including
both pros and cons. For instance, the conventional hydrograph separation methods, including
the End Member Mixing Analysis (EMMA) (Guo et al., 2019; Khalil et al., 2015; Klaus and
McDonnell, 2013), Bayesian isotopic mixing model (Hu et al., 2019; Jin et al., 2019), and
other tracer-based methods, can quantitatively discover the interactions between different
water bodies. It is worth noting that the conceptualized models of flow contribution and
runoff generation based on these mass balance methods, can help improve accuracy by
minimizing the influence of infiltration rate, geology and other conditions that affect
groundwater movement, especially for large spatial scales. The LMWL (local meteoric water
line) method can intuitively and effectively reflect the contribution of local precipitation, as
well as other water bodies (Wu et al., 2017; Zhao et al., 2012). The introduction of other
novel technologies, such as membrane-vaporization tools (Freyberg et al., 2017), fault system
models, as well as GPR (ground penetrating radar) and gravimetric analyses (Wang and Zhou,

2018), has helped improve the accuracy of research on hydraulic connections.

However, it will face the challenge that whether the sampling sites can represent the typical
hydrogeological background over large scales due to the unique hydrological phenomenon in
arid areas, such as the spatial inconsistence of river water and frequent interactions. In
addition, most studies on the contaminant transportation focused on the point source
pollutions (Hu et al., 2019; Minet et al., 2017), or along with the river body (Khalil et al.,
2015), and the geographic continuity and spatial georeferenced attributes of the sampling sites

have been ignored to evaluate groundwater quality on a larger spatial scale.

Table 3- 1. Summary of relevant studies conducted previously for investigating the hydraulic
connections between surface water and groundwater of various hydrological units in arid regions (The
current paper is added for completeness). Four components in the 'Key results' column are identified by
the code:(1) Interactions between different boundary conditions;(2) Vertical interactions between
surface water and groundwater;(3) Identify human influence;(4) Spatial maps of groundwater. NA
represents ‘not applicable’ in the relevant research.

Study Water bodies Methods Key results

(Klaus and Precipitation, soil ~ hydrograph (1) Watershed scale

McDonnell, water, river, separation, EMMA (2) NA

2013) shallow (3) Mined and mining reclamation
groundwater (4)NA
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(Wuetal.,
2017)

(Chen et al.,
2004)

(Hoshina et
al., 2016)

(Freyberg et
al., 2017)

(Wang and
Zhou, 2018)

(Liu et al.,

2015)

(Khalil et al.,
2015)

(Guo et al.,
2019)

(Wang et al.,
2013)

(Zhao et al.,
2012)

lake, spring,
shallow

groundwater

lake, spring,
rainfall,

groundwater
shallow ice cores,

sSnow pits

river, precipitation

groundwater,

lake, river water

lake, groundwater

Groundwater,
canal water,

waste water

groundwater

rainfall, river,
lake, spring,

groundwater

precipitation,
spring,

groundwater

LMWL

LMWL

correlation analysis

membrane-

vaporization tools

Fault system

models; LMWL

Piper diagram,

LMWL, Gibbs

EMMA

EMMA, LMWL

EMMA, LMWL,
Gibbs

LMWL
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(1) Desert, lakes

(2) Only shallow groundwater

(3)NA

(4) NA

(1) Desert, catchment

(2) Only shallow groundwater

(3)NA

(4) NA

(1) Antarctica

(2) Surface snow pits with deep ice cores
(3)NA

(4) NA

(1) Catchment scale

(2) NA

(3)NA

(4) NA

(1) Desert, catchment

(2) NA

(3)NA

(4) NA

(1) Catchment scale

(2) Quaternary groundwater, the shallow
Cretaceous groundwater, and the deep
Cretaceous groundwater

(3) Groundwater exploitation

(4) NA

(1) Canal scale

(2) Quaternary aquifer, Miocene aquifer
(3) Pumping for irrigation and reclamation
activities

(4)NA

(1) Endorheic basins

(2) L2, semi-confined groundwater, Confined
groundwater

(3) Irrigation-based agricultural practices
(4) NA

(1) Catchment with neighboring desert
(2) Layer1, Layer2, Layer3

(3)NA

(4) Simple interpolation

(1) Catchments with neighboring desert
(2) NA

(3)NA

(4) Kriging interpolation



This study precipitation, Cluster, EMMA, (1) Mountains, a desert, with two adjacent

river, lake, spring,  spatial models, catchments
groundwater model selection, (2) Layerl1, Layer2, Layer3
model averaging (3) Human activity to the shallow groundwater

(4) Predicted spatial distribution, based on the

hydrogeological information

Abbreviations of the analytical methods used in Table 3-1 include end member mixing analysis

(EMMA), local meteoric water line (LMWL).

As a result, although previous studies have conducted systematic research, there are still many
knowledge gaps due to the difficulty of sampling high spatiotemporal resolution data from
these extremely arid environments. Furthermore, the variable landscape, complex geological
structure, and a wide range of climate in these high mountains and remote deserts make it
even harder to collect ideal water samples that can typically stand for the potential
groundwater flow directions in these arid hydrological units. There are four main knowledge
gaps currently. (i) The sub-basin scale exchange is mostly focused on in previous models
(Freyberg et al., 2017; Khalil et al., 2015; Klaus and McDonnell, 2013; Liu et al., 2015),
which fails to analyze the action-response relationship between different hydrological units.
Although a few studies have carried out research for inter-basin exchanges, the research scope
is limited to around the boundary (Wang et al., 2013; Zhao et al., 2012), which cannot always
represent the characteristics of the entire unit. (ii) Only the water quantity interactions were
focused on by the conceptual models of the EMMA (Guo et al., 2019; Wang et al., 2013). To
the best of our knowledge, few research has applied this conceptual model for the water
pollutant transportation between different hydrological units. (iii) Some pollution tracers, like
nitrates, sulfates (Hu et al., 2019; Khalil et al., 2015), were often selected to correspond with a
specific pollution source, such as industrial or agriculture sites (Guo et al., 2019). Explanatory
variables with spatial attributes were always insufficient. (iv) Current mapping methods of
geochemical tracers are dependent on the spatial interpolation, for example Kriging (Guo et
al., 2015; Yang et al., 2011; Zhao et al., 2012), which are still problematic due to the
ignorance of hydrological and geological backgrounds, such as topography, hydrogeology,

land use, groundwater and surface water extraction, and climatic conditions etc.

Therefore, systematic sampling along the potential hydraulic connection routes, and
introduction of novel spatial distribution model with considering the geological and
hydrological factors are two essential requirements to fill these current knowledge gaps. In
this paper, three typical hydrological units, the Badain Jaran Desert (BJD), and two adjacent
catchments: the Heihe River Basin (HRB) and the Shiyanghe River Basin (SYH), from
Northwestern China were selected as the representative cases for such an endeavor. Surface

water, shallow groundwater and deep groundwater were systematically sampled along the
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potential groundwater flow directions based on previous research (Chen et al., 2006; Ding and
Wang, 2007; Wu et al., 2010). Hydrochemistry and stable isotope methos were applied to
analyze the vertical interactions of water quantity between these three layers, then the water
quality connections were explored with the theoretical basis of the EMMA framework
structure. The species distribution model (SDM) was introduced to predict the spatial
distributions of contaminant tracers, considering both the geological and hydrological factors.
In particular, we aimed to (i) study the hydraulic connections between different water types
by using hydrochemistry tracers. (ii) Predicting the spatial distribution of geochemical
indicators in layer 2 by SDM based on systematic field data, including boreholes, monitoring
wells, hydrogeological cross section maps, and other hydrogeology information. (iii) Evaluate
the water quality interaction between different layers based on the conceptual model
framework of EMMA. This study attempts to develop a regional groundwater flow model
between different hydrological units that unify all the groundwater ‘sub-basins’ as well as
mountainous and desert areas and highlights the supplementary and complementary
information of geological and hydrological factors to help constrain the calibration of the flow

model.

3.2 Methods and dataset
3.2.1 Study area

The Badain Jaran Desert (BJD), and two adjacent catchments of the Heihe River Basin
(HRB), Shiyanghe River Basin (SYH) were selected as the research site, which covers an area
of approximately 38x10*km?. The hydraulic connections between BJD and neighboring units
were still unclear (Wang and Zhou, 2018; Yao et al., 2015). According to the research
objectives, we adopted three possible groundwater flow directions based on previous research

(Figure 3-1A), to examine their potential connections.
3.2.1.1 Badain Jaran Desert

The BJD is home to the tallest sand dunes on earth, as well as nearly 100 hypersaline lakes
and freshwater lakes in the extremely arid environment. The identification of recharge sources
for these lakes has attracted a lot of research, but none of these theories have been widely
accepted due to lack of evidence (Wang and Zhou, 2018). BJD is located in the Alxa Plateau,
covers an area of approximately 4.92x10%*km?. In the southern part, the BJD is separated from
HRB and SHY by the Heli Mountains, Beida Mountains, Longshou Mountains, and
Heishantou Mountains and the southeastern part of BJD is adjacent to the Tengger Desert,
partially separated by the Yabulai Mountains (Figure 3-1A).
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The landscape of the BJD is characterized by continuous crescentic mega-dunes, with a
relative height of 200-300 m. The BJD geological structure belongs to the Alxa block, with a
mild landform. It is mainly composed of denuded low hills and inter-mountain depressions.
Quaternary sediments generally cover the surface, forming widely distributed Gobi and
deserts (Figure 3-2). The BJD is situated at the limit of the East Asian Monsoon boundary,
and the annual precipitation is 50-60 mm, which is mostly concentrated in June-August. The
annual evaporation is greater than 3500 mm, and the annual average temperature is 7-8°C.

The population density of BJD is less than 1 person / 10 km?, with basically no agriculture.
3.2.1.2 Heihe River Basin

HRB is the second largest inland catchment in China, with a total length of 821 kilometers
and a drainage area of approximately 14. 29x10%km?. The dry climate in HRB is mainly
controlled by the circulation of the westerly and polar cold air masses. The precipitation in the
middle reaches decreases from 250 mm in the eastern part to below 50 mm in the west, while
evaporation increases from east to west, from below 2000 mm to more than 4000 mm. In the
downstream area of HRB, the annual average precipitation is only 42mm, but the annual
average evaporation intensity is 3755mm. The annual average temperature is 8.04°C, the

highest temperature is 41.8°C, and the lowest temperature is -35.3°C.

The HRB straddles three different environmental compartments, the Qilian Mountains in the
upper reaches, the corridor plains in the middle, and the Alxa Plateau in lower reaches which
is adjacent to the BJD. The underlying surface of the middle and lower reaches is a deep
Quaternary sedimentary layer which becomes a good underground water storage place. Neo-
Tertiary or Cretaceous layers constitute the base of the basin, on which is deposited hundreds
of meters or even more than a thousand meters of proluvial-alluvial facies Quaternary loose

material, and abundant groundwater exists in it (Figure 3-2).
3.2.1.3 Shiyanghe River Basin

The SYH originated in the eastern section of the Qilian Mountains, has a total length of 250
km and a drainage area of approximately 4.16x10*km?. In the middle reaches of the SYH, the
annual precipitation is 150-300 mm and the annual evaporation is 1300-2000 mm. The annual
precipitation in the downstream area is 50 mm, and the annual evaporation is 2000-2600 mm.
In the SYH region, there are no perennial rivers, and groundwater storage in the alluvial
aquifer depends on direct recharge from precipitation (Zhu et al., 2007). The total population
of the SYH basin is 2.27 million, and the population density is 55 people / 10 km?, which is

about 3.4 times of the average population density in the Hexi Corridor.
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3.2.2 dataset
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Figure 3- 1. (A) the cross sections, land forms, and groundwater flow directions in the study area ;(B)
Sampling sites of different water bodies in each Zone.
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Figure 3- 2. The cross sections in Figure 3-1(A). AA’ was adapted from Guo et al., 2019, BB’ was
adapted from Ma and Edmunds, 2006, CC’ was adapted from Ma et al.,2010

3.2.2.1 Field sampling

According to the possible hydraulic connections between the three units (Figure 3-1A), the
sampling areas were divided into seven sampling zones (Figure 3-1B). Zone 1(Z1) and Z7
were the upper reaches of the Qilian Mountains, and Z2 was the lower reaches of the HRB,
including Gurinai next to the BJD. Z3 was the endorheic lake areas in the lower reaches of the
HRB, Zone 4 was the bordering range of the BJD, while Z5 was the hinterland of BJD, and
76 was Guaizihu. The sampling points were selected, where possible, to cover the typical area
of potential hydraulic connections (Figure 3-1B). The final total number and distribution of

samples were listed in Table 3-2.

The rainfall samples were obtained from long-term observation stations, or the events that
occurred during the field work. In order to avoid collection of any locality-specific pollutants,

the precipitation collectors were placed approximately 8 m high from the ground in the
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stations. Surface water was collected from a depth of 5 cm below the water surface by
submerging pre-cleaned polyethylene sample bottles. Groundwater samples were collected
from long-term observation wells, industrial wells, and wells used for domestic purposes.
Samples collected from depths of less than 20 m deep were grouped into shallow
groundwater, while samples over 100 m were classed as deep groundwater. After collection,
all the samples were immediately sealed and stored in a freezer at -18 ° C until they were
brought back to the laboratory for analysis. In this study, spring water was classified to L1,
because it was difficult to confirm whether the due to spring water is shallow groundwater or

deep groundwater.
3.2.2.2 Laboratory analysis

Stable isotopes, 6'%0, and 6D of the sampled water were determined by isotope ratio mass
spectrometry, and the results were reported relative to the VSMOW standard (Vienna
Standard Mean Ocean Water) in per mille (d%o). Anions were analyzed using a Dionex-2500
ion chromatograph, while cations with a Dionex-600 ion chromatograph. The analytical
precision reached 10-9 g/mL, and the ionic charge balance for all water chemistry was within
5%. In addition to the major ions and isotopes, the pH, total dissolved solids (TDS), and
electrical conductivity (EC) were also used as the main indicators in our analysis and

measured on the field.
3.2.3 Methods

Firstly, potential appropriate members for the 3.2.2 EMMA had been chosen through 3.1 and
3.2 in step 1, (Figure 3-3). The results of EMMA in 3.2.2 laid an important foundation for the
follow-up studies on the water contaminant transportation. The relationships between

contaminant tracers and potential explanatory variables were finally analyzed through 3.4, as

well as the output maps of spatial distribution of groundwaters.
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Figure 3- 3. Flowchart to show the specific steps of this study.

3.2.3.1 Hierarchical cluster analysis

The method of Euclidean hierarchical cluster was applied to classify all water bodies
according to the chemical compositions, which allows us to have an overall understanding of

the properties of the sample.

The hierarchical cluster analysis was performed using a set of dissimilarities for the objects
being clustered. Initially, each object is assigned to its own cluster and then the algorithm
proceeds iteratively, at each stage joining the two most similar clusters, continuing until there
is just a single cluster. At each stage, distances between clusters are recomputed by the
Lance—Williams dissimilarity update formula according to the particular clustering method

being used.
3.2.3.2 End member mixing analysis

The EMMA method attempts to explain chemical ingredients of a given water as a mixture of
a set of potential end members, according to the conservative tracers. The method is described

as the following equations (Christophersen et al., 1990):
1=31+32+33 (1)
Ctl = C11a1 +C21a2+C§a3 (2)
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Ctz =C1231 +C2232+C§a3 (3)

where ay, a,, and as are the discharge fractions of end members, C,' and C¢ are the tracer
concentrations of mixed groundwater. C,! and C,? are the tracer concentrations of the nth end
member. In this study, the C! and C¢ are the tracer concentrations of shallow groundwater in
the BJD, which was assumed to be recharged from different water types in the three

hydrological units.
3.2.3.3 Species distribution models

SDM can mayp the past, current, and future spatial distributions of species, and is an
innovative GIS-based method that combines species presence-only data with environmental
variables to better map habitat. The research entity has been extended from species into other
research fields, such as the visitors, recreation activity, or even the human emotions. The
SDM was introduced in this study to aim to map the geochemical trace distribution in the
groundwater. The geological and hydrological factors were considered into the SDM as the

environmental variables.

3.3 Results
3.3.1 Hydrochemistry characteristics

3.3.1.1 Hierarchical clustering of waters

The lake waters of Layer 1 Zone 4 (L1Z4) and L1Z5 were separately classified into one type
(Figure 3-4). These two types of lake water were located in the BJD area, which tended to be
dominated by the anions CI-, SO4>, and cations Na*, K*, with concentrations being 11680.35,
10192.73,31696.65, and 1381.57 mg/L in L1Z4, and 36114.06, 8689.72, 46807.48 and
4163.42 mg/L in L1Z5, respectively (Figure 3-4; Table 3-2). The alkaline character of these
two lakes was also shown by the pH values that were all above 9 (average values in Table 3-
2). In addition, the abundances of §'0, D in these lakes were relatively heavier, indicating
the strong evaporation effect. The chemical compositions of rainfall in L1Z2 were similar to
those of lake in L1Z7, indicating the recharge from local precipitation to the lake in Z7

(Figure 3-4).

Table 3- 2. Average parameters for the ionic and isotopic compositions of different water samples in
the seven zones of the study area.
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Type Zones  n Ca Mg Na K  NO3 SO4 cl 180 2H EC PH
Layer 1
river Zone | 48 77.07 34.25 26.49 2.87 1340 115.13 11.18 -8.37 -50.11 307.52 8.10
Zone 7 4 20.29 74.93 23.69 2.13 4.67 138.94 14.46 -8.77 -54.53 NA 7.99
spring Zone 1 5 85.75 4637 41.85 3.64  19.04 126.23 27.55 -8.01 -47.49 33327 7.78
Zone 5 6 66.82 3542 136.48 1755 40.69 168.48 122.03 -2.86 -44.43 651.67 7.70
rainfall  Zone 1 4 26.58 1.08 3.65 1.85 5.46 21.02 421 -6.11 -39.43 11123 8.35
Zone 2 5 40767 35892 513.18 31261 83.65 554.38 286.18 178 -35.26 53.64 8.34
Zone 3 1 69.77 6.66 39.00 186 1573 74.85 3345 0.70 -14.67 246.00 8.24
Zone 4 3 27.74 34.38 1147.26 6597 1038 329.97 538.63 515 -31.26 34433 8.58
lake Zone 3 1 6797  652.89 1496.95 7701 4274 2154.61 927.89 12.12 -79.54 7.93 8.50
Zone 4 6 1729 43614 31696.65  1381.57 3584 10192.73 11680.35 6.20 0.83 12.80 9.16
Zone 5 22 26.61 8376 4680748 416342 8591 8689.72  36114.06 1.70 21.20 154.05 9.28
Zone 7 1 76995 62938 1899.15 17670 42.63 4089.51 832.54 -8.89 -59.70 10.49 7.62
Layer2 shallow groundwater
well Zone 1 2 102.53 57.12 34.11 400 4509 221.16 30.26 -8.00 -48.86 228.81 7.61
Zone 2 19 46.71 39.84 333.48 1999  46.14 32623 264.37 324 -50.06 1312.45 7.81
Zone 3 11 108.76 11691 289.21 841 2863 393.90 128.67 -7.03 -54.09 3.73 7.56
Zone 4 12 131.16 61.28 550.73 9.13 3348 410.63 383.70 749 5445 732.12 8.18
Zone 5 10 51.07 27.80 223.77 1053 55.03 226.09 163.97 378 -47.39 710.40 8.10
Zone 6 10 62.22 34.00 284.11 1522 NA 296.82 332.60 -2.99 -55.18 1854.93 7.46
Zone 7 23 3701 103.00 24021 9.56  39.67 362.78 219.60 -8.83 -67.30 NA 735
Layer 3 deep groundwater
well Zone 2 2 34.08 3545 128.84 10.12 NA 93.82 169.32 -5.67 -51.82 888.35 7.67
Zone 3 6 46.45 20.55 268.25 3.62 NA 32742 220.69 -8.04 -68.57 1601.75 8.17
Zone 7 20 3298 92.48 68.46 4.47 NA 213.89 68.42 -8.51 -62.02 NA 743
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Figure 3- 4. Dendrogram of all water types in the study area. L1Z4 lake stands for the lake water of

Zone 4 in Layer 1.
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Figure 3- 5. Geochemical signature in shallow groundwater (Layer 2).

In terms of shallow groundwater in L2, the contents in L272, .274, and L.2Z5 were in the
same branch, indicating similar chemical characteristics. The pH, Na*, SO4*, and Oxygen of
these three areas were significantly higher than other zones in L2 (Figure 3-4, Figure 3-5).
The shallow groundwater in L2Z6, and the deep groundwater in L3Z2 and L3Z3 were located
in a branch (Figure 3-4, Table 3-2), indicating the potential hydraulic connections between
them. In addition, the groundwaters of L2Z1, L.2Z73, and L2Z7 were in one branch (Figure 3-
4), with higher concentrations of Ca?" and Mg?”, but lower in NOs, Cl-, TDS, and Oxygen
(Figure 3-5).

The deep groundwater in L3Z7 was located in the same branch with river water and spring
water in L1Z1(Figure 3-4), indicating the potential groundwater hydraulic connections

(Figure 3-1A).

3.3.1.2 Water-rock interaction
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Figure 3- 6. Gibbs plots showing major processes controlling the water chemistry in the three layers.

Gibbs plot is a solute transport model that can calculate the groundwater salinity and changes
in the concentration (Marandi and Shand, 2018). Except for some of the groundwater samples
in L2Z4 that were dominated by evaporation crystallization (Figure 3-6B), the chemical

evolution of the rest samples was mainly controlled by the rock dominance process (Figure 3-

6), and this result was consistent with previous studies.
3.3.2 Isotopic signature

3.3.2.1 LMWL information

Local meteoric water lines (LMWLs) represent the long-term covariation of the average §D-
&30 ratios at a specific site (Hughes and Crawford, 2012). In L1, the river water samples in
L1Z1 and L1Z7, and spring water in L1Z2 were relatively concentrated, indicating the
uniform recharge sources, while the distribution of other waters in L1 was scattered (Figure 3-
7A), indicating complicated recharge sources. The rain water in L1Z1 and L1Z4 were located
around the LMWL, while the rain water in L1Z2 and L1Z3 were not around the line. The
abundance of isotopes of lake water from L1Z4 and L1Z5 in the summer period tended to be
heavier than in other zones, in 6D (-18 to +3.7%o) and &§'30 (4.6 to +7.5%o) due to the
continual evaporation from the lake surface. The isotopic contents of lake water in L1Z5 were
relatively depleted in winter. The lake water samples of L1Z3 were located in the lower left
corner, extremely depleted, indicating an ancient water source, or with mixed supply sources

with ancient water components.
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Figure 3-7. 6'30, 6D, and d-excess relationship diagram of the surface and ground waters.

The distributions of shallow groundwater in L2Z1, L2Z5, and L.2Z7 were relatively gathered

(Figure 3-7B, 3-7C), showing the fixed supply sources, while other groundwater samples in

L2 were scattered, with complicated recharge sources. The shallow groundwater samples in

L2Z1 and L2Z7 were located around the LMWL, indicating the contributions of local

meteoric recharge. The isotopic contents of samples in L2Z3 and L2Z7 were extremely

depleted, indicating ancient water sources.

In L3, the aggregated distributions of the deep groundwater samples in L3Z7 (Figure 3-7D),

indicated uniform recharge sources, while other samples in L3 were scattered. Similarly, the

potential contributions of local precipitation to deep groundwater in L.3Z7 were shown by the

distribution patterns around the LMWL, and the ancient water recharged sources for

groundwater samples of L3Z3 were indicated by their extremely depleted isotopic abundance.
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3.3.2.2 Water quantity connections
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Figure 3- 8. Dual trace diagram of §'80 and other environmental tracers for shallow groundwater in
BJD with mean values of each end member.

Table 3- 3. Final tracers for end member mixing analysis (EMMA), with corresponding discharge
fractions in the study area.

Shallow groundwater ~ Recharge components ~ EM quantity EM 5"%0 Cr 8D d-excess  Fraction (%)
zone 5 layer 1 2 rain Z4 -5.15  538.63 - - 8.57
spring Z5  -2.86  122.03 - - 91.43
zone 4 layer 2 3 Z1 -7.99 - -48.86 - 55.86
72 -324 - -50.06 - 16
z1 -8.73 - -66.42 - 28.14
zone 4 layer 3 2 72 -5.67 - - -6.5 39
z7 -8.51 - - 6.03 96.1

These EMMA can be used to identify sources of groundwater and estimate the percentage

contributions of each member. We took shallow groundwater L2 as the objects to be supplied.

In L1, the rain water in L1Z4 and spring water in L1Z5 were selected as the final two end
members, with the concentration of Cl- and abundance of §'%0 as the tracers (Figure 3-8A).
The discharge fractions of rain and spring from surface water were 8.57% and 91.43%,

respectively (Table 3-3).

In L2, the abundances of 8D and 8'80 were used as the tracers, and the shallow groundwater
in L271, L272, and L.2Z7 were selected as the end members (Figure 3-8B), with the
contributions being 55.86%, 16% and 28.14%, respectively (Table 3-3).

In L3, the deep groundwater in L3Z2 and L3Z7 were selected as the final end members, and
the d-excess and 8'%0 were used as the tracers (Figure 3-8C), with fractions being 3.9% and

96.1%, respectively. This result was consistent with Chen et al. (2004).
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3.3.3 Spatial distribution of chemical tracers in shallow groundwater
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Figure 3- 9. Predicted spatial patterns of NO3~, SO4>, §'%0, and 6D in shallow groundwater (Layer 2)
by species distribution model (SDM).

The spatial distribution of NO3-, §'¥0, and 8D of the shallow groundwater samples showed
high values or enriched abundance in the upper reaches of the HRB and SYH, as well as the
central part of BJD (Figure 3-9). The peak values of SO4* were in the western part of the
middle reaches of HRB, where located the typical industrial cities of the Jiuquan and
Jiayuguan (Figure 3-9B). The abundance of 6D tended to be lighter in the Jiuquan and
Jiayuguan area, showing an extremely depleted trend (Figure 3-9D).

3.3.4 Shallow groundwater contaminants with explanatory variables

3.3.4.1 Top models for the contaminant tracers

Table 3- 4. Top models identified through model selection based on AICc. df= Degrees of freedom.
Weight= Akaike weight.
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indicators smoothed variables df loglik AlCc  weight

Nitrates.L2 0.87 +(0.17)GDP+(-0.07)Mg.L1+(0.13)ndvi+( - 6 -135.43  283.63 0.06
0.21)pdensity

Sulfates.L2 0.67+(0.12)Ca.L1+(-0.1)EC.L1+(0.18)GDP+( - 8 -69.26 155.86 0.15
0.15)Mg.L1+( -0.1)pH.L1+( 0.24)Sulfates.L3

Oxygen.L2 -0.54 +(0.19)CL.L1+(-0.65)GDP+(- 7 -129.29  273.62 0.21
0.76)ndvi+(0.33)Oxygen.L1+(0.83)pdensity

Hydrogen.L2  0.4+(-0.08)Ca.L1+(-0.24)Hydrogen.L3+(- 6 -60.34 13344 0.47

0.43)pdensity+(0.14)TDS.L1

The top models for the four contaminant tracers were identified by model selection from all

possible combinations of explanatory variables. Top models with lowest AICc values are
presented in Table 3-4. The variables in the top model of NO;™ included the GDP, Mg?* in
surface water, NDVI, and population density, with the AICc value being 283.63, and the
degrees of freedom (df) being 6 (Table 3-4).

When Ca?", EC, Mg?", pH in surface water, and SO4> in deep groundwater, as well as when

the regional variable GDP were selected as the smoothed variables, the AICc value of the top

model for Sulfates in shallow groundwater was 155.86, and the df was 8 (Table 3-4). The

6"%0 in top model could be explained by Cl-and §'30 in surface water, and the regional

variables of GDP, NDVI, and the population density.

3.3.4.2 Relationships with final variables

Table 3- 5. Sum of model weights over all models including each explanatory variable.

Nitrates s(ndvi) s(Mg.L1)  s(Nitrates.L1)  s(pdensity)  s(Na.L1) s(GDP) s(EC.L1) s(pH.Ll) s(Ca.Ll)
weights: 1 0.79 0.62 0.57 0.16 0.15 0.13 0.08 0.04
N 19 14 11 11 4 3 2 2 1
Sulfates s(EC.L1)  s(MgLl)  s(ndvi) s(pdensity)  s(Sulfates.L3) s(TDS.L1)  s(pH.L1)
weights: 1 1 1 1 1 0.48 0.32
N 3 3 3 3 3 1 1
Oxygen s(EC.L1)  s(ndvi) s(Oxygen.L3)  s(pdensity)  s(Mg.L1) s(GDP) s(Oxygen.L1)
weights: 1 1 1 1 0.48 0.21 0.21
N 3 3 3 3 1 1 1
Hydrogen s(EC.L1)  s(GDP) s(ndvi) s(pdensity)  scale(Hydrogen.L1)  s(Na.Ll)
weights: 1 1 1 1 1 0.32
N 2 2 2 2 2 1
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Figure 3- 10. Relationships between NO5", SO4>, §'30, and 6D and explanatory variables.

According to the research objectives and the importance analysis of the variables (Table 3-5),
the final five explanatory factors were chosen as the final variables to explain the four
contaminant indicators. Their relationships were analyzed by the gam and results were

presented in Figure 3-10.

In terms of the influence of related tracers from different layers, the nitrates in surface water
L1 showed a positive trend with nitrates in shallow groundwater L2. While the sulfates in L2
were slightly negative with sulfates in L1, they showed a roughly positive trend with sulfates
in L3 when the concentrations of sulfates in L3 exceeding 1.5 mg/L. The abundance of
Oxygen in L2 and L1 was basically the same, but the relationship with Oxygen in layer3 is
complicated; while the Hydrogen in L2 showed a slightly negative relation with those in L1.

Because of the influence from human activity, all the four contaminant tracers showed a
negative trend with the increasing of population density (Figure 3-10D, I, N, S); while
Hydrogen showed a positive trend with GDP (Figure 3-10T). The relationship curves between
tracers and NDVI were complex, and roughly reached the maximum value when NDVI

around 0 (Figure 3-10B, O, Q).
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In terms of the influence from soluble ions, the Mg?* in surface water L1 was negatively
related to both nitrates and sulfates in L2 (Figure 3-10C, J); while the Na* showed a positive
trend with nitrates (Figure 3-10E).

3.4 Discussion
3.4.1Combination of multiple environmental tracers

Combining the environmental tracers, like the major soluble ions, CFCs
(chlorofluorocarbons) concentrations, §'0, and 6D, can help to gain a better insight of the
hydraulic connections. For example, the §'%0, and D are not significantly affected by
geochemical reactions at normal shallow groundwater temperatures, and more conservative
than the soluble ions (Huang et al., 2015). On the other hand, the soluble ions can yield
valuable information about the invisible flow paths. In this study, conventional water-soluble
ions and 6'80, and §D were combined to help elucidate the sources of shallow groundwater

recharge and hydrogeochemical evolution processes.

SO4*" has been used as a proxy for marine biological activity in coastal regions (Curran et al.,
2003; Sneed et al., 2011), but its sources might be from both natural environment and human
activity. Only by analyzing the correlations between sulfates and other indicators, such as
NOs7, can the sources of sulfates be confirmed (Li et al., 2020). NO;™ is the main form of
nitrogen in drinking water reservoirs. The sources of NO3~, the spatial and temporal varieties
(Jin et al., 2019; Minet et al., 2017), as well as the transformation and transport pathways(Hu
et al., 2019), could be quantified by some statistical methods. In this study, the SO4*~ and NO;
“were used as contaminant tracers to study the contaminant transportation between various
hydrological units. Chloride is regarded as a conservative reference element in the shallow
hydrological cycle because it is derived from atmospheric deposition (Cartwright et al., 2011).
In this study, the concentration of C1~ was used as the end member tracer to identify the

contributions of surface water in the EMMA model.
3.4.2 SDM for groundwater prediction

The major difficulties to predicting the spatial distribution of groundwater are how to
represent the various landscapes, complex geological structure, and multiple hydrological
factors (Liu et al., 2019). For example, a geological structure usually contains
geomorphological boundaries, elevations of aquifers, and geological frameworks (Kahle and

Bartolino, 2007). Additionally, the knowledge about the hydrological system, and dynamic
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information should be important index to evaluate groundwater models (Hill et al., 2013),

such as the groundwater flow directions (Wang and Zhou, 2018)

The biggest advantage of SDM is that it can calculate many explanatory variables together,
and it is good at organizing geographical datasest with various scales and resolutions into a
unified framework. In this study, the SDM was introduced to predict the distribution of HMs
in groundwater with multiple explanatory variables. The DEM dataset with a 1km resolution
and hydrogeological cross section maps were used as the geological background, and
indicators such as slope, aspect, terrain ruggedness index, topographic position index, etc.,
were all taken into consideration. The flow direction was also introduced as a hydrological
factor for the model calculation. According to the output maps, the spatial distributions of all
these four tracers can reflect the influence and restrictions of the geological background,
which has improved the accuracy in the study area compared with previous studies (Guo et
al., 2015; Yang et al., 2011; Zhao et al., 2012). In addition, the highest values of sulfates, and
the depleted points of 6D coincided with the location of the industrial cities, which also

proves the rationality of our prediction results.
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Figure 3- 11. Conceptual model of mechanisms controlling the water quantity and quality of Layer 2
and schema of the flow directions in the study area.
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3.4.3 Possibility of EMMA for water quality analysis

The water quantity interaction between different hydrological units is a prerequisite for the
water contaminant transportation. The conceptual model structure of interactions between
surface water and groundwater by EMMA can be used for water quality analysis (Figure 3-
11). Some previous studies had tried to explore the water quantity interactions in this region
(Guo et al., 2019; Wang et al., 2013), but did not involve the water quality issues, and the

scope of these studies only involved sub-basin scale.

A series of environmental degradation phenomena in arid regions, such as desertification,
sand storms, vegetation degeneration, and soil salinization are all related to groundwater
degradation (Lapworth et al., 2013). The main triggers for the over- exploitation and
pollutions of groundwater are the anthropogenic influence. These human activities can
usually be passed on by GDP and population density, especially in arid and semi-arid regions
(Mukherjee et al., 2020). The promotion of GIS products makes it easy to introduce
population density, GDP, distance to road, nightlight, soil erosion, NDVI, DEM, land cover,
precipitation, temperature, and other information for modelling (Figure 3-11). In addition, this
study created spatial distribution layers through SDM (Figure 3-9), which provided more

information to further reveal the mechanism of water pollution.

3.4.4 Recharge sources of the BJD

The water sources of the BID have always been a hot issue in historical research. This study
did not focus on the water source, but instead used some hypotheses of potential groundwater
flow directions as the basis for our sampling and research. Through research on hydraulic
connections in this area, our results were consistent with some previous research. For
example, we found that both the shallow groundwater and deep groundwater in the Qilian
Mountains can potentially recharge the groundwater in the BJD area. This conclusion was
similar with the conclusion of Chen et al. (2004) that proposed that there was rapid transfer of
snow melt from the Qilian Mountains through fracture networks to the BJD. Although Chen's
hypothesis has been rejected by many previous studies using different methods (Ma and
Edmunds, 2006; Wu et al., 2017), we reached similar conclusions with Chen through water

chemistry and isotopes.

We also found that Gurinai in the middle reaches of the HRB had a strong hydraulic
connection with BJD groundwater, which was consistent with the conclusions of Gates et al.

(2008) and Wang et al. (2013).
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3.5 Conclusions

The unclear situation of aquifers and invisible groundwater flow directions are a
challengeable obstacle restricting the study of hydraulic connections in arid and semi-arid
regions. Surface water, shallow groundwater and deep groundwater were systematically
sampled along the potential groundwater flow directions from BJD, HRB, and SYH. Then the
EMMA and SDM were introduced to explore the hydraulic connections. Results found that
the chemical evolution of most water types was mainly controlled by rock dominance. Taking
the shallow groundwater in the BJD as the recharged object, the contribution of surface water
was 8.57% from local precipitation, and 91.43% from regional spring water; while the
contribution of deep groundwater was 3.9% from the middle reaches of the HRB, and 96.1%
from the upper reaches of the SYH. The highest values of the spatial distribution of Sulfates
coincided with the locations of typical industrial cities. In addition to sulfates replenishment
from surface water and deep groundwater, the sulfates in shallow groundwater were also
affected by regional variables such as population density and the Mg and EC contents in
surface water. The EMMA and SDM models were introduced in this study to help improve
the accuracy of predicting the spatial distributions of groundwater, which provides new ideas
for revealing the hydraulic connections, especially water pollution between different

hydrological units in arid areas.
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Chapter 4. Tracing geochemical pollutants in stream water and soil from mining activity

in an alpine catchment

This chapter is based on the following published paper:

Jianguo Li, Zongxing Li, Kate J. Brandis, Jianwei Bu, Ziyong Sun, Qiang Yu, Daniel Ramp.
2020. Tracing geochemical pollutants in stream water and soil from mining activity in an alpine

catchment. Chemosphere 242:125167. https://doi.org/10.1016/j.chemosphere.2019.125167

Abstract

This research developed a method of tracing major water chemical parameters (WCP) and soil
heavy metals (HM) to identify the processes of mining pollution in topographically complex
landscapes. Ninety-nine spatially distributed water samples were collected to characterise the
hydrochemical characteristics of an alpine river in north-west China. Sixty river WCP and fifty-
six soil HM samples from areas near mining sites were then used to analyse the mining pollution
process. Geographical and mining activity characteristics were derived from topographic and
mine site information. The occurrence of sulphates (SO4 %) and nitrates (NO3) in river water
were highly correlated (up to 0.70), providing strong evidence of pollution from nearby mining
activities. Levels of arsenic and cadmium were high in first and fifth order streams, where
mining activities were most concentrated. The modelling results showed that geographical
patterns and mining activity account for predicting HM distribution, and WCP can be
reasonable predictors to trace soil mining pollution. This research can help improve the

accuracy of predicting the mining pollution process.

Key words: alpine catchment, mining activity, soil heavy metals, water chemical parameters,

geographical characteristics, stream orders, generalised additive models

Highlights

* Geographical characteristics of topography and mining activity strongly influence mining

pollution in alpine catchments.

* Heavy metal distributions that account topographic patterning allow for spatial interpolation.
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* Water chemical parameters can be reasonable predictors to trace soil mining pollution.

* Relationships between water chemical parameters and soil heavy metals can help understand

the mining pollution process.

4.1 Introduction

Water resources are essential for supporting humans and ecosystems, makingwater availability
and security a challenging global problem of great importance (Tilman et al. 2002; Vérosmarty
et al. 2010). Water quantity and quality are two widely used criteria for evaluating water
resource levels, both of which are highly sensitive to human activity (Novotny 2002; Scanlon
et al. 2007). Deterioration in water quality can occur as a direct or indirect response to pollution,
which conveys negative contaminants into aquatic systems and alters chemical composition,
bacterial and nutrient accumulation, and sediment transport (Hounslow 2018). Rapid economic
growth over recent decades has necessitated greater levels of mineral exploitation, required to
provide important elements needed for developing populations (Duarte et al. 2019; Gredilla et
al. 2019; Oliveira et al. 2019). However, mining activities typically require large quantities of
water to process ore (Gunson et al. 2012), resulting in occurrences of mine effluent discharge
and tailings seepage (Ramos et al. 2017; Nordin et al. 2018; Sanchez-Pefia et al. 2018). This
can lead to serious contamination of freshwater resources and polluted wastewater must often
be managed for decades (Candeias et al. 2015; Fetter et al. 2017). Mining pollutants can drain
directly into local runoff over land or can be dispersed into rivers via rainfall or other
hydrological processes (Oliveira et al. 2018; Sanchez-Pefa et al. 2018). Pollutants that infiltrate
deep soil or enter streams can be transported into aquifers by exchange processes between
ground and surface water. Groundwater can also be polluted directly if the aquifer system is
destroyed through mining activity (Armienta & Segovia 2008). Although the effect of mining
on water quality has been well studied on river areas proximal to mining activities in low
altitude environments (Kondolf 1997), the process of large-scale mining impacts within alpine
catchments is more complicated and less studied. For example, mountainous geomorphology
can significantly alter the export of weathering solutes and transport pathways (Rascher et al.
2018; Wellen et al. 2018). Furthermore, alpine topographic features make it more difficult to

understand transport processes of contaminants in upstream environments.

The upper reaches of alpine catchments are the powerhouse of freshwater generation and play
an important role in enabling ecological balance and agricultural production in the middle and
lower reaches (Gredilla et al. 2019). Runoff in these catchments is heavily influenced by
changing climate conditions and extreme weather events (Arnell 2003; Painter et al. 2010; Li

et al. 2016). However, because valuable mineral resources are often located in mountainous
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locations, mining activities frequently occur in these locations, compounding other
anthropogenic effects (Nordin et al. 2018; Sanchez-Pena et al. 2018). Traditionally, heavy
metals (HM) are used to trace pollutants in the soil (Kabata-Pendias 2000), atmosphere
(Francova et al. 2017), and aquatic systems (Tiwari et al. 2015; Tiwary et al. 2018). HM are
often traced directly without considering conversion forces, and previous research has primarily
focussed on each of these transmission media separately. However, combining these forces can
help to understand the mechanisms that result in movement and exchange between them
(Borrok et al. 2009). To provide a more holistic view of HM pollution, one solution is to
examine a range of hydrochemical characteristics, as they are well suited to mapping
hydrological processes (Adams et al. 2001) and pollutants from anthropogenic activities (Jalali
2007). This is because water chemical parameters (WCP) can trace sources of river water
components (Helena et al. 2000), incorporating exchanges among soil, rock, and air, aswell as
from additional sources (e.g. from human activity). Water ions (Ca?", Mg?', SO4 %, NOs -, etc.)
and other physicochemical parameters, such as pH, electric conductivity (EC), and total
dissolved solids (TDS), are important WCP that can be used to trace HM pollution, particularly
for characterising water-rock interactions (Wellen et al. 2018). Therefore, improvements in
understanding mining pollution may be gained by examining the interaction of WCP with trace

elements from other carriers, such as soil HM within the environment.

In this study, samples of river water and soil from an alpine catchment in northwest China were
analysed to consider two areas of interest. First, we characterised and traced hydro-chemical
characteristics in the rivers, groundwater, melt, and precipitation within the catchment. Second,
we used modelling techniques to predict the dispersal of soil HM from mining activities across
the alpine catchment by quantifying the geographic variations and mining intensity information.
This research highlights the correlation between the WCP and soil HM to interpret the process
of mining pollution, and can help improve the accuracy of predicting the dispersal of soil heavy
metals by combining the mining activity and geographical characters in a topographic mining

site.
4.2 Methods and dataset
4.2.1 Study area

This study focused on the upper reaches of the Heihe River, China, as it is a topographically
complex alpine landscape with a long mining history (Wei et al. 2018). The Heihe River has a
length of 812 km, originating in the snow and glaciers of the Qilian Mountains in the north-
eastern of the Qinghaie- Tibet Plateau, flowing into the Zhangye Basin through the Yingluoxia

hydrological station, and finally entering the Ejinaqi oasis (Fig. 4-1a). As the river traverses
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down from the plateau, beginning from glaciers above 4500m asl, perennial snow persists
above 4000m asl while forests begin from elevations below 3000m asl. The mean annual
temperature in the upper reaches is between -3 and 4 °C. The river region experiences a four-
month wet season, occurring from June to September, during which more than seventy percent
of annual precipitation occurs. Runoff from the upper reaches is the main source of flow
generation, with an outbound runoff volume of 2.475 x 10°m® annually, directly influencing
water availability in the middle and lower reaches (Tian et al. 2018). The area is characterised
by steep mountain valleys, with marked vertical zonations of vegetation, including glacier,
alpine cold desert, marsh meadow, alpine shrub, and mountain grassland (Wang et al. 2009).
The Zhamashike River (ZMSK) is the western branch of the upper stream, has a catchment area
of approximately 5512 km? and an average elevation of 3929m (Fig. 4-1b). Flow variation in
the ZMSK is distinctly seasonal, with 44.43x10*m?/day flow in summer, but only 6.06

x10*m3/day flow in winter.

Geologically, the Heihe catchment is situated in the northern Qilian orogenic belt, between the
Qilian and Alashan Blocks. The belt is an oceanic suture composed of subduction accretionary
complexes. The ZMSK flows NW-SE through post-Devonian sedimentary cover, Quaternary
cover, island arc volcanic rocks, and granites (Fig. 4-1c). Other covers include Neoproterozoic
to early Paleozoic ophiolite sequences, and high-pressure metamorphic rocks. The primary
metallogenic period of the area is early Paleozoic, while the lithology is composed of epi-
metamorphic rock series, including clasolites, extrusive rocks, carbonates, and igneous rocks

(Wei et al. 2018).

The region is rich in mineral resources, including coal, copper, lead, and zinc (Fig. 4-1b).
Consequently, the study area has an extensive mining history over last four decades (Wei et al.
2018), with 23 mining sites possessing government licences during our survey in August 2013

(Table 4-1).
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Figure 4- 1. Study site showing: (a) ZMSK in the Heihe River catchment (pink boundary line); and (b)
location of known mineral deposits and mining sites; (c) soil and water sampling sites, lithology
(adapted from Wei et al., 2018), and mining sites ID (following a longitude sequence from “a” to “w”);
and (d) stream order systems.

4.2.2 Water and soil sampling

Ninety-nine water samples were collected between June 2012 and August 2013 across an
elevation range of 2586- 4740m asl, comprising samples from rivers, wells, springs,
precipitation, and meltwater from glaciers and snow (Fig. 4-1c). Sixty river samples (40 during

summer, 20 during winter) were collected from the glacier terminus to the outlet along the main
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river channel. Thirteen groundwater samples were collected, five from deep wells and eight
from exposed springs. Eight glacieresnow meltwater samples were collected at the terminus of
the Shiyi glacier during the ablation period. Eighteen precipitation samples were collected, one
for each precipitation event that occurred at Shiyi glacier station. Due to the complicated
topography characteristics and climate in this area, only five groundwater samples from deep
wells, and eight from exposed springs were collected in summer. But all the springs were
disappeared and the well water was run dry during winter fieldwork period. If we want to get
more groundwater samples spatially in this area, the monitoring wells are needed to be drilled.
But the drilling operation is difficult in this area. The current groundwater samples are not
sufficient enough to give a good explanation for the interactions between surface water and
groundwater. Therefore, we highlighted the interactions between the surface water and soil HM
to explore the mining pollution. The interaction between surface water and groundwater with

groundwater would be conducted in the future research.

All samples were stored at 4 °C prior to laboratory analysis. The geochemical composition of
all samples was analysed using a Dionex-600 Ion Chromatograph (IC), while anions were
analysed using a Dionex-2500 IC. Analytical precision was 95.6% for Ca**, 103.7% for Mg?*",
94.3% for Na*, 96.8% for K, and 98.6% for SO, %, 97.2% for CI and 96.4% for NO;". We used
fifty-six surface soil samples from a previous study (Bu et al., 2016), collected adjacent to
mining sites in the catchment during August 2013 (Fig. 4-1c). A clean plastic dustpan and brush
were used to collect samples from the top 20 cm of soil and each sample was stored in a plastic
bag. All soil samples were air dried and kept at 20 °C until analysis. HM concentrations were
measured using inductively coupled plasma mass spectrometry (ICP-MS). Sampling and
analytical procedures followed previously published methodologies for tracing mining
pollution and activity (Sanchis et al. 2015; Civeira et al. 2016a; Civeira et al. 2016b; Rodriguez-
Iruretagoiena et al. 2016).
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Table 4- 1. Detailed information for mining sites in the study catchment. The mine sites from “a” to j
are considered in the upper part of the catchment, and almost of them are open pit mining. The “k” to
“p” are in the middle part, and “1” to “w” are in the outlet part. OP: open pit mining; UG: underground

mining (adapted from Wei et al., 2018).

c‘lay

1D Extracted volume Status Extraction Upper limit line  Lower limit line  Depth(m) Area Wastes deposited Permission time Lithology
(10% tjyear) method (m asl) (m asl) (km?)  volume (m®) range

a 015 Abandoned OP 4290 4190 100 057 84,530 07/2010-12/ Precambrian
2014

b 033 Abandoned OP 4582 4280 302 0.09 - 01/2013-01/ Granite
2016

c — Completed OP 4600 4300 300 050 22,001 12/2010-08/ Granite
2012

d 2833 Active uG 4745 4240 505 112 - 11/2010-11/ Granite
2013

e 130 Abandoned OP 4308 4238 70 011 - 06/2011-07/ Mantle
2014 peridotite

f 3.06 Active or 4630 4362 268 130 83,260 07/2012-07/ Gabbro
2017

g 035 Active uc 4560 4280 280 031 22,003 07/2012-07/ Gabbro
20132

h 125 Abandoned UG 4539 4360 179 0.06 — 08/2011-08/ Gabbro
2015

i 130 Active or 4330 4200 130 007 85,500 06/2011-07/ Gabbro
2014

i 130 Abandoned OP 4290 4220 70 003 - 06/2011-07/ Gabbro
2014

k 525 Completed Both 4460 4020 440 052 33,000 03/2010-10/ Post-
2013 Dovonian

I - Completed UG 3959 3520 439 052 22,001 12/2010-10/ Post-
2012 Dovonian

m 3.25 Completed UG 3650 3620 30 0.11 — 06/2011-06/ Quaternary
2014 covers

n - Completed UG 3959 3520 439 052 - 12/2010-10/ Post-
2013 Dovonian

o - Completed UG 3959 3520 439 052 - 12/2010-10/ Post-
2013 Dovonian

p 0.50 Abandoned UG 4100 3920 180 012 32,007 12/2011-06/ Post-
2014 Dovonian

q 0.58 Active uc 3130 3018 112 0.16 27,002 07/2012-07/ Arc-volcanic
2015 rocks

r 167 Completed UG 3530 3000 530 013 37,007 10/2012—-10/ Arc-volcanic
2013 rocks

s 10,67 Active Both 3680 3150 530 054 - 12/2010-07/ Arc-volcanic
2013 rocks

r 6.50 Completed UG 3460 3084 376 0.12 - 06/2011—-06/ Arc-volcanic
2013 rocks

u 450 Completed UG 3150 2790 360 019 - 03/2012-10/ Arc-volcanic
2015 rocks

v 8.00 Abandoned UG 3159 2730 429 020 — 12/2010-01/ Arc-volcanic
2012 rocks

W — Active uG 2694 2550 144 107 - 07/2011-09/ Arc-volcanic
2013 rocks

4.2.3 Stream order system

To understand variation in water pollutant concentration contributed to by mining activity
across different stream scales, stream position and order was defined by the numerical order of
branches in the river system (Horton, 1945; Strahler, 1957). Different methods for topologically
ordering tributaries according to their distance from primary sources are available, however,
we chose the Strahler method as it assigns the outermost tributaries as ‘first order’, and the
stream orders for soil and mining sites are assigned by the proximity principle, making it
valuable for analysing headwater quality (Horton 1945; Kang et al. 2008). Stream order
increases when two streams of the same order merge. Where two links of different orders
intersect, the higher of the two orders is given. Stream order was analysed using ArcGIS 10.5

(Environmental Systems Research Institute Inc.), using a 30m resolution digital elevation
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model (DEM). Using the hydrology toolset in ArcMap 10.5, outlets were identified and then
catchments and sinks extracted from the DEM, as well as flow direction and accumulation. An
area of 10 ha was applied as the ‘minimum accumulation area’ to create streams and outlets for

the stream order network.

During summer sampling, nine river samples were from first order streams, six samples from
second, third and fourth-order streams, and thirteen from fifth-order streams (Fig. 4-1d, Table
4-2). During winter, four river samples were from first and second-order streams, two from
third-order streams, three from fourth-order streams, and seven from fifth-order streams. There
were twenty-two, eleven, five, four, and fourteen soil HM samples adjacent to first to fifth-
order streams. Of the twenty-three authorised mining sites, nine were adjacent to first-order
streams, one was proximal to a second-order stream, while the remaining thirteen were all

adjacent to fifth-order streams.

Table 4- 2. The number of water samples, soil samples, and mining sites in or adjacent to different
stream orders (first to fifth).

Orders  Stream summer  Stream winter ~ Soil samplings ~ Mining

First 9 4 22 9
Second 6 4 11 1
Third 6 2 5 0
Fourth 6 3 4 0
Fifth 13 7 14 13

4.2.4 Predicting heavy metal distributions

The regional distributions of HM were obtained by modelling the spatial patterning of HM from
terrain and mining activity. The geographic complexity of the alpine catchment was captured
by calculating topographic variation within the DEM using the ‘terrain’ function in the ‘raster’
package in R v3.5.1 (R Core Team, 2018): slope, aspect, flow direction, TRI (Terrain
Ruggedness Index), TPI (Topographic Position Index), and roughness. TRI is the difference
between the absolute elevation values of a cell and the values of its eight encompassing cells.
TPI is calculated as the difference between the value of a cell and the mean value of its eight
surrounding cells. Roughness is used to show the difference between the highest and the lowest

cell values and its eight encompassing cells.
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To account for variation attributed to the proximity and intensity of mining activities, we
calculated two spatial functions from mine site locations, mine density and distance to the
nearest mine (m). The function ‘bkde2D’ in R was used to perform a twodimensional kernel
density estimation of mining activity, using a bandwidth of 0.05. Distance to the nearest
minewas obtained using the function of ‘distanceFromPoints’, calculating the distance from a
group of points to sampling points. Generalised linear models (glm) were run for each HM
variable using topographic variables, elevation (m), slope (degrees), TPI, TRI, and roughness,
and the two mine activity variables in R, using the ‘mgcv’ package. The ‘predict’ function was

then used to create rasters of the predicted HM distribution across the entire catchment.
4.2.5 Tracing heavy metals through water chemical parameters

To interpolate values of HM to water sampling sites, we extracted raster values at all locations,
using the ‘extract’ function in the ‘raster’ package in R. Generalised additive models (gam)
were then used to model the relationship between HM and WCP using the ‘mgcv’ package to
account for potential non-linear relationships. K*, Na*, TDS, and total ions were removed due
to high correlation with other parameters (>0.7). Model selection was employed to identify the
best candidate model from a combination of all possible models. Using model averaging
approaches in the ‘MuMIn’ package in R, models were ranked in order of importance based on
the Akaike information criterion (AIC) and those variables included in the best model set (AIC
< 2) were used to find the best model for each HM.

4.3 Results
4.3.1 Hydrological background values

The total dissolved solids (TDS) in the river water ranged from 134.48 to 711.76 mg L', with
a mean value of 367.42 mg L' (Table 4-3); this is more than three times the global average
TDS for river water (115mg L', Zhu & Yang 2007). Well water had the highest mean TDS
(489.8 mg L"). The highest mean electric conductivity (EC) was in meltwater (1074.75 mS cm-
1, followed by water from wells, springs, rivers, and precipitation (Table 4-3). The mean EC
value for river water was 600.93 mS cm™!, ranging from 244.5 to 1148 mS cm. The rank order
of cations in the river water, from highest to lowest concentration, was Ca?" > Mg?" > Na* >
K*. The rank order for anions, from highest to lowest concentration, was SO4 > > CI- > NOs .
S04 %, Ca?" and Mg?* were the ions with highest concentration in river water, accounting for
45.8%,27.2% and 10.4% of the total ionic concentration respectively. The water from the river,
springs, wells, and meltwater was of the SO4 >-Mg?* -Ca?" type, with these ions accounting for

more than 80% of the total ionic concentrations (Fig. 4-2). There were seasonal patterns evident,
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with the concentrations of most river water samples from winter being higher than those from
summer. The mean values of Mg?*, Na*, K*, NO3 -, SO4 > in river water in winter were 35.81,
22.66, 2.28, 21.88 and 160.27mg L' respectively, whereas the mean values of those ions in
summer were 23.31,11.41, 1.83, 7.40 and 102.14 mg L-! respectively.

Table 4- 3. Average ionic composition (mg L) of different water types from ZMSK River.

Samples EC (us/cm)  TDS (mg/L) pH Ca>* Mg?*  Na® K* NO;  SO» Clr
River 600.93 367.42 8.08 71.91 2747 15.16 198 1222 121.52 14.85
max 1148.00 711.76 9.14 11096 4328 32.09 2.75 3794 317.18 43.55
min 244.50 134.48 7.14 47.45 9.12 6.99 0.82 0.21 8.76 4.00
Spring 707.75 461.83 7.85 83.69 3464 16.14 206 2334 17396 17.51
Well 788.00 489.80 7.74 99.81 56.79 55.15 532 65.28 19392 44.57
Meltwater 1074.75 402.02 7.99 208.87 41.34 97.84 589 493 463.30  30.09
Precipitation  14.51 7.85 7.54 17.39 3.31 591 231 4.23 8.26 3.38
WHO limits 1500 NA 6.5-8.5 200 150 200 NA NA NA 250

The ionic concentrations of water samples in the ZMSK met all the requirements for drinking
water according to World Health Organisation (WHO) standards (Lin et al. 2012). Water
samples also met most of China’s Environmental Quality Standards in GB383-2002 for surface
water and GB/T 14848-93 for groundwater (Han et al. 2016). All waters were alkaline, with pH
values greater than 7.0 (Fig. 4-2). The pH value of river water in summer ranged from 7.14 to
8.33, with an average value of 7.87; this was lower than that of river water in winter, which
ranged from 7.72 to 9.14, with an average of 8.5. Under the drinking water standards, pH values
should be between 6.5 and 8.5. All summer samples were within this range and 10 of the 20
winter samples were above the range. The processes controlling stream solute chemistry are
complicated (Kim et al. 2017), and the recharge sources may explain the higher pH in winter.
This catchment is mainly recharged by wet precipitation in summer with a lower pH (Zhao et
al. 2011), while in winter the groundwater with a high pH plays a more important role. Further

research is needed for specific mechanism.
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Figure 4- 2. Durov plot to graphically show cation and anion concentrations, pH, and TDS of the
multiple water samples.

*All samples were distributed in the central rectangle, and each sample will have four
corresponding points by dropping vertical lines from the central onto the four directions
separately: the point in top triangle representing the anion percentage, the left triangle
standing for the cation percentage, the bottom rectangle representing the pH value, and the
right rectangle corresponding to the TDS value. The two ternary diagrams depicting the
normalized percentage of anions and cations highlights layout characteristics, for example,

that sulfates are dominant for most samples.
4.3.2 Water chemical composition sources

Although the study area has been influenced by other human activities, the main anthropogenic
pollutants were expected to be from mining, with the contribution from other activities likely
to be negligible. To test this hypothesis, a Pearson correlation analysis was applied to study the
relationships between ions, TDS, EC, and pH, and to identify possible sources. Considering the
temporal variations in the water chemical composition, separate analyses were undertaken for
river water in seasons. When the correlation coefficient between two elements is over 0.5, it is

assumed that they have the communal possible sources. Shapiro-Wilk test was applied to
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examine the normality. Due to the p values of Na*, TDS and pH in river water during summer
were 0.001, 0.000 and 0.02, they were removed for the Pearson correlation analysis. In summer,
there were significant positive correlations between SO4 > and all other components except CI-
(Table 4-4). SO4 > and Ca®>" were the ions with the highest concentration in the river water in
summer, and the significant correlation between them indicated the contribution of gypsum to
the composition of the river water. Nitrates (NO3") usually indicate a human influence (Mayer
et al., 2002), such as fuel burning by large machinery. NO3 - was significantly correlated with
most ions, especially Ca?*, Mg?', Na’, SO4 > and K* (Table 4-4).

Table 4- 4. Pearson correlation analysis (r values) of ions taken from river water during summer (left
below) and winter (right top). * Indicates the correlation coefficient is significant at the 0.01 level (2-
tailed).

S/W  Ca* Mg?*  Na® K* NO* SO CI TDS EC pH
Ca? 1 0.242 0.521* 0.661* 0.823* 0.673* 0.497 0.293 0.301 -0.678
MgZt  0.815* 1 0.373 0.542* 0.512* 0.683* 0.803* 0.708* 0.698* -0.007
Na* 0.361 0.554* 1 0.883*  0.401 -0.197  0.293 0.471 0.503 -0.236
K* 0.500* 0.789* 0.503* 1 0.433 0.09 0.577*  0.536 0.548*  -0.447
NO*  0.773*  0.713* 0.649* 0.675* 1 0.084 0.718*  0.494 0.503* -0.678
S04+  0.753* 0.834* 0.293 0.688*%  0.700* 1 0.568* 0.412 0.373 0.09
Cl 0.428 0.065 0.059 -0.256 0.205 0.095 1 0.562* 0.552* -0.496
TDS  0.546* 0.498 0.410 0.367 0.576* 0.670* 0.185 1 0.997*  -0.104
EC 0.450 0.376 0.369 0.273 0.495 0.530* 0.122 0.924*% 1 -0.096

pH 0.292 0346  —0.036 0.285 0.139 0235 -0.071 0.228 0.145 1

In the winter water samples (Table 4-4), SO, 2 was significantly positively correlated with Ca**
and Mg?*, indicating the contributions of CaSO4 and MgSO4 dissolution to runoff. The
correlations were less strong than in those from the summer samples, indicating that the
weathering intensity of rock is weaker in winter. In addition, SO4* was not significantly
correlated with NO3 or K* in winter, which contrasts with strong correlations in summer. This
was associated with less mining activity during winter, and the seasonal variation of river flow
from summer to winter may also play an important role. NOs~ was strongly positively correlated

with Ca?", Mg?" and CI; however, NOs™ was not correlated with SO4*, CI- or K* in winter,
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which again contrasts with strong correlations in summer. Finally, Mg?* and Ca*" were not

significantly correlated in winter, but they were positively correlated in summer (Table 4-4).

4.3.3 Stream order system
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Figure 4- 3. Sulphates, nitrates, and soil HM concentrations in relation to stream orders in the ZMSK
River, and the units for sulfates and nitrates are mg/L, for HMs being mg/kg.

First-order streams usually have wide riparian buffers that provide convenience for human
activity. There are also no recharge sources from upstream, making them a good index to trace
nonpoint source pollution. The median values of sulfates in summer did not show any variation
trends, but rather showed higher individual values at the first and fifth-order streams (Fig. 4-
3a). A similar distribution was observed for nitrates in summer (Fig. 4-3b). The high sulphate
and nitrate concentrations in surface water and groundwater were likely caused by mining and
agricultural activity (Rivett et al., 2008; Mativenga and Marmewick, 2018). Agriculture is
limited in this location due to the cold weather and complicated landform (Gao et al., 2013).
Thirteen mining sites in the alpine catchment were distributed near the main stream areas, where
the elevation is lower and accessibility is greater for mining operations and transportation. This
may explain the high concentrations of sulfates and nitrates in the last order streams. In contrast,
most other mining points were distributed near the first-order streams. These areas were

originally covered by bare rocks with low plant cover, which was more convenient for mining
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exploitation. The high levels of pollutants in the original area also correlated with the level of

mining activity.

The areas in which mining activity occurs have the highest concentrations of sulfates and
nitrates, and other stream order systems have lower pollutant concentrations. Adverse natural
conditions make mining activities more difficult in winter, so the distribution of sulfates and
nitrates in winter did not show any obvious trend (Fig. 4-3a and 4-b). Regarding soil HM, the
concentrations of As and Cd were highest in the first and fifth-order streams (Fig. 4-3c), while

high concentrations of Pb and Zn were only found near the main stream areas (Fig. 4-3d).

4.3.4 Predicted dispersal of heavy metals
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Figure 4- 4. The predicted spatial dispersal of HM in the ZMSK catchment, with the unit of mg/kg.

The dispersal of the HM contaminants from mine sites were predicted from geographical
characteristics and mining activity characteristics (Fig. 4-4). HM values around mining sites
were naturally highest, with most mining in the upper catchment centred around headwater
areas. HM concentrations decreased from these headwater regions down to the main stream,
reflecting attenuation processes over space. The prevalence of mining pollution in mountainous
catchments is strongly driven by topography, stream dynamics, and land use. Compared to
simple spatial interpolation in this area (Bu et al. 2016; Wei et al. 2018), predicted HM
distributions can better reflect transport of mining pollution when using complex topographic

information to address geospatial patterns.
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4.3.5 Tracing heavy metals

Model selection identified the top models from all combinations of WCP for each HM. Models
with the lowest AICc are listed in Table 4-5, highlighting the included variables and model
support relative to other models within 2 AICc. When EC, NOs™ and pH were selected as the
smoothed variables, the AICc value of the top model for tracing arsenic was 322.34, and the
degrees of freedom (df) was 13 (Table 4-5). The pH was also a smoothed variable in the top
model for tracing cadmium and zinc. The top model for tracing lead was dominant by NO3 -

and SO4 >, and the AICc value was 526.19.

Table 4- 5. Top models identified through model selection based on AICc.

Smoothed variables in best Degrees of freedom

Heavy metal model (df) loglik AlCc Akaike weight
Arsenic EC+NO;+Ph 13 -142.74 322.34 0.6

Cadmium Ca’*+pH 6 -76 166.16 0.6

Lead NO;+S0,* 7 -254.45 526.19 0.45

Zinc Ph+SO4* 4 -352.01 712.75 0.17

* The predictor variable values in the table are the number of times that variable was
included in a subset of models and represents the relative variable importance of each
variable. Symbols for predictor variables occurring in the best model set are total model
number (TM), flow direction (FD), flow accumulation (FA), total ions concentration (TI)
and degrees of freedom (df).

Additional variables were included in models also within 2AICc of the best model. To not
discount their influence on HM, these additional variables, where appropriate, were included
in final models for each HM (Table 4-6). The final model for arsenic kept the same three
variables as the top model, and the deviance explained (DE) value of these variables was 51.4%.
The concentration of arsenic fluctuated in relation to NO3™ concentration, reaching the minimum
value when the concentration of NOs - was around 6mg L', and showed a constant trend when
the NO; - concentration was higher than 28 mg L' (Fig. 4-5a). Arsenic also showed a nonlinear
relationship with pH, and increasing when pH was below 8.3, but decreasing after this point

(Fig. 4-5b).
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Both NOs - and pH were also smoothed variables for the other three HM, but showed the
opposite trend. The NOs - displayed negative linear relationship with the concentrations of
cadmium and zinc (Fig. 4-5f, 1), while there was a positive linear relationship with lead (Fig. 4-
5h). Conversely, pH was correlated with cadmium and zinc (Fig. 4-5d, n), but displayed
negative linear relationship with lead (Fig. 4-5j).

The concentrations of lead decreased when the SO4 > concentration was less than 140mg L,
kept increasing after that point until the SO4 % concentration was around 240mg L', and then
decreased again (Fig. 4-5g). Compared to the top model for tracing zinc, the smoothed variables
of NOs, Ca?", Mg?" and EC remained within 2AICc of the best model (Table 4-6). The
concentrations of zinc fluctuated with SO4 2 concentration, and two low peaks were reached
when SO, % concentration was 100 and 255 mg L (Fig. 4-5k). The Mg?" and EC showed
positive linear relationship with zinc (Fig. 4-50, p), while there was no significant change with
Ca’?" (Fig. 4-5m). Zinc kept decreasing slightly, but remained constant when the Ca?"

concentration was over 70mg L.

Table 4- 6. Generalised Additive Models (gam) describing the response of heavy metals (HM) to major
water chemical parameters (WCP). Variable coefficients, Degrees of freedom estimated to model
(Edf), Degrees of freedom estimated to waste (Ref.df), Significance of smoothed terms (F), P- value,
Deviance explained (DE).

HM Variable Edf Ref.df F P- value DE
Arsenic NOs 8.738 8.977 3.394 0.001 514
pH 2.124 2.654 1.991 0.153
EC 1 1 4.867 0.032
Cadmium pH 1 1 5.102 0.028 205
Ca® 3.122 3.92 1.832 0.119
NO5 1 1 0.303 0.584
Lead SO4* 4.088 4.938 1.559 0.188 268
NO5 1 1 2.76 0.103
Ca”* 1 1 0.127 0.723
pH 1 1 1.012 0.319
Zinc Ner 5.395 6.446 0.951 0.405 263
NOs 1 1 2.691 0.107
Ca*' 1.741 2.224 0.438 0.776
pH 1 1 0.599 0.443
Mg** 1 1 1.364 0.249
EC 1 1 0.432 0.514
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Figure 4- 5. Smoothed fits of relationships between WCP and HM. Tick marks on the x-axis are
observed data points. The y-axis stands for the As (a to ¢), Cd (d to ), Pb (g to j), Zn (k to p).

4.4 Discussion

4.4.1 The possibility of water chemical parameters to trace mining activity

Chemical analysis of the main stream water met the standards for drinking and irrigation
standards in the ZMSK, but previous research has found that tributaries were affected by local
mining activity (Wei et al. 2018). Effective control of anthropogenic pollution here is crucial.
The nitrate in river catchments is a common nitrogenous compound from the nitrogen cycle,
but anthropogenic sources have greatly increased the concentration level, including discharges
from fertilized agricultural lands (Matson et al. 1997), industrial waste water (Abdel-Halim et
al. 2003), landfills, and energy consumption (Li et al. 2017). However, NO3 " in the catchment
was significantly positively correlated with most of other parameters during summer, reflecting
the influence of human activities, such as energy consumption from mining operation
equipment and vehicle emission from mining transportation. The NOs - here almost from the

anthropogenic activity was further supported by the small content of NO3 ™ in the river water.
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Sulfates in riverwater are often formed as the result of thewater passing through rock or soil
containing gypsum and other common minerals, or atmospheric deposition (Azabou et al. 2007;
Shaffer et al. 2017). The high contents of SO4 2 in river water showed the abundance of sulfide
deposits in the catchment (Ma et al. 2009). Point sources, such as treatment and industrial
discharges, and agricultural lands also contribute sulfates to river water (Tiifekci et al. 2007;
Smolders et al. 2010). The significant positive correlation between SO4 2 and most of other
parameters showed the active activity for sulfates, but it is difficult to identify the natural or
anthropogenic contributions. However, the coefficient of correlation between SO4 2 and NOs -
from the river water was up to 0.70 during summer, while only 0.08 during winter, indicating
the human influence from mining activities during the warm periods. This inference was also

supported by the stream order system analysis.

Most of the tracing elements, including the HM, have both natural and anthropogenic sources
(Plank & Langmuir 1993; Pacyna & Pacyna 2001). Combing various tracing elements can give
further insight on the contamination mechanism. This study explored to improve the accuracy
of predicting the dispersal of soil HM by combining the mining activity and geographical
characters. And then modelled the relationship between soil HM and WCP to analyse the
mining pollution process. The analysis of WCP is much simpler and relatively inexpensive than

analysing HM, so using the hydrological parameters is also an economic choice.
4.4.2 Mining pollution mechanism

Geographical characteristics, such as climate and topography parameters, play an important
role in the mining pollution at an alpine catchment scale. The precipitation assumption directly
determines the runoff volume in a precipitation-recharged catchment (Rodriguez-Iruretagoiena
et al. 2016). Topography characteristics effect contamination transmission processes by
influencing the stream directions and flow velocity. The soil erosion levels were determined by
slopes, aspects, TPI, TRI, roughness and rainfall intensity. Large quantities of rocks are
excavated to extract the desired mineral ore during operation at mining sites. The ore is then
crushed into finely ground tailings and processed with various chemicals to extract the minerals.
During rainfall events, a substantial quantity of sediment can be carried from the mining

residuals on steep mountain valleys into the river, the other retained in the soil (Fig. 4-6).

Apart from natural factors, the variables ‘mining density’ and ‘distance to mining sites’ are
necessary to be considered. The results also showed the importance of these two variables. Thus,
mining pollution in alpine catchment area is a complex process, and more variables should be
taken into account when analysing and modelling this process in order to provide more detailed

and useful information. Very similar study of gold, coal and other mining results were reported
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by previous research (Cerqueira et al. 2012; Oliveira et al. 2012; Arenas-Lago et al. 2013; Silva
et al. 2013; Cutruneo et al. 2014).

The mining pollution mechanism in alpine catchments is a complicated process among the soil,
groundwater, surface water, lithology, and sediments. From our study, we found that the WCP
are satisfactory predictive variables to trace the HM pollution from the mining activity, and are
able to provide a relationship between the soil HM and stream WCP. And more parameters are
recommended to be considered in the future research to improve the quality of the model. The
prevalence of mining pollution in mountainous catchment is strongly based on many factors,
such as topography, stream dynamics and land use. The more components we are able to taken
into account in the model, the more specific information we can interpret, and the closer to the
real mining pollution process. In our model, the topographic complexity of the alpine catchment,
including elevation, slope, aspect, flow direction, etc., was captured by calculating the
topographic variation through variables derived from the ‘terrain’ function based on the digital
elevation model (DEM). For two separate complex alpine catchments, if the DEM was
available, then all the geological characters could be all extracted by this model. This model
could work on different complex alpine catchments. The model behaviours will depend on the

geographical characters and mining activity information.
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Figure 4- 6. Conceptual model of mining pollution in high mountain areas. The model shows the flow of
water (blue arrows) from upper reaches to the middle and lower reaches. The headwater area is the main
runoff- generation area, and the mining activity here has the potential to cause a series of water quality
problems in middle and lower reaches.

4.5 Conclusions

The water from the river, springs, wells, and meltwater spatially distributed in the ZMSK were

collected to characterise the hydro-chemical characteristics and assess the water quality. Then

102



the WCP and soil HM samples near mining sites were used to analyse the mining pollution
process. This research presented a novel method of predicting the dispersal of soil HM by
combining geographical factors and mining activity information, and then explored to trace soil

HM from WCP around the mining alpine catchment.

The results showed that all water samples were SO4>—~Mg*—Ca?* type throughout the year. The
strong correlation between SO4> and NOs™ reflected the existing influence of mining activities.
The levels of As and Cd were higher in the stream orders where the mining sites were
concentrated. The prediction results showed that geographical and mining activity played an
important role for the distribution of HM. The model selection results found that NO3 and pH
were smoothed variables for all these four HM, and WCP are able to be reasonable predictors

to trace soil mining pollution.

Increasing sampling density is a necessary method for improving the precision of predicting
mining pollution in the future research. We strongly encourage similar research with the
interactions between groundwater and surface water, more tracing elements, climate factors and
lithology information to provide a more reliable method for analysing mining pollution

mechanism at alpine catchments around the world.
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Chapter 5. Local climatic factors controlling the isotopic composition of precipitation in

the Qinghai-Tibet Plateau based on an eight-year observation

Abstract:

The hydrological cycles in the Qinghai-Tibet Plateau (QTP) have experienced significant
changes over recent years. A thorough understanding of the relationships between isotopic
compositions (8'%0 and 8D) in precipitation and potential local climatic factors is a
prerequisite requirement for discovering these hydrological processes in the Third Polar area.
However, long-term continuous precipitation isotopic data in the QTP, as well as the
synchronous local climatic records were scarce due to the harsh environment, poor traffic and
observation conditions. A total of 430 precipitation samples together with nine local climatic
variables from the Nam Co Lake over an 8-year were presented in this study for the first time
to help interpret the influence of local climate patterns to the isotopic signal variations in
precipitation. Combined with the classic local meteoric water lines (LMWLs) and
environmental effects analysis, model selection and model averaging methods were

introduced to explore the quantitative relationships between them.

Results found that on the annual scale, both the slope and intercept of the LMWL at Nam Co
basin were higher than those of the global meteoric water line (GMWL), and these
characteristics suggested that there were significant moisture sources from the continental
landscape surface throughout the entire year at the monsoon-Westerly jet stream transition
areas. The important explanatory variables of humidity and three temperature factors in the
top model of d-excess also supported this conclusion. Seasonally, the lowest slope and
intercept values of LMWL during the monsoon periods indicated the contributions of marine
moisture. The lighter isotopic values in the monsoon season also reflected the strong rain out
process by the high precipitation amounts in this period. We also found that isotopic
signatures in different seasons were dominated by different local climatic factors according to
the results of top models. For instance, the wind variables were important variables to explain
the isotopic tracers during the Westerly season. The model selection and model averaging
methods constitute an advancement in quantitatively interpreting the relationships between
isotopic signatures of precipitation and their local climatic variables, which can supplement or
precede more complex studies of hydrological cycles utilizing isotope tools. The long-term
monitoring data sets in this study will enrich a multi-dimensional system of the hydrological
cycles in the transition domain areas of QTP, as well as benefit the related model

development and research.
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5.1 Introduction

Water stable isotopes of 6'%0, 8D, and deuterium excess (d-excess=0D-85'%0) offer a
powerful proxy for evaluating the hydrological cycles, such as precipitation (Price et al.,
2008; Risi et al., 2008a), glacier (Kumar et al., 2018), permafrost water (Lacelle et al., 2014),
surface water (Ogrinc et al., 2008), groundwater (Abbott et al., 2000; Wassenaar et al., 2009),
and plant water (Bush et al., 2017), etc. Due to their stable properties, the water isotopic
signatures have been widely used to analyze various hydrological processes, like the
hydraulic connections between surface water and groundwater (Yin et al., 2011), stream water
recharge mechanism (Li et al., 2014), hydrograph separation (Lyon et al., 2009), and the
influence of climate change on cryosphere (Kreutz et al., 2003; Li et al., 2016b).

Precipitation is an important driving force to link the interactions of various water bodies, and
a better understanding of what controls the isotopic values in precipitation is the prerequisite
for studying hydrological cycles on local, regional, and global scales (Bowen et al., 2019;
Duy et al., 2018; Kurita et al., 2009). The abundance of stable isotopes in precipitation
reflects the atmospheric environment and the original water vapor sources during the process
of precipitation formation. The stable isotopic compositions of precipitation are the results of
the joint action of climatic variables at different spatial scales (Duy et al., 2018). On one
hand, isotopic signatures in precipitation correlate to the long-distance transport of
atmospheric moistures, which will experience dynamic changes due to various environmental
backgrounds on the regional scales that mainly include the condensation and evaporation
processes along the trajectory (Jouzel and Merlivat, 1984; Soderberg et al., 2013), air mass
transport history (Kurita et al., 2009; Sjostrom and Welker, 2009), and temporal changes of
the moisture sources (Krklec et al., 2018; Tian et al., 2007). On the other hand, the local
climatic parameters that relate to the different local meteorological conditions or processes
when precipitation events occur, will make isotopic signal variations more complicated (Duy
et al., 2018). These local factors mainly include the precipitation amount, air temperature, the
secondary evaporation below the cloud base (Crawford et al., 2017), and the moisture

exchange between atmosphere and land (Ansari et al., 2020; Balagizi et al., 2018).

The Asian monsoon region has the most obvious monsoon climate patterns, and precipitation
mainly originates from the Indian and Pacific Oceans (Shen and Lau, 1995). The Qinghai-

Tibet Plateau (QTP) is an important geomorphic unit in the Asian monsoon region, and is
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affected by two dominant weather systems, the Westerlies and monsoons. According to this
climate characteristic, the QTP has always been divided into three zones, the Westerly

domain area, the monsoon domain area, as well as the transition domain (Yao et al., 2013).

The hydrological cycles in QTP are very mysterious, notably by the rapid lake expansion and
dramatic glacier retreat in the recent years (Liu et al., 2021; Song et al., 2014; Wu and Zhu,
2008). Most famously, the Siling Co lake, the current largest lake in Tibet, had experienced
an area of 730 km? rapid expansion during the past four decades (Zhang et al., 2011). But
what triggers drove the lake expansion are still unclear in this observation data-scare area
(Kang et al., 2017). However, the QTP is the source of many important rivers in Asia (Liu et
al., 2020), and this will impact the production and normal life in the middle and lower reaches
in related countries and regions. Additionally, these unstable hydrological cycle events pose
potential hazards, flooding pastures, villages, and forests within the QTP (Wang et al., 2021;
Yuan et al., 2017), thus, it is very necessary and important to study the relationships between

the stable isotopic compositions in precipitation and climatic factors in this area.

Previous studies on the relationship between climatic factors and isotopic values in Asian
monsoons, especially in QTP areas, mainly focused on solving the following questions. (i)
How various environmental effects affect the stable isotopic compositions in precipitation?
(i) What are the spatial and temporal variations of the isotopic signatures in precipitation?
and (iii) what climatic factors control these isotopic values at a local or regional scale?
Previous studies' attempts to solve these general problems are listed in Table 1, and include
both limitations and benefits. For example, the local meteoric water lines (LMWLs) can
reflect the long-term distribution of 8'®0 and 8D at the site (Putman et al., 2019), which can
provide information of the distinctive local precipitation process and isotopic characteristics
in a certain area. The introduction and development of many statistical and physical models
not only help better discover the hydrological processes, but also can provide information
about many important regional climatic parameters. For instance, information concerning the
wind and humidity were available from the National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR), air mass movement
from Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) (Lone et al., 2019),
and large-scale convective activities from outgoing longwave radiation (OLR) (Zhang et al.,
2019). Although previous studies have conducted systematic research, there are still many
knowledge gaps due to the difficult of sampling high spatiotemporal resolution data from the
QTP area. Furthermore, the variable landscape, and complex geological structure in these
high mountains and rural areas make it even harder to collect continuous precipitation

samples.
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Table 5- 1. Summary of relevant studies conducted previously for investigating relationships between
the precipitation isotopic compositions and climatic variables in Asian monsoon areas, especially the
QTP area (The current paper is added for completeness). Three components in the 'Key results' column
are identified by the code: (1) Temporal scales (year), (2) Total numbers of precipitation samples, (3)
Whether involve the influences of local climatic factors to precipitation isotopic composition, and their
numbers, and (4) Whether the climatic factors are synchronously observed, and if not, what is the
method used to collect these climatic data sets. NA means not available, or not mentioned.

Study Area methods Key results

(Duy et al., Mekong Delta, LMWLs, linear correlation, (1)1.5 years,

2018) Vietnam MLR, importance analysis; (2)74 samples from six sites,

back trajectory modeling (3)Yes, but only temperature,

precipitation amount, relative humidity
(4)No, extracted from local climate
records

(Laonamsai et  Thailand LMWLs, environmental effects  (1)3 years,

al., 2021)

(Zhang et al.,
2019)

(Lietal,
2020)

(Kang et al.,
2017)

(Lietal,
2016a)

(Lone et al.,

2019)

Siling Co lake,
QTP

Zhimenda, QTP

Nam Co lake,
QTP

Waushaoling,
QTP

Indus river
basin,

Himalayas

analysis; back trajectory

modeling, regression analysis

LMWLs, back trajectory

modeling, correlation analysis

LMWLs, environmental effects

analysis, regression analysis

LMWLs, Isotope mass balance

model

LMWLs, environmental effects
analysis, regression analysis,

back trajectory modeling

NCEP/NCAR reanalysis,
HYSPLIT back trajectory
modeling, LMWLs, Lagrangian

moisture diagnostic
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(2)702 samples from twenty-six sites,
(3)No, only regional climatic factors,
(4) No, extracted from GDAS

(1)3 years,

(2)159,

(3) Yes, but only three local factors,
including temperature, precipitation
amount, and relative humidity,

(4)No, extracted from GPCC, OLR;
GDAS

(1)2 years,

(2)305 samples from three sites,

(3) Yes, but only two local factors,
temperature and precipitation amount,
(49 NA

(1)3 years,

(2)284,

(3) Yes, but only precipitation amount,
(4) Yes, local climatic data were
recorded at Nam Co station

(1)1 year,

(2)468 from 5 sites,

(3) Yes, but only two local factors,
including temperature and precipitation
amount,

(49 NA

(1)1 year,

2110,

(3)Yes, but only two local factors,

temperature and precipitation amount,



(4)No, extracted from NCEP/NCAR
Reanalysis 1 dataset, and GDAS

This study Nam Co lake, LMWLs, environmental effects  (1)8,
QTP analysis, model selection, (2)430,
GLM, GAM (3)Nine local factors,

(4)Yes, local climatic data were

recorded at Nam Co station

Abbreviations in this table, local meteoric water lines (LMWLs), multiple linear
regression (MLR), Global Data Assimilation System (GDAS), Global Precipitation
Climatology Center (GPCC), outgoing longwave radiation (OLR), Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT), National Centers for
Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR),
generalized linear models (GLM), and generalized additive models (GAM).

As a result, there are three main knowledge gaps currently. (i) There are rarely long-term
continuous precipitation isotopic data in the QTP (details in Table 5-1), due to the harsh
environment, poor traffic, and observation conditions. Although a few local meteorological
conditions have examined the precipitation isotopic composition in the QTP, the previous
studies mostly concentrated on the eastern part of the QTP (Yu et al., 2006), northeastern
QTP (Li et al., 2016a), southern QTP (Tian et al., 2001b) etc., only a few attempts had been
made to concentrate on the transition domain zones of the monsoon and Westerly transition
zones (Zhang et al., 2019), where the large Siling Co Lake and Nam Co Lake are located.
Additionally, some of the research only focused on some special period, like the summer
monsoon periods (Gao et al., 2018). To the best of our knowledge, the current longest
temporal scale for the precipitation isotopic compositions in the QTP was only three years
(Kang et al., 2017). (ii) In terms of the climatic factors that potentially influence the isotopic
signature in precipitation, most of the research only focused on the regional climatic scales,
such as ENSO (Cai et al., 2017; Ishizaki et al., 2012); convective activities (Ansari et al.,
2020; Risi et al., 2008b), the origins and properties of the air masses (Kurita et al., 2015;
Uemura et al., 2012); as well as the distillation and secondary evaporation during moisture
long-distance transport process (Tan, 2014; Tian et al., 2001a). However, relatively little
attention has been paid to the local climatic factors (Duy et al., 2018). Furthermore, most of
the local climatic data sets were extracted from the local climate records (Duy et al., 2018;
Laonamsai et al., 2021; Lone et al., 2019; Zhang et al., 2019) (Table 5-1), rather than
synchronously observed data for every single precipitation event, which will inevitably
discount the accuracy of analysis. (iii) The relationships between isotopic values in

precipitation and their potential explanatory variables were rarely quantitatively analyzed by
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previous studies. Although some previous studies have reported some results qualitatively,

few specific quantitative explanations of each factor to stable isotopes have been provided.

Given the above-mentioned knowledge gaps, continuous sampling and synchronous local
climatic variables over a long-term period at the transition zones of the QTP are two essential
requirements to fill these current knowledge gaps. In this study, the isotopic ratios in
precipitation from valid 430 continuous events were collected from the Nam Co Lake over 8
years, and nine synchronous local climatic variables were recorded at the Nam Co station by
the Chinese Academy of Sciences since 2005, including the precipitation amount,
precipitation duration, relative humidity, temperature, maximum temperature during each
event, minimum temperature during each event, pressure, wind direction and wind speed.
Then the LMWLs, and environmental effects were applied to discover the background
information of precipitation isotopic compositions and the model selection, generalized linear
models (GLM), and generalized additive models (GAM) were introduced into the field of
isotope hydrology, and tried to fill these current knowledge gaps. Specifically, the objectives
of this study are (i) the typical patterns of precipitation stable isotopic signatures in Nam Co,
(i1) the environmental effects in this area, (iii) temporal variations of isotopic signatures in
Nam Co, and (iv) quantitatively relationships between isotopic values in precipitation and
their potential explanatory variables. The model selection method is novel in the field of
isotope hydrology (Allen et al., 2019), and can enhance their power to quantitatively interpret
the relationships between isotopic signatures in precipitation and local climatic records. The
long-term monitoring data sets in this study will enrich a multi-dimensional system of the
hydrological cycles in the transition domain areas of the QTP, and benefit the related model
development and research in these data-scarce locations. Results can also benefit regional
development and conservation. The results of this study are also important to establish a

scientific-informed strategy for regional development and management.
5.2 Materials and methods
5.2.1 Study area

The Nam Co Lake is an ideal site to study the impacts of local climatic factors on isotopic
compositions in precipitation, because it is located within the transition zones where is jointly
controlled by the monsoon and Westerly weather systems, as well as strong local recycling
processes, such as the cloud-related processes (Yao et al., 2013). The Nam Co Lake is an
endorheic basin, covers an area of approximately 2018.25 km? measured in 2009 (Zhang et
al., 2013), and the maximum depth was over 90 m (Wang et al., 2009), with an elevation of

4718 m above sea level.
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Figure 5- 1. Boundary of QTP (blue polygon) and locations of sampling sites. The NE-SW cross
section denotes the three precipitation sampling sites, Wushaoling, Zhimenda, and Nam Co (detailed
information in Table 5-2), used for studying the altitude effects in the QTP, with its elevation profile
under left corner.

The climate conditions of this area feature a semi-arid subarctic plateau climate with strong
seasonality, which has a mean annual air temperature of —0.6 °C and average annual relative
humidity of ~53.6%. The multi-year mean annual precipitation is nearly 414.6 mm, with
most of the precipitation events at this drainage occurring during the monsoon periods, which
accounts for more than 80% of the annual precipitation (Kang et al., 2011). According to the
interactions of Westerlies and monsoon predominate characteristics, four seasonal monsoon
periods were divided in this study, including April-May as the pre-monsoon, June—August
(JJA) as the monsoon periods, September as the post-monsoon, and October to next March as
the Westerly domain season with a dry and cold air mass (Keil et al., 2010; Li et al., 2007;
Zhang et al., 2019). On the set of monsoon seasons, the marine air masses move upward to
the Himalaya mountains and are propagated into the QTP interior. The humidity and
precipitation are significant during the monsoon period compared with other seasons. There
are almost seven geomorphological units across the entire Nam Co drainage basin, among
which the southwestern mountains, Nyaingentanglha mountains, and western highlands are
the three significant areas, accounting for21%, 30%, and 32% of the total basin area,
respectively (Keil et al., 2010). Wetland is also an important landscape feature in the
watershed, with a surface area of approximately 600 km?, including almost 200 km? along the

lakeshore (Kang et al., 2017).
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5.2.2 Field sampling and laboratory analysis

The Nam Co Multi-Sphere Observation and Research Station (Nam Co station, 30°46.44' N,
90°59.31" E) was established by the Chinese Academy of Sciences in 2005, and makes it
possible to observe and investigate the long-term impact of climate change on water cycles on
the QTP. Precipitation samples and synchronous local climatic data sets observations were
started in 2005, and the record data sets between 2005 and 2012 were the first time used here
for interpreting the relationships between precipitation isotopic compositions and potential

local climatic patterns.

Precipitation samples were collected using an automated precipitation collector with a long
narrow tube attached to the bucket container at Nam Co station. The event wise samples were
collected immediately after the rain stopped (Kang et al., 2017). After collection, all
precipitation samples of each rain event were sealed in a 15-mL polyethylene bottle and
frozen at —18 °C to avoid any evaporation. Before analysis, they were stored in a refrigerator
with the temperature set at —4 °C, so they could melt gradually without evaporation. The
isotopic compositions of oxygen and hydrogen of precipitation are defined by,

(*80 / *°0)sampie — (*B0 / 0)y_smow
(180 / 1%0)y-smow

5180 =

x 1000 %o (1)

(P*H | *H)sampie = (PH / *H)y_smow
(H / *H)y_smow

6D =

x 1000 %o )

where V-SMOW refers to the Vienna Standard Mean Ocean Water standard, and all
precipitation samples were analyzed with respect to V-SMOW?2 and Standard Light Antarctic
Precipitation (SLAP), on a Liquid Water Isotope Analyzer (Picarro L2130-i isotopic H*O
Analyzer), with precisions for 8180 of=0.1%o and 3D o0f%0.4%o., respectively.

5.2.3 Model selection and model averaging

Model selection is the task of selecting a statistical model from a set of candidate models with
combinations (subsets) of fixed effect terms in the global model based on optional rules for
model inclusion. Model averaging is a robust method of addressing the model uncertainty.
When multiple model algorithms or candidate models are fitted, model selection was
conducted to select the top model from a set of best models. The top model is the most
parsimonious combination of explanatory variables using the cross- validation process. There
are many selection criterions for model selection, and Akiake Information Criterion (AIC) is
the most commonly used criteria, which is a measure of the goodness fit of an estimated

statistical model. The best models are then ordered by the criteria of AIC. The AIC is a
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measure of fit that penalizes for the number of variables. And AICc works better when the

sample sizes are small:

2K(K+1)
n—-K-1

AlCc = AIC + 3)

Smaller values indicate better fit and thus the AICc can be used to compare models. Thus,
models with the lowest AICc are considered to be the top models, highlighting the included

variables and model support relative to other models within 2 AICc.

The model averaging was then proposed for addressing the issues of uncertainty in the choice
of probability distribution functions and the biased regression parameters during the model
selection process (Burnham and Anderson, 2002). According to the characteristics of our
dataset and the smooth functions, the selection of variables was based on: (a)whether they
corresponding to the research objectives well; (b) whether they were consistent with the related
results in section 3.1 and 3.2; (c¢) sum of weights; and (d) whether they were collinear to each
other. In this study, only the most important five explanatory variables were retained in the final

model set to predict the relationships for each element in primary carrier.
5.3 Results
5.3.1 Local meteoric water line characteristics

The LMWLs always deviate from the global meteoric water line (GMWL, defined by 6 D=8
8'80+10) (Craig, 1961), due to various climatic variables. The R square values of both
seasonal and annual LMWLs in Nam Co station ranged from 0.95 to 0.99 (Figure 5-2),
showing a very good linear relationship between 8'%0 and & D on an 8-year temporal scale.
The annual LMWL in Nam Co deviated slightly from GMWL, with higher values for both
slope (8.34>8) and intercept (17.4>10) (Figure. 5-2A). The slope and intercept values in Nam
Co were also higher than the neighboring sites, the Siling Co, Zhimenda, and Wushaoling
stations (Table 5-2), as well as the stations in Vietnam and Thailand. These characteristics on
an annual scale might correlate to the significant moisture sources from the continental

landscape surface, which was always featured by higher isotopic values (Zhang et al., 2019).
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Figure 5- 2. LMWLs in Nam Co station full year (A) and during four seasonal periods (B), including
the pre-monsoon (blue color), monsoon (red color), post-monsoon (green color), and Westerly (purple
color).

Seasonally, the slope value achieved the highest values in the Pre-monsoon season (8.82), the
lowest in the monsoon season (8.13), then it rebounded to 8.39in the post-monsoon, and was
restored to 8.22 in the Westerly season (Figure 5-2A, Table 5-2). The slope value is always
correlated to the isotopic values of the air masses that change all the time. If the vapor source
is relatively constant over a long time, the slope values of LMWLs in this site should be close
to 8. The slope values are always above 8 when high d-excess values are associated with
lower isotope values. The lowest slope values of LMWL at Nam Co basin in monsoon
periods reflects the strong marine contributions to the moisture sources, which brings high
rainfall amounts with low d-excess values. The slope of the LMWLs is also regarded as an
indicator of the re-evaporative processes below the cloud base (Peng et al., 2010). Notably,
this result is different from the neighboring Siling Co Lake where the lowest slope appeared
in the post-monsoon period, which might be correlated with the different secondary

evaporation process.
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Table 5- 2. Typical stations in QTP with LMWL information.

Site Latitude Longitude Elevation LMWL Data period Source

Nam Co 30.75 90.93 4730 8D=8.345'%0+17.4  2005.8-2012.9 This study

8D=8.828'%0+21.7  pre-monsoon

8D=8.138'80+11.1  monsoon

8D=8.398'%0+19.2  post-monsoon

8D=8.228'80+24 Westerly

Siling Co 30.9 88.7 4681 38D=8.198'%0+10.72 2014.1-2016.12 (Zhang et al., 2019)
Zhimenda 33.01 96.9 3580 8D=8.038%0+11.64 2016.6-2018.7 (Li et al., 2020)
Wushaoling 37.13 102.57 2800 8D=7.728'80+11.6  2013.5-2014.8 (Li et al., 2020)
Viernam - - - 3D=17.565'%0+7.26 (Duy et al., 2018)
Thailand - - - 3D=17.625'%0+6.42 (Laonamsai et al., 2021)

The intercept value of LMWL in Nam Co was 11.1 in the monsoon season, close to 10 of the
GMWL, but the intercept values were all greater than 19 in other seasons, and the intercept
value achieved the highest values in the Westerly season (reaching 24). The changing patterns
of intercept are mainly denoted by the moisture sources, evaporative process below the cloud
base, as well as the d-excess values (Dansgaard, 1964). The low values of intercept in the
monsoon season can be explained by the marine vapor sources and the lowest values of d-
excess in this period (Figure 5-3(D) in the next part). The strong sub-cloud re-evaporation and
insignificant evaporative isotopic enrichment during the precipitation falling down process

may also contribute to the low intercept values.

5.3.2 Environmental effects

5.3.2.1 Altitude effects

In order to study the influence of altitude effects on the stable isotopic compositions of
precipitation in the QTP, we selected a profile with three sites that runs from northeast to
southwest of the QTP, with altitudes ranging from 2800, 3580, to 4681 m above the sea level
(Figure 5-1, Table 5-2). The altitude effects for precipitation 3'%0 between Nam Co and
Zhimenda was nearly -0.3%o per 100 m of altitude, and -1.28%o per 100 m of altitude for
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Wushaoling and Zhimenda (Figure 5-2A). Previous studies showed that the altitude effects
for precipitation §'30 ranged from —0.1 to —0.6%o per 100 m of altitude (Ichiyanagi, 2007,
Laonamsai et al., 2021), so we can see the pronounced altitude effect in the QTP. The isotopic
values of 8'%0 and 8D are usually observed to be gradually more negative in high-altitude
areas than in the low-lying areas due to the altitude effect (Laonamsai et al., 2021), so the
strong altitude effects in the QTP might indicate special landscapes and convective processes.

There was little influence of altitude effects to the d-excess at different altitudes.
5.3.2.2 Influence of precipitation amount and temperature

Typically, the isotopic values in precipitation tend to be progressively depleted with an
increasing precipitation amount, defined as an amount effect (Dansgaard, 1964). The §'80 and
oD compositions of precipitation at Nam Co area kept decreasing when the amount increased.
When the precipitation was less than 2mm, the median value of 3'*0 was around -15%o., and it
decreased to -20%o when the precipitation amounts exceeding 10mm (Figure 5-3 B). The
median values of & D showed a similar trend that decreased from -100%o into -150%0 with the
increase of precipitation amount from 2mm to 10mm. There was no significant influence of
amount effects to d-excess. When the precipitation amount was greater than 7mm, the
decreasing trends of isotopic compositions in precipitation were not obvious (Figure 5-3 B).
This indicates that there are some other environmental effects in the Nam Co basin which can
reduce the impacts of the precipitation amount effect after reaching this threshold, such as the
secondary evaporation (Meng and Liu, 2010; Xiao et al., 2021), advection of evaporated
vapor (Cole et al., 1999; Lee and Fung, 2008), or the continental moisture recycling (Krklec
et al., 2018).

The temperature effects refer to the relationship between temperature and the §'%0 and 6D
compositions in precipitation. In the Nam Co area, the 3!80 and 8D compositions reached the
maximum values of -10%o and -80%., respectively, when the temperature ranged from 0 to
5°C (Figure 5-2C). When the temperature was greater than 5°C or less than 0°C, the isotopic

contents in precipitation started to become more depleted.
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Figure 5- 3. Boxplots showing the influence of environment effects to isotopic variations.

5.3.3 Seasonal patterns of the isotopic variation

5.3.3.1 Isotopic compositions in different seasons

There were distinct seasonal variations in the §'%0, 8 D, and d-excess composition of

precipitation in Nam Co. The §'%0 and 8 D had similar trends in different monsoon periods,
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and their abundances were both very enriched in pre-monsoon, then most depleted during the
entire monsoon season, and rebounded slightly in the post-monsoon and Westerly periods
(Figure. 5-3D). The median value of d-excess also reached the lowest value in the monsoon
season, but the highest value appeared in the Westerly season, rather than in the post-

monsoon period.

The seasonal variations of isotopic compositions in precipitation correlated to the sub-cloud
process and local climatic systems. The heavier isotopes in the pre-monsoon at the Nam Co
basin are the consequence of a relatively low precipitation amount that will scavenge heavy
isotopes from the ambient atmosphere. With the increasing precipitation amount in the
monsoon season, the continuous rainout process under the cloud base made the isotopic
compositions more depleted, thereby making the precipitation isotopic compositions even
lighter (Hughes and Crawford, 2013). For the high content moisture, the height of reaching
the dew point for the rising local air mass is relatively low, with low 8'80 and high d-excess.
On the contrary, under relatively dry conditions, low precipitation and re-evaporation of
raindrops will result in high 3'%0 and low d-excess (Stewart, 1975). The slightly increasing
isotopic values in the post-monsoon season can be explained by the weakening of convections
along the trajectory with the retreat of monsoon. The weakening rain out effects driven by the
decreasing precipitation amounts and precipitation events in post-monsoon and Westerly
seasons, will keep the isotopic compositions below the cloud base at a heavier level than that
in monsoon season. These results are consistent with the seasonal variations in the

neighboring Siling Co basin (Zhang et al., 2019).

5.3.3.2 Top models for isotopes

Both the annual and seasonal top models for isotopes, in terms of the lowest AICc values by
model selection are presented in Table 5-3, as well as their important explanatory variables.
Annually, the top models for both '*0 and 8D at Nam Co Lake can be explained by the
combinations of precipitation amount, minimum temperature, and wind speed, except that
pressure is only an explanatory variable for 8'%0 (Table 5-3). 5'%0 and 8D showed negative
correlations with the precipitation amount, minimum temperature, but positive with wind
speed. The top model of d-excess was explained by humidity, and three temperature
variables, and d-excess had a positive relationship with the maximum temperature, but a
negative relationship with temperature and minimum temperature. The ever-present
significant influence of continental moisture throughout the year at the QTP might explain the
explanatory variables of humidity and temperature in the d-excess top model (Zhang et al.,

2019).

123



Table 5- 3. Top models identified through model selection based on AICc for isotopic compositions in
precipitation at Nam Co basin. df= Degrees of freedom. Weight= Akaike weight.

indicators ~ Top models d loglik AlCc weight  Period
f
(-0.74) precipitation+(-0.35) pressure+(- 6 -1419.32 2850.84 0.26 full year
2.35) T_min+(0.85) W_speed-15.46
(-1.5131) P_duration-7.5 3 -141.98 290.49 0.29  pre-monsoon
Oxygen (-1.37) humidity+(-2.15) precipitation+(- 8 -779.53 1575.67 0.21 monsoon
1.06) pressure+(-0.62) T max+(-2.13)
T min+(0.4) W_direction-17.31
(1.99) pressure+(-1.07) temperature - 4 -229.68 467.95 0.41 post-monsoon
15.54
(0.69) W_speed-14.31 3 -192.04 390.5 0.23  Westerly
(-6.02) precipitation+(-22.18) 5 -2328.52 4667.19 0.21 full year
T min+(7.25) W_speed-111.56
(5.2) humidity+(-16.28) P_duration-44.45 4 -247.71 504.33 0.21 pre-monsoon
(-12.22) humidity+(-16.32) 8 -1296.38 2609.38 0.14 monsoon
Deuterium  precipitation+(-8.57) pressure+(-5.47)
T max+(-18.84) T min+(3.18)
W _direction-129.54
(16.01) pressure+(-13.21) temperature- 4 -384.49 777.57 0.44 post-monsoon
111.17
(2.91) W_speed+(1.03) P_duration-93.72 2 -325.4 655 0.43  Westerly
(-0.85) humidity+(1.27) T_max+(-0.54) 6 -1480.07 2974.41 0.08 full year
T min+( -4.88) temperature+ 12.1
(3.66) humidity+(-3.07) 7 -168.66 354.06 0.27 pre-monsoon
P_duration+(4.35) T_max+(-2.08)
d-excess T min+(-2.46) temperature+ 15.51
(-1.18) humidity+(-2.27) temperature+ 4 -821.17 1650.51 0.12  monsoon
8.92
(-2.69) temperature+13.15 3 -221.99 450.32 0.31 post-monsoon
(-1.96) humidity+(-3.79) temperature+(- 5 -227.34 465.75 0.22  Westerly

1.56) W_direction+20.78

From the top models of the seasonal scales, different local climatic factors worked in different

seasons. In the pre-monsoon season, all 5'%0, 6D, and d-excess showed a negative

relationship with the precipitation duration, which can be explained by the rain out effects.

The precipitation is featured by fewer events and lower amounts in the pre-monsoon period,

and the shorter the periods of the precipitation duration, the heavier isotopic the signatures in

precipitation are. There were more explanatory variables in monsoon season, which reflected
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the more complicated climatic conditions at the Nam Co area. For example, both the top
models of 3'%0 and 8D were interpreted by the combinations of precipitation amount,
humidity, pressure, maximum and minimum temperature, and wind direction. While during
the post-monsoon period, '*0 and 8D achieved the top models when explained by pressure
and temperature, however the d-excess was only related to the temperature in the top model.
Notably, all three isotopic signatures were correlated to the wind variables in their top
models, and the dominant Westerly system might offer a plausible explanation for this
pattern. For examples, 3!%0 and 8D had a positive relationship with wind speed, with the
correlation coefficients being 0.69 and 2.91, respectively, while the d-excess showed a

negative relationship with wind directions (-1.56).

In addition, it is found that d-excess was affected by temperature throughout the year, and
their relations are all negative. In chronological order of pre-monsoon to Westerly, the
coefficients were -2.46, -2.27, -2.69, and -3.79, respectively. The significant negative
correlations between precipitation d-excess values and temperature at Nam Co indicated the

signals of moisture evaporated from the continent.
5.3.4 Relationships with annual local factors

5.3.4.1 Local factor analysis by RDA

According to the results of the Redundancy analysis, the precipitation duration, pressure,
maximum temperature, and wind speed played an important role in the first axis, by a
contribution of 25.66% (Figure 5-4). By contrast, the precipitation amount and humidity
worked for the second axis, with the contribution value of 13.67%. The isotopic signature in
the monsoon periods was consistent with most of the local climatic variables, indicating the
active land-atmosphere interactions and complicated climate conditions in this season. The
wind patterns dominated in the pre-monsoon season, while precipitation amount was the most

significant variable during the Westerly system.
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Figure 5- 4. Tri-plots of Redundancy analysis (RDA) of the relationships between isotopic signatures
and explanatory variables.

Table 5- 4. Importance analysis of the local climatic predictors.

weigh s(precipitati s(T_min  s(temperatur ~ s(W_spee  s(T_ma s(W_directi s(humidit ~ s(pressur  s(P_duratio
Tracers ts on) ) e) d) X) on) y) e) n)
Oxygen sum 1 1 1 1 0.65 0.63 0.59 0.37 0.05
N 15 15 15 15 9 9 9 7 1
Deuteriu ~ sum 1 1 1 1 0.43 0.41 0.84 0.27 0.07
m N 3 3 3 10 5 4 8 3 1
d-excess sum 1 1 1 0.01 1 0.22 1 0.21 0.01
N 3 3 3 1 3 1 3 1 1

5.3.4.2 Relationship analysis by GAM

According to the results of generalized additive models (GAM), the §'%0 and D showed very
similar response and variation patterns to all these nine local climatic factors (Figure 5-5). For
instance, the 8'0 and 8D signature showed a decreasing trend with the increasing of
precipitation amounts, while d-excess showed a first slightly increasing and then decreasing

trend, with the peak value of nearly -20%o when the precipitation amount was 25cm.

There was no significant influence of precipitation duration on isotopic signatures on an
annual temporal scale. When the precipitation duration was around 8 hours, 3'*0 and 6D
reached a relatively enriched value of -15%o and -100%o, respectively. When the duration was
less or longer than 8 hours, the isotopic compositions started to show a negatively depleted

trend. This was not consistent with the results on the seasonal variations of precipitation
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isotopes, which might be related to that the monsoon precipitation, or other variables that

weakened the effects of the amount on the annual scale. Generally, it can be found that the

longer of precipitation duration, the lighter of the isotopic compositions.

Deuterium Deuterium Oxygen Oxygen

Deuterium

Oxygen

-10
-20
-30

-10
-2012
-30

N =
o O O

5 10 15 20 25
s(P_duration)

-10 0 10
s(temperature)

10

G Zw
A A
G M'”

25 5

50 7
s(humidity)

0

-100

200

100 200 300
s(W_direction)

5 10 15 20 25
s(P_duration)

100+

1004
200+

20 -0 0 10

1004 .

2001

0

100 200 300
s(W_direction)

Deuterium Deuterium

Deuterium
i
2

555 560 565 570 575 580
s(pressure)

-10 0 10
s(temperature)

(=]
|

-100+

s

[=]

[=]
'

25 50 75
s(humidity)

[}
'

-100+ -

555 560 565 570 575 580
s(pressure)

127

Deuterium
[
g 8

Deuterium

Deuterium

10

0 10 20

2

3 4 5 6

o
!

(=]
L

o
L

N oo
S o
S S
: ,

N o=
S o©
S S
y .

0

10 20 30 40

s(precipitation)

10

0 10 20

3 4 5 6

10 20 30 40
s(precipitation)




60 60 B0
N 4 @ s ? 2
o @ “° ) @ “
§<) 2044 ° 5*7 g 20 \\"’l% 2 204
o o R o T | 9
- ¢ . - U ERRE SR
-20+ T T T T -20 , ; T -20 , T . T
0 5 10 15 20 25 -10 0 10 -10 0 10 20
s(P_duration) s(temperature) s(T_max)
60 60 60
7 @ @
o 40 3 404 a 404
S 20 2 204 : AR 2 20
0] 3 I | ©
- © o 9 »* o 9
-20 . + ¢ " -20- . r " -20- " ;| : ] .
-20 -10 0 10 25 50 75 2 3 4 5 6 7
s(T_min) s(humidity) s(W_speed)
60 604 604
2] n [
73] 0 40 173
()] Q @
O QO 40l O
x x x
Q et ot
o - o
201 ; ; ; )| S Y 2014 : : ! :
0 100 200 300 555 560 565 570 575 580 0 10 20 30 4o
s(W_direction) s{pressure) s(precipitation)

Figure 5- 5. Smoothed fits of relationships between §'%0, 8D, d-excess, and explanatory variables.

Humidity was generally negatively correlated with 8'30 and 8D, and their compositions
showed an obvious downward trend when humidity was greater than 75%. Humidity
presented a ‘W’ amplitude trend for d-excess. When humidity was less than 25%, d-excess
dropped from 15%o to 5%o, and then kept increasing until the maximum value of 20 %o, when
humidity was around 45%, then fell again, and remained flat after the humidity was greater
than 50%. This complex relationship suggests some secondary fractionation processes at Nam

Co, such as sub-cloud evaporation or secondary evaporation from open water bodies.

The average temperature showed an "M" trend effect on 6!%0 and 8D, but it has a negative
linear correlation with d-excess. There was a totally negative relationship between the
minimum temperature with the '%0 and 8D signatures, while the maximum temperature

showed a similar trend with all these three tracers.

In terms of the wind speed, when the wind speed was less than 5m/s, it basically had very
little effect on 8'®0 and 8D, and values remained at about -15%o, and -100%o, respectively. As

the wind speed increased, the isotopic contents showed an increasing trend.

5.4 Conclusions

The difficulties of collecting continuous precipitation samples over a large time period are a

challengeable obstacle restricting the study of relationships between isotopic compositions in
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precipitation and potential local climatic variables in the monsoon-Westerly transition regions
in the QTP. A total of 430 precipitation samples together with related local climatic variables
over an 8-year were presented for the first time in this study to help discover the mystery of
the hydrological process at Nam Co area. The model selection and model averaging methods
were introduced to explore the quantitative relationships between them. Results found that
there was a very good linear relationship between 3'%0 and 8 D, and these two isotopic tracers
showed very similar response and variation patterns to all nine local climatic factors

according to the results of GAM.

On the annual scale, both the slope and intercept of the LMWL at Nam Co basin were higher
than those of the GMWL, and these characteristics suggested the significant moisture sources
from continental landscape surface throughout the entire year at the transition areas of the
QTP. The important explanatory variables of humidity and three temperature factors in the
top model of d-excess also supported this conclusion. Seasonally, the lowest slope and
intercept values of LMWL during the monsoon periods indicated the marine contributions of
moisture. The lighter isotopic values in the monsoon season also reflected the strong rain out
process by the high precipitation amounts originated from the ocean. We also found that
different local climatic factors played important roles in different seasons according to the
results of top models. The wind variables were important variables to explain the isotopic

tracers during the Westerly season.

The EMMA and SDM models constitute an advancement in quantitatively interpreting the
relationships between isotopic signatures in precipitation and their local climatic variables,
which can supplement or precede more complex studies of hydrological cycles utilizing
isotope tools. The long-term monitoring data sets in this study will enrich a multi-dimensional
system of the hydrological cycles in the transition domain areas of QTP, and benefit the

related model development and research.
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Chapter 6. Biotic, environmental and human footprint variables to explain the

bioaccumulation mechanism with elemental signatures from waterfowl feathers

Abstract

Studying the bioaccumulation mechanism of the chemical elements in organisms is an
important basis for biological conservation. We hypothesized that the bioaccumulation of
toxic elements depends on the human activities, while essential elements are more closely
related to the environmental conditions. To test this hypothesis, feathers from seven duck
species were sampled as the research entities, and the concentrations of 16 toxic and essential
elements were measured. Then the background geochemical sediments, a set of
environmental and human footprint factors based on the biological behaviors were collected
as the explanatory variables. The relationships between elemental concentrations in feather
and explanatory variables were evaluated through redundancy analysis, correlation analysis
and model selection. Studies found that environmental variables had a greater effect on
essential elements, while human footprint variables had a great impact on both the toxic and
essential ones. Through the top models, most of the elements were basically affected by both
environmental and human footprint variables, but the essential element Cu was only affected
by environmental factors, and the toxic elements Al, Cr, Li, and Pb, as well as essential Mn
were only affected by human activities. The elements in the feathers were finally
quantitatively explained by the biotic and abiotic variables, which proves that waterfowl
feathers are a powerful tool to predict and monitor environmental pollution. This research
provides new perspectives for a more accurate understanding of bioaccumulation

mechanisms.

Key words: bioaccumulation mechanisms; duck feathers; bioaccumulation ratio; toxic
elements; essential elements; environmental variables; human footprint; redundancy analysis;

model selection
Highlights:

* Combination of elemental concentration and bioaccumulation ratio of duck feathers helps

provide more valuable biological behavior information
* The elemental bioaccumulation is affected by both biotic and abiotic variables
* Bird feathers are a nonlethal tool with great promotional significance

* Quantitatively interpreting the relationship between element and explanatory variables can

help clearly understand the bioaccumulation mechanisms
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6.1 Introduction

Chemical elements are ubiquitous and persistent in different chemical forms throughout the
environment (Ali et al. 2019). Their transport and accumulation processes will involve in
many environmental compartments, like the atmosphere, lithosphere, hydrosphere, and
biosphere (Innangi et al. 2019). A clear understanding of these mechanisms can help to

effectively control the threat of elements to the environment.

These elements have been divided into many types according to the different purposes of
research. For instance, from the perspective of environmental contaminants, the chemical
elements are often divided into trace elements (Abdullah et al. 2015), heavy metals (Frantz et
al. 2012; Furtado et al. 2019), metals and metalloids (Badry et al. 2019; Lopez-Perea et al.
2019), etc. In this study, the elements were classified into two categories of toxic and
essential elements, according to whether they are necessary to maintaining the human body.
Some elements are essential and nutrients for the proper functioning of the human body
(Prashanth et al. 2015), including Ca, Co, Cu, Fe, Mg, and Zn, etc., while some elements are
toxic to the human body, interfere with its functioning and undermine health, and a small
amount could be fatal (Dudka & Miller 1999), like As, Cd, Pb, Al, Li and Hg. These toxic
elements have no known physiological functions, but are potentially fatal. However, some
essential elements, if the intake exceeds the standard, will threaten health, such as Mn, Mo
(0.05 pg/ day), Cr (50-200 pg/ day). In addition, the compounds of some essential elements

can be very harmful, such as the hexavalent chromium compounds (Costa & Klein 2006).

Elements will eventually bioaccumulate or bio-magnify in the biosphere, including human
beings (Innangi et al. 2019). Understanding the mechanisms of element transportation and
accumulation can help to monitor human health and environment conservation but the
accumulation of chemical elements in organisms is an extremely complicated process, which
will be affected by both the biotic and abiotic factors. Their spread and accumulation will be
accelerated, enhanced, and strengthened directly or indirectly by anthropogenic activity, and
their relationship with the environmental background is more complicated. We hypothesized
that the essential elements are more correlated with environmental factors, while the toxic
elements are mainly sourced from human activity (Step 1 in Figure 6-1). To test the
hypothesis, the prerequisite is to find a reliable entity that must be closely connected with

both the environment and human activity.

Birds are very good potential candidate to verify the above hypothesis. Birds are more
sensitive to the surroundings than the human beings and other animals (Wretenberg et al.
2010). The foraging, breeding and other biological behaviors will be in close contact with the

environment, which will be eventually recorded in the bird’s body. Colonial birds’ nests or
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roosts are in proximity at a particular location (Brandis et al. 2018), and this provides
possibility for specific areas of study. In some areas where there is shotgun hunting, the birds
that select hard grit for grinding food are extremely good sentinels to monitor the Pb
contamination (Newth et al. 2013), as the grits are similar in weight and size to the shotgun
pellets that deposit heavily in their habitats. Bird feathers are outstanding to trace the element
bioaccumulation mechanism. Compared with some lethal sampling research methods like
blood, liver, muscle, kidney and other internal organs (Lopez-Perea et al. 2019), feathers are a
nondestructive method. In addition, when compared with other non-invasive method such as
eggshells, feathers can accumulate and record more information over a longer period (Abbasi
et al. 2015). Previous bird feather bioaccumulation research covers wide trophic levels from
herbivore to carnivore predators, as well as being over a large spatial range, even including
Antarctica (Metcheva et al. 2011), and long-term temporal records from the museum feathers
(Frederick et al. 2004). The distribution map of sampling sites for the elemental
bioaccumulation research using bird feathers is displayed in Step2 @) in Figure 6-1, according
to literature review. Some methods for feather monitoring have also received good attention

and development recently (Peterson et al. 2019).

Elemental bioaccumulation mechanism by bird feathers have been investigated in the
previous studies for addressing three main questions in the field: (i) What is the threshold
value of the elemental concentration that can pose a health threat to birds; (ii) What are the
potential explanatory variables that drive elemental bioaccumulation processes, at the
perspectives of both biotic factors and abiotic environment; and (iii) How to quantitatively
interpret the relationship between element and the explanatory variables. Key papers
including their strengths and limitations for these essential research questions are summarized
in Table 1. For example, previous studies found that the threshold of adverse effect with Se
toxicity in birds was 1000 mg/kg (Lopez-Perea et al. 2019); a safety threshold for Cd was set
at 2 mg/kg (Burger & Gochfeld 1995); and there is no apparent reproduction impairment at
feather Hg concentrations of 40 mg/kg (Weech et al. 2006). In addition, the introduction and
development of statistical methodologies, like PCA, ANOVAs and correlation analysis, play
a very good role in analyzing and explaining influencing factors (Frantz et al. 2012; Furtado
et al. 2019). However, it is very difficult to uniformly delineate a threshold value that is
harmful to birds, due to the fact that there are too many species of birds at various trophic
levels, and the geochemical background values are always distinctly different in different

regions.

As a result, although these previous studies have made significant contributions (details in the
literature review of Table 1), there are four important ‘gaps’ in the current knowledge

remaining to be solved. (i) The elemental geochemical background is ignored, and most of the
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current bioaccumulation research on feathers focused on independent elemental
concentration, and tries to give the threshold of different elements in bird feather (Lopez-
Perea et al. 2019). In addition, the previous research about the bioaccumulation ratio focused
on blood, hair, feces, urine and other organs, and only a few studies focused on the feather
bioaccumulation ratio. (i) The essential and toxic elements were not discussed separately,
and compared with toxic elements, heavy metals, etc., the information that essential elements
can indicate has rarely been analyzed. (iii) In terms of the explanatory variables, previous
research focused on human activities and ignored the environment variables. Although some
studies involved the environment, they were neither very systematic or comprehensive. (iv)

Previous research stayed at the qualitative stage, with few quantitative analyses.

Therefore, considering the above gaps, it is better to sample feathers from a kind of bird
species that is best to be distributed in multiple trophic levels, and collect representative
explanatory variables based on their avian biological behaviors. Ducks are outstanding from
other waterfowl species due to: (i) The foraging behaviors of ducks include grazing, dabbling,
or upending, etc., which provides more opportunities to be in close contact with soil, water,
and other surrounding environment. (ii) Compared with the birds at the top of the trophic
level, ducks can trace more essential elements. For example, previous studies have shown that
the eagle is not an appropriate bio-monitor to detect local elements (i.e., Cu and Zn)
contamination due to the wide foraging areas (Badry et al. 2019) but ducks always keep site
fidelity, with individuals routinely occurring within closely overlapping areas. (iii) Ducks are
the most popular legally shot species around the world. In military and legal hunting sites, the
natural degradation and immobilization of Pb and Cu from bullets will potentially threaten
resident and migrant wildlife. Ducks are exposed to Pb through ingestion of grit, soil intake
from preening, or ingestion of contaminated food near ranges. As a result, bullets will
potentially elevate the Pb and Cu contents in duck feathers (Hampton et al. 2018). In addition,
(iv) there are many species in the duck family with many gradients in life habits and trophic

levels, which can provide the possibility for digging more bioaccumulation information.

In this study, approximately 200 feathers from seven duck species were sampled from 14
distinct catchments in the state of Victoria, Australia, and the concentrations of 16 toxic and

essential elements were measured (Step 2 in Figure 6-1).

Table 6- 1. Summary of relevant studies conducted previously for investigating elemental
bioaccumulation mechanism in bird feathers (The current paper is added for completeness). Three
components in the 'Key results' column are identified by the code: (1) Whether to ignore the
bioaccumulation ratio but emphasize only the threshold value of concentrations; (2) Whether to discuss
toxic and essential separately; and (3) Whether the human footprint and environmental variables are
both considered.
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Study Species Organism  Analytical Key results
methods
(Lopez- moorhen  blood, GLM (1) No, only concentrations
Perea et al. feathers (2) No, metals and metalloids
2019) (3) Only human footprint from
treated wastewater
(Abbasiet 48 bird feathers PCA, (1) No, only concentrations
al. 2015) species ANOVAs (2) No, only heavy metals
(3) No, influence by taxa, trophic
level, geographical location
(Badry et Bonelli's  feathers GLM, PCA, (1) No, only concentrations
al. 2019) eagle RDA (2) No, metals and trace elements
(3) Yes, agriculture, urban mines,
power plant
(Liu et al. 3 duck feathers correlation (1) No, only concentrations
2019) species analysis (2) No, only trace elements
(3) No, only human footprints
(Picone et Kentish feathers ANOVA (1) No, only concentrations
al. 2019) plover (2) No, only trace elements
(3) No, only human footprints
(Frantz et feral feathers PCA (1) Yes, feather/atmosphere ratio
al. 2012) pigeon (2) No, only heavy metals
(3) No, only human footprints
(Abdullah  cattle feathers, ANOVA (1) No, only concentrations
etal. 2015) egret eggs (2) No, only trace elements
(3) No, only human footprints, like
the industrial areas
(Furtado et penguin,  body ANOVA (1) No, only concentrations
al. 2019) petrel, feathers (2) No, only heavy metals
cormorant (3) No, only human footprints
(Innangi et  sparrow flight LMM (1) No, only concentrations
al. 2019) feathers (2) No, only trace elements
(3) No, explained by the ages, like
juveniles, moulting, and adult
This study 7 duck  flight RDA, GLM, (1) Combing concentration and
species feathers GAM ratio;
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(2) 6 toxic, 10 essential;

(3) Biotic and abiotic

Analysis of variances (ANOVA), principal component analysis (PCA), linear mixed
models (LMM), generalized linear models (GLM), generalized additive models (GAM),
redundancy analysis (RDA).

Then the background geochemical sediments, a set of environmental and human footprint
factors based on the biological behaviors were collected as the explanatory variables (Step 3
in Figure 6-1) to explore and fill the current knowledge gaps. In particular, the objectives of
this study are: (1) combining the elemental concentration and bioaccumulation ratio, both the
essential and toxic elements, uncover bioaccumulation information, and (2) quantitatively
interpret the element bioaccumulation mechanisms using biotic and abiotic variables. This

will offer new perspectives and directions to elemental bioaccumulation mechanisms.

6.2 Materials and methods

e et ICP MS i e iy | S
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Figure 6- 1. Flowchart of this study with specific information for each step.
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6.2.1 Study area
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Figure 6- 2. (A) Study areas with feather and catchment outlet sediment sampling sites, and the site
details are presented in Table 2. (B) The location of the study area (purple rectangle) within Australia
with state borders and catchment boundaries. (C) Watershed delineation of three typical basins from all
the 14 basins around the feather collection sites, to show spatial relationships between the feather
collection sites and relative outlet sediment locations.

The study area is situated in the state of Victoria which lies in the southeastern part of the
Australian continent, and is an ideal sampling point for the purposes of this study. The ocean
lines here are assumed to be border limits for ducks as they live in areas of fresh water. The
climate here is humid, and the catchment net is rich (Figure 6-2B), which means that many
species of the ducks tend to stay in chosen areas and seldom venture outside them. The state
of Victoria has a very active human population and rapidly increasing population density
when compared to surrounding areas (Needham et al. 2020), and this provides a good
platform for studying the impact of human footprints on ducks. In addition, shotgun hunting

had not been restricted by the regulators during the sampling period.

The sites for feather and sediment collection were chosen to maximize the environmental and
economic representation in southeastern Australia. For example, the population density in

Lake 9 (L9) and L11 were above 800 people / km?, while others were below 100 people /
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km?. The L2, L3, and L4 were in coastal areas, while the remaining samples were inland, with

the distribution of rainfall amounts varying from 351 to 1110 mm.

Table 6- 2. Description of the sampling lakes.

Lable Lake name NDVI  rainfall p_frost DEM industry mining waste p_density
L1 Lake Buloke 0.359 363.92 27 105 0 0 0 1
L2 Clyde Bank 0.550 577.12 23 0 0 0 0 45
L3 Blond Bay 0.608 610.95 18 0 0 0 0 87
L4 Dowd Morrass 0.500 560.64 22 -3 0 0 0 12
L5 Toolondo 0.488 477.49 33 158 0.028 0 0 58
L6 Lake Buninjon 0.513 526.95 24 232 0 0 0 39
L7 Kanagulk 0.508 505.06 33 173 0.018 0.868 0 14
L8 Wally Allens Swamp  0.497 466.66 35 158 0 0 0 12
L9 Lake Hume 0.566 870.30 65 182 0.005 0 0.183 1068
L10 Loch Garry 0.539 44298 38 102 0.018 0 0 122
L11 Lake Lyndger 0.448 382.53 22 92 0.758 0.34 0923 799
L12 Koorangie 0.410 351.67 19 71 0 2.602 0 9
L13 Bael Bael 0.411 351.67 19 71 0 2.605 0 8
L14 Lake Buffalo 0.705  1110.457 62 266 0 0 0 30

NDVI: normalized vegetable index; rainfall (mm/ year); P_frost: potential frost days
annually; DEM: elevation; p_density: population density (people/ km?); industry,
mining, and waste are the areas of the related land use type in each buffer (km?/ 78.5

km?, the buffer refers to the method part).

6.2.2 Biotic dataset

The bioaccumulation could be driven by a set of physiochemical and biological variables,
including the pH, temperature, habitat complexity, feeding behavior, as well as the exposure

duration.

BAF% = € biota x 100 % (1)

C living environment

The bioaccumulation ratio was calculated as a ratio of elemental concentration in tissues
(mg/kg) relative to the living environment. Where the living environment is normally aquatic
(mg/l) (Ahmed et al. 2019), soil (mg/kg), atmosphere (mg/kg) (Frantz et al. 2012), and
sediment (mg/kg). The ‘water at steady state’ has always been used in the aquatic
environment, and Ahmed et al. (2019) had given the threshold values of the bioaccumulation

ratio when the tissue was fish muscles and living environment as the aquatic: BAF < 1000

indicating no probability of accumulation; 1000 < BAF < 5000 being the normal

142



bioaccumulation; while BAF > 5000 showing extremely bioaccumulation. But when the

tissues are different, these ratio threshold values have no reference significance. In this study,
to minimize the influence of duck movements, the sediments from each catchment outlet that
is assumed to represent the chemical background value of the entire watershed, had been

collected (Figure 6-2C).
6.2.2.1 Feather collection and ICP laboratory analysis

Feathers from seven duck species were collected in this study. We classified the duck trophic
levels by the gizzard contents from literatures, where the food was divided into aquatic
vegetation, terrestrial vegetation, micro- invertebrate, and macro-invertebrate (Table 3). The
trophic levels of ducks are ranked as follows: PE (Pink eared, Malacorhynchus
membranaceus) > MD (Mountain duck, Tadorna tadornoides) > BD (Black duck, Anas
superciliosa) > GT (Grey teal, Anas gibberifrons) > CT (Chestnut, Anas castanea) > HH
(Hardhead, Aythya australis) > WD (Wood duck, Chenonetta jubata). PE is an invertivorous
species, and WD is a mostly herbivorous species, while other ducks are omnivorous species.
Among these omnivores, the HH’s food is basically from the aquatic environment.

Table 6- 3. Trophic levels of the duck based on gizzard contents from literature review, ‘0’ means no
related diet, while ‘1’ stands for related contents in the gizzard.

Species Aquatic Terrestrial Micro-invertebrates ~ Macro-invertebrates trophic Source
vegetation vegetation

WD 0 1 0 0 Vegetarian (Kingsford 1986)

BD 1 1 0 1 Omnivore (Frith 1967)

CT 0 1 0 1 Omnivore (Norman & Mumford
1982)

GT 0 1 0 1 Omnivore (Norman & Mumford
1982)

HH 1 0 0 1 diving (Frith 1967)

MD 0 1 0 1 Omnivore (Davis & Wilcox 2013)

PED 0 0 1 1 Invertebrate (Kingsford & Norman

feeder 2002)

Duck feathers were collected in the gathering area of each species in March 2017. The duck
feathers were then stored in the freezer laboratory of UNSW Sydney, and the temperature was
kept below 0 °C. Before the feathers were sent to the ICP MS laboratory, they were cleaned in
water to remove the surface dirt by reverse water and dried in the fume hood. They were then
analyzed using inductively coupled plasma mass spectrometry (ICP-MS, Model: ELAN9000,
Perkin-Elmer, Germany). Through laboratory analysis, 6 toxic elements and 10 essential
elements were obtained. The essential elements included Ca, Co, Cu, Fe, Mg, Mn, Mo, Ni,

Se, and Zn; while the toxic elements included Al, As, Cd, Cr, Li, and Pb. Although Cr is
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essential for humans, it had been classified as non-essential for animals(Malik & Zeb 2009),

so we classified Cr as toxic.
6.2.2.2 Geochemical background samplings

The background geochemical data were extracted from the National Geochemical Survey of
Australia (NGSA) project that had collected outlet overbank sediments from 1186 catchments
across Australia (De Caritat & Cooper 2016). The overbank sediments were reasonably
assumed to represent well-mixed, fine-grained composite samples of all major rock and soil
types present in the catchment. At each outlet site, the 0-10 cm below the surface sediments
were sampled. The sample collection process followed the protocols. Many criteria were
taken to avoid any possible contamination or disturbance. In the laboratory, the samples were
air-dried, homogenized, and the elemental compositions were analyzed in the Geoscience
Australia's laboratories and other commercial laboratories. The detailed procedures for
preparing the NGSA samples in the laboratory are described with an overview of Quality

Assessment/Quality Control and Operational Health and Safety measures also provided.

6.2.3 Abiotic explanatory variables

To better understand the accumulation of elements in duck feathers, the sets of environmental

and human footprint variables were selected based on these conditions:

(1) Variables are closely related to the biological behavior of ducks and other similar species.
For example, the Green-wave hypothesis proves that some herbivorous birds will move with
seasonal foliage dynamics that can be represented by the normalized difference vegetation
index (NDVI). Heavy rainfall is an important resource for habitation and breeding. Except for
the rainfall amount, moisture transport is another important trigger for water bird movement
(McEvoy et al. 2017). The number and size of available farm dams as well as their proximity
to agricultural land are important drivers of Australian Wood Duck abundance. Dams are
sinks for many pesticides, fertilizers, etc., which can gather information on nearby

agricultural activities.

(i1) Variables, such as the elevation and distance to mines have been proven by previous

studies to have a profound impact on the element bioaccumulation.

(ii1) The problem of collinearity between variables is temporarily ignored in the selection
process of variables. If it is necessary to eliminate collinearity in further analysis, it should be

screened according to the variable’s significance.
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Finally, eleven environment variables and fifteen human footprint variables were extracted as

showed in Table 4. A Skm radius around the sampling sites was then applied to extract the

information according to the duck foraging fidelity ranges (McEvoy et al. 2019).

Table 6- 4. Environment and human footprint variables in this study.

Environment variables

Human footprints

NDVI

Rain of annual variations
Rain of annual average
rain of coldest season
rain of warmest season

temperature_annual average

land use typel conservation and natural areas
Land use type2_agriculture and plantations
Land use type3_water bodies

Land use type4_human intensive uses

Land use type4.1_industry and manufacturing

Land use type4.2_farm infrastructure and residential

temp _ max warmest month Land use type4.3_transport and communication

temp_ min coldest month Land use type4.4_mining

potential frost days Land use type4.5_waste treatment and disposal
Deuterium-excess Land use type4.6_others
DEM distance to mining

distance to industry
distance to dams
distance to waste

population density

6.2.3.1 Environmental variables dataset
(1) Normalized difference vegetation index

The normalized difference vegetation index (NDVI) has been widely considered to be an
important indicator for evaluating the quality of “greenness” of vegetation coverage. The

formulation of NDVT is:

NIR—Red
NDVI = NIR+Red @)

Where NIR is the near- infrared surface reflectance and Red is the red surface reflectance.
The NDVI ranges from -1 to 1. Negative numbers are water bodies, 0 is bare rock or no

vegetation coverage, and the vegetation coverage is improving when NDVI approaches to 1.

Moderate Resolution Imaging Spectroradiometer (MODIS) NDVI data (MOD13Q1,
collection 6) in 2017 at 16-day, 250m resolution were downloaded from NASA online dataset
(https://modis.ornl.gov/globalsubset). Quality assessment (QA) is further conducted for the
NDVI data to filter the noise (https://lpdaac.usgs.gov/products/mod13q1v006/). We excluded

the pixel reliability ranking of 3 which means the target is covered with cloud and not visible
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(detailed information can reference “MODIS Vegetation Index User’s Guide (MOD13

Series)”).
(2) Rainfall and moisture

The rainfall information was extracted from the gridded annually rainfall fields at a resolution
0f 0.05° and ranging 1988 to 2017 from the Australian Government Bureau of Meteorology
(BoM). The dataset was derived from several thousand ground meteorological station

observations across Australia. And four indicators were used in this study:

(a) Annual rainfall,

(b) Rainfall annual variation, which shows how rainfall varies from year to year,
(c) Rainfall of the coldest quarter,

(d) Rainfall of the warmest quarter.

To further research the influence of moisture transportation, the stable isotope data set was
introduced. Stable hydrogen (*H and 'H) and oxygen ('®0 and '°0O) isotope signatures are
powerful tools in the study of the hydrological cycle, as these two conservative tracers are
essentially the water molecule itself. In this study, we used the Deuterium excess to show the

moisture movements in the study area. Deuterium excess (d-excess) is defined by the relation:
d-excess=8’H-88 80  (3)

The d- excess values of precipitation can provide insight to sources of moisture, atmospheric
processes, and relative humidity. The low d-excess value (< 10) indicates evaporated rainfall
whereas high d-excess value points towards recycled moisture. A decreasing trend was
observed when moving from the seaside to the inland. The d-excess values were extracted
from the gridded isoscape (%o) from the isoscape map of Australia, in which the precipitation
isotopic composition data (1962-2014) was derived from 7 original rainfall collection sites of
the Global Network of Isotopes in Precipitation (GNIP) data (accessible at
http://www.iaea.org/water) and additional 8 sites of the Australian Nuclear Science and

Technology Organization across the Australian continent (Hollins et al. 2018).
(3) Temperature

The temperature information was also extracted from the gridded database from the BoM, and

the four indicators include:
(a) Annual mean temperature,

(b) Average daily maximum temperature of warmest month,
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(c) Average daily minimum temperature of coldest month,

(d) Potential frost days annually that is calculated by adding the number of days with
minimum temperature below a given threshold (potential frost days) from 1976 to 2005, then
dividing this by the number of years. Potential frost days are mainly confined to a period from
late autumn to early spring. Northern Australia is generally frost free, but the potential days

increase sharply in the southeastern region.
6.2.3.2 Human footprint dataset

The land use classification was sourced from a product of the Australian Collaborative Land
Use and Management Program (December 2018), with 50 m resolution

(https://www.agriculture.gov.au/abares/aclump/land-use/catchment-scale-land-use-of-

australia-update-december-2018 ). Four major classification was aggregated:

(a) conservation and natural environments,
(b) agriculture and plantations,
(c) water bodies with some of human projects, like dams and channels being included,

(d) human intensive use. As this study traced the human activity influences, the intensive uses
were further categorized into 4.1 Manufacturing and industrial; 4.2 Residential and farm
infrastructure; 4.3 Transport and communication; 4.4 Mining; 4.5 Waste treatment and
disposal; 4.6 Other intensive uses, such as intensive horticulture, animal production and

services.

Population density information was extracted from the Australian Bureau of Statistics,2017
data pool at 1 km? grid resolution. This dataset offers the distribution of population across the

Australian landmass.

6.2.4 Methodology

6.2.4.1 Redundancy analysis

Redundancy analysis (RDA) is a powerful methodology to produce an ordination that
regresses the impact of a matrix of multiple explanatory variables. The multiple linear
regression is performed for the response variables in turn. The objects with similar variable

values are ordinated closer together, while different values are projected further apart.

Before analysis, the datasets needed to be normalized to reduce the influence of different
units. The qualitative variables are recorded as dummy variables (Legendre and Legendre

2012), and in this study they referred to different duck species. The explanatory variables
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with linear correlation were removed and then a permutation test with 1000 shuffles was
conducted to examine the null hypothesis that no linear relationship existed between the
response and explanatory variables (Block et al. 2017). The constraining variables significant
was examined by permutation test with 100000 shuffles. The proportion of variance explained
by each RDA axis is presented by an eigenvalue. Considering the extreme complexity of the
natural environment, the sum of the first two axes eigenvalues above 10% is acceptable in this

study (Badry et al. 2019).
6.2.4.2 Generalized linear models and generalized additive models

Generalized linear models (glm) allowing the response variables to have error distribution
models, have been widely used as an appropriate theoretic approach for biological research.
Glm were therefore applied in this study to examine the ability of a set of explanatory
variables to explain variation of the elemental concentrations in duck feathers. The
explanatory variables included the biotic bioaccumulation ratio, environmental and human

footprint variables.

Generalized additive models (gam), where the response variable is not restricted to be linear
in the explanatory variables, were then introduced to further estimate the smooth components
of the glm models using smooth functions. Then using the model averaging approach, the
explanatory variables with the sum of weights> 0.5 were retained in the model set to predict

the relationships for each element in duck feathers.
6.2.4.3 Model selection

Model selection was conducted to select the top model from the best model set. The top
model is the most parsimonious combination of explanatory variables using the cross-
validation process. The best models were then ordered by the criteria of the Akiake
Information Criterion (AIC). The AIC is a measure of fit that penalizes for the number of

variables. And AICc was introduced when the sample sizes are small:

2K(K+1)

AlCc = AIC +
n—-K-1

“4)

Smaller values indicate better fit and thus the AICc can be used to compare models. Thus,
models with the lowest AICc are considered to be the top models, highlighting the included

variables and model support relative to other models within 2 AlICc.

Prior to statistical analysis, environmental and anthropogenic variables were scaled by
subtracting the mean and dividing by the standard deviation to enhance comparability of
effect sizes across variables measured in different scales. The collinearity between the

explanatory variables was considered in this study and only the most significant variables

148



were retained for further analysis. The data extraction and analysis in this study were
conducted in ArcGIS 10.5 (Environmental Systems Research Institute Inc.) and R v3.5.1 (R
Core Team, 2018).

6.2.5 Research presumption of movement issue
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Figure 6- 3. Boxplot comparing the local and nonlocal species concentration in individual

elements.

In terms of the movement, the WD and BD tend to live a more sedentary life comparing with
other species (McEvoy et al. 2019). Data supports that the WD and BD, being more
sedentary, could be regarded as local species, while all other species could be regarded as

non-local.

Figure 6-3 shows that the concentration distributions of As, Cr, Cu and Mo in the local
species were slightly higher than in the non- local ones, while other elements tended to show
an opposite trend. Generally, there were no significant differences between the local and non-
local species, indicating that movement may be not a significant factor influencing the
element bioaccumulation mechanism. We focused on providing a methodology to test the
hypothesis, and do not consider the movement issues. In addition, the sediments at the outlet
were selected to represent the geochemical background of the entire watershed to limit the

influence of movements.
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6.3 Results

6.3.1 Biotic variables

6.3.1.1 Elemental concentrations

0
z 2 BD CT GT HH EMD MPE EWD

Figure 6- 4. Basic geochemical information for different duck species. (A) Chord diagram showing the
element concentrations of the seven duck species, the width of the chord is the absolute value of
element concentration; (B) polar coordination rose plot presenting the relative percent of the various
elements in different species.

Table 6- 5. Element concentrations of different duck species, unit is mg/kg, and for Cd, Co, Li, and Mo
is 102 mg/kg.

S Al As Ca Cd Co Cr Cu Fe Li Mg Mn Mo Ni Pb Se Zn

BD 82.6 0.57 1063.19 0.49 9.64 0.26 13.22 91.36 6.58 329 8.18 8.33 0.36 0.63 1.43 189.52
CT 61.53 0.33 920.49 1.03 9.45 0.11 9.14 95.56 5.69 352.31 15 5.07 0.34 0.93 1.23 145.56
GT 86.38 0.46 913.24 1.78 7.67 0.15 9.25 100.44 6.71 313.64 9.09 11.84 0.52 0.72 1.06 151.1
HH 41.11 0.46 477.66 0.35 4.35 0.13 10.61 39.54 3.31 181.88 3.26 3.04 0.07 1.06 0.7 110.97
MD 91.54 0.59 785.44 0.71 9.02 0.21 7.49 81.42 6.73 395.76 4.98 5.08 0.35 0.94 1.59 125.61
PE 142.43 0.49 957.51 0.70 7.32 0.14 8.77 107.44 7.19 349.55 10.19 2.68 0.24 0.44 1.31 148.23
WD 87.68 0.37 561.29 1.34 4.47 0.16 8.65 76.69 6.71 202.72 5.83 12.58 0.23 0.36 0.83 105.97

S, Species. BD, Black duck, Anas superciliosa; CT, Chestnut, Anas castanea; GT, Grey
teal, Anas gibberifrons; HH, Hardhead, Aythya australis; MD, Mountain duck, Tadorna
tadornoides; PE, Pink eared, Malacorhynchus membranaceus; WD, Wood duck,

Chenonetta jubata.

The order of the total element concentrations in duck feathers did not follow the trophic level.
It was sorted as BD> PE> CT> GT> MD> WD> HH, and the total concentrations followed
by 1780.55> 1726.91> 1602.75> 1586.33> 1496.14> 1051.02> 867.57 mg/kg (Figure 6-4A).
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For each single element, the hierarchy of concentrations was Ca> Mg> Zn> Al> Fe> Cu >
Mn> Se> Pb> As> Ni> Cr> Co> Mo> Li> Cd, and the average level was 5678.81>2124.85>
976.96> 593.26> 592.44> 67.14> 56.53> 8.15> 5.08> 3.27> 2.10> 1.16> 0.52> 0.49> 0.43>
0.06 mg/kg (Figure 6-4A, Table 6-5).

The invertebrate feeder PE, was the highest in toxic Al, Li, and essential element Fe, but
lowest in Mo (Figure 6-4B), the concentrations being 142.43,0.07, 107.44, and 0.03 mg/kg
(Table 6-5). Of the four omnivorous species, MD had the highest values in toxic As, and
essential Mg, Se, being 0.59, 395.76 and 1.59 mg/kg (Figure 6-4B, Table 6-5). GT achieved
the peak values in toxic Cd and essential Ni, being 0.018 and 0.52 mg/kg (Figure 6- 4B, Table
5). However, the BD and CT only showed the maximum values in essential elements. In the
total amount of elements, BD ranked first, which is related to its highest concentration in
many essential elements, including Ca, Co, Cu and Zn, with the related concentrations being
1063.19, 0.10, 13.22 and 189.52 mg/kg (Figure 6-4B, Table 6-5). CT had the highest

concentration in Mn.

The total element concentration of HH was the smallest due to its minimum values in most
elements (Figure 6-4A), however, its Pb content was the highest and the Cu content was the
second highest (Figure 6-4B), being 1.06 and 10.61 mg/kg (Table 6-5). HH mainly forages
the aquatic plants and invertebrates but seldom eats terrestrial ones (Table 6-3), and the
predation method is diving. The herbivorous WD only achieved the highest concentration in

Mo (Figure 6-4B).

6.3.1.2 Element bioaccumulation ratios
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Figure 6- 5. Boxplots showing the bioaccumulation ratios of the seven duck species of different
elements, and Cu was logio (x + 1) transformed due to the over- squeeze.

Although the concentrations of As and Cd in PE were not high (Figure 6- 4B), the ratios of
these two elements were obviously more prominent than other species (Figure 6-5). On the
contrary, the bioaccumulation ratios of Al, Li, Fe were not as obvious as their concentration

values (Figure 6-5).

The bioaccumulation ratio distribution in MD showed a high trend in many elements, such as
the toxic Al, As, Cr, Li and Pb, and essential Co, Cu, Mg, Se and Zn. With the exception of
MD, the distribution of bioaccumulation ratio in other omnivorous species was mostly higher
in essential elements. BD was higher in Co and Cr. The distribution of Fe, Ni and Mn in GT
was generally higher (Figure 6-5).

WD is almost vegetarian and show relatively higher ratios in Fe and Mo, but having low
ratios for toxic As, Cd, and Pb. Although the Pb and Cu concentrations of HH were higher,

the related distributions of their bioaccumulation ratio were not so obvious (Figure 6-5).
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6.3.2 Abiotic variables
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Figure 6- 6. (A) Correlative heat map of traits with their respective coefficients. (B) Triplots of
Redundancy analysis (RDA) for human footprint and (C) environment variables.

The heatmap (Fig. 6-6A) showed the Pearson coefficients between the element concentrations
and abiotic factors. The Land use types were positively correlated with As, Cu, and Pb, but
roughly negatively correlated with other elements. Among them, ‘land use type 4.3 farm’ was
obviously positively correlated with many elements, and ‘land use type 3 water’ showed a
positive correlation with Pb. The concentration of Cu was positively related with ‘population
density’, but negatively with ‘distance to waste’. The correlation between environmental
variables and essential elements was stronger than toxic ones. For example, the ‘maximum
temperature of January’ was extremely negatively correlated with Mg, but “minimum
temperature of coldest month July” showed a positive relationship with Mg. DEM was
extremely positively correlated with Cr and Ni. Similarly, NDVI with Co, Fe and Mn was

positively correlated.

According to the results of Redundancy analysis (RDA), the distribution of species was
basically consistent with their biotic characteristics. The herbivorous WD and diving HH
were dispersed separately by themselves, while other omnivore and invertebrate feeders were

clustered together. (Figure. 6-6B & 6C).

In addition to “distance to waste” close to the second axis, other human footprint variables
basically acted on the first axis. The “land use type 4.4 mining” was closely related to As,
Cd, and Li. The “land use type 4.1 industry” and ‘land use type 2agriculture’ were closely
related to Pb and Cu. The other variables acted in the same direction and were closely related
to Al and Fe (Fig. 6-6B). The species were generally closer to the elements that they reached
the highest concentration of, such as PE with Al and Fe, GT with Cd and Ni. HH was closer
to the Pb and Cu, while WD, PE, GT with a lower Pb concentration were all far from Pb.

As for the environment variables, “DEM” and “potential frost day” were close to the second
axis, but “NDVI” and “rain annual average” weakly acted on the first axis. The force

direction of environment variables all deviated from the heavy metal area (Fig. 6-6C).

6.3.3 Bioaccumulation mechanism with both biotic and abiotic variables

6.3.3.1 Top models for elements

The top models were identified by model selection approach from the best explanatory
variables for each element. Models with lowest AICc are listed in table 6, highlighting the
included variables and model support relative to other models within 2 AICc. Essential
element Cu was only affected by the environmental variables of ‘potential frost days’ and

‘rainfall’. The toxic elements Al, Cr, Li, and Pb, as well as the essential Mn, were only
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affected by the human footprint variables. Most other elements were basically influenced by
the interaction of the two types of abiotic environmental and human footprint variables (Table

6).

Table 6- 6. Top models identified through model selection based on AICc.

Elements Smoothed variables in best model df loglik AlCc Aw

Al Al_bio+dist_dams+dist_mining+dist_waste 16 -967.5 1970.65 0.08
As As_biotdist dams+dist wastetp_frost 19 158.49 -273.93 0.2
Ca Ca_biotdist wastet+lu_I+lu_2+lu_4+NDVI+p_frost 15 -1386.89 2808.77 0.2
Cd Cd_bio+DEM+lu_2 12 655.32 -1282.66 0.05
Co Co_bio+tDEM+dist dams+dist_industry+dist waste 18 610.33 -1179.91 0.19
Cr Cr_bio+dist wastetlu_1+lu_2+lu 4 17 564.85 -1090.03 0.38
Cu Cu_biotp_frosttrain_ave 22 -278.36 609.33 0.01
Fe dist dams+Fe bio+p_frost 16 -832.14 1701.43 04
Li dist_ dams+dist waste+Li_bio 20 542.96 -1040.47 0.1
Mg dist_dams+Mg_bio+NDVI+p_frost 16 -1111.8 2260.28 0.2
Mn dist_waste+lu_2+Mn_bio 12 -595.54 1217.15 0.43
Mo dist_dams+dist_waste+Mo_bio+NDVI+p_frost 19 536.05 -1027.94 0.13
Ni dist_dams+dist_mining+dist_waste+lu_4+Ni_bio+rain_ave 19 234.26 -424.55 0.05
Pb dist_dams+dist_waste+lu_4+Pb_bio 13 102.42 -175.41 0.13
Se DEM-+dist_dams+dist_mining+dist_waste+lu_1+Se_bio 18 -127.12 295.89 0.14
Zn dist_dams+dist_industry+dist_waste+lu_1+NDVI+rain_ave+Zn_bio 18 -948.44 1939.22 0.16

df: Degrees of freedom, “Aw”: “Akaike weight”

6.3.3.2 Interpreting element bioaccumulation by both biotic and abiotic variables

The gam was then introduced to further estimate the smooth components of the glm models
using smooth functions. Then using model averaging approach, the explanatory variables with
the sum of weights> 0.5 were retained in the model set to predict the relationships for each

element in duck feathers.

The variables that entered the final best model were quantitatively evaluated for their impact
on each element based on their “sum of weights” values (Fig 6-7). We then proceeded to

simulate the final best model for each element through the gam model according to the
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optimal options selected by AICc, and the results were presented in Figure 6-7 and

supplementary Figure S1.

Biotically, the bioaccumulation ratio showed a positive association with most elements
(Figure.S1 a-l), but with some inflection points for Li, Pb, Se and Zn (Figure. 6-7 a-d). There
was a peak in some elements, such as with Li, Zn and Mo. Li reached a peak value of 0.5
mg/kg near ratio=0.13, and then decreased (Figure. 6-7a). Zn started to decrease after
ratio=1.6 (Figure. 6-7d). Mo reached the first peak 0.7 mg/kg when ratio=0.8, then decreased
until it reached the trough when ratio=1.2, and then it rose again (Figure.S1 k). There was a
stable state for some elements, such as Se and Cu. Although Se also showed a constant rising
state, it was stable at about 2.5 mg/kg when the ratio was between 10 and 30 (Figure. 6- 7c).

After Cu reached its maximum value at ratio=7.5, a steady state began to appear (Figure.S1

g)

The environmental variables were mostly related to essential elements, except in the case of
“potential frost day” with As and “DEM” with Cd (Figure. 6-7). The ‘potential frost day’ was
positively related to Ca and Mo (Figure.S1 n, p), but negatively with As and Cu (Figure.S1 m,
0). Its relationship with Mg fluctuated. When there were 15 potential frost days, Mg reached
600 mg/kg, then dropped, reached the lowest value in 25 days, and then rose again (Figure. 6-
61). The ‘elevation’ was basically positively related with Cd, Co and Mo (Figure.S1 g-s). The
predicted concentration of Zn kept decreasing with the increase of rain (Figure.7j). The
‘NDVT’ had positive relationships with Cu and Zn (Figure. 6-7e, 7h), but negative with Mg
(Figure. 6-7f). Mo first increased with NDVI, reaching the highest value when NDVI=-0.05,
and then decreased (Figure. 6-7g).

The human footprint pressure affected all these elements after the weight was screened of the
explanatory variables. The toxic Al, Li, and Pb, as well as the essential Cr, Fe, Mn, Ni, and Se
only related to the human variables, with no significant environmental impact (Figure. 6-7).
“Land use type 2agriculture” was generally positively correlated with all the correlated
elements (Figure. 6- 7k, Figure.S1 z-ab). “Land use type 4 intensive use” was negatively
correlated with Ca (Figure. 6-7 1), but positive with Cr, Cu, and the toxic Pb (Figure.S1 ac, ad,
Figure. 6-7m). The “distance to mining” significantly influenced Se (Figure. 6-7n). The closer
the distance to mining, the higher the content of Se, reaching the maximum value of 1.2

mg/kg at the central area of the mining site.
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Figure 6- 7. Chord diagram showing the quantitative relationships between the elements and
explanatory variables according to the sum of weights from AICc, and the arrows showing the link
between elemental concentration and relative attribution from the three different types of variables. The
sum of each element is the sum of the weights of all explanatory variables > 0.5. Same elements use the
same color, the secondary bar near element shows the proportion effects from the explanatory
variables. Smoothed fits of relationships between elements and explanatory variables. (Li_ bio stands
for the bioaccumulation ratio of Li, same for Pb, Se and Zn_ bio).

The ‘distance to industry’ had a significant influence on Cd and Co, and the maximum
concentration of Co was predicted around the industry sites (Figure. 6-70). At a distance of
2000 m from the industry, the Cd was predicted to reach its lowest value, and then whether it
was close to or far away from the industry, the value of Cd would rise (Figure.S1ah). When
near the waste points, both the toxic and essential elements reached a peak (Figure. 6-7 p-r,
Figure.S1 ak-at). The “distance to waste” affected most of the elements except Cd, Mg and
Mo. On the contrary, when near the dams, most elements reached extremely low values,

except for the predicted high values of Fe and Zn (Figure. 6-7s, 7t).

6.4 Discussion

6.4.1 Combing concentration and bioaccumulation ratio

Simply comparing the concentration values will ignore the influence of background
geochemical information, which is not recommended. For example, if we analyze two types
of bird feathers originating in the same geologic unit, like within the same hydrological basin,
the elemental concentration can be directly compared but if the feathers come from different
geologic units, the geochemical backgrounds or the bioaccumulation ratios should be
considered. Thus, it is necessary to combine the elemental concentration and bioaccumulation
ratio when studying the bioaccumulation processes, which can provide more detailed
information, otherwise the spatial attributes of the geochemical background information will

be ignored.

In PE, with a higher trophic level than other species in this study, the concentration of Cd was
only ranked fifth among the seven species. The correlation between Cd and trophic level is
easily to be ignored if we only consider the element concentration, however, if the
bioaccumulation ratio of Cd is also considered, we will find that the distribution of Cd
bioaccumulation ratio in PE feathers was the highest and significantly higher than other
species (Figure 6-5). Similarly, the bioaccumulation ratios of Pb and Cu in HH were very
low, but their element concentration were very high (Figure 6-4), which may indicate the

influence of Pb - Cu bullets from hunting activity, or of the diving foraging manner.
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GT reached peak values in toxic Cd and essential Ni concentrations, and the bioaccumulation
ratios of Cd and Ni ratios were also significant. Cd and Ni showed a good correlation at p
<0.001 level. In addition, the distribution of Li bioaccumulation ratio in GT also showed a
high trend. The correlation between Cd and Ni may be associated with Ni-Cd batteries, and
the important resource of Li is Li batteries. However, there is currently few literatures
showing that GT tends to forage in landfills. Whether GT tends to approach the batteries

needs more attention in the future research.

Some current research had proposed the bioaccumulation ratio threshold for organs other than
feathers (Ahmed et al. 2019). Others had explored to provide unique thresholds for single
element concentrations (Picone et al. 2019) but more accurate information can be expected
only by considering both the element concentration and bioaccumulation ratios together.
Therefore, we strongly suggest gradually establishing the ratio thresholds for feather in future

research.

6.4.2 Influence of abiotic variables

Combining the environmental and human footprint variables can help to predict the elements
more accurately. NDVI was one of the important environmental variables to predict Mo. The
Mo content in duck feather reached highest when NDVI is around zero. Meanwhile Mo was
also affected by "distance to dams", so we can infer that NDVI around zero is the bare land

around dams.

Temperature variable, or specifically the potential frost days, had a significant influence on
As. The positive correlation between temperature and As, may reflect the increase in natural
sources of As, such as weathering, or in the increase in human activities that are more
affected by temperature (Smith et al. 2003). However, the concentration of As was only
related to distance to waste and dams, so we can confidently remove the influence of natural

impact when predicting As.

Land use type 4, intensive use, was negatively correlated with Ca (Figure. 6-71), but positive
with Cr, Cu, and the toxic Pb. The intensity of human activity was negatively correlated with
the essential elements, but positively correlated with toxic. It reflects those human activities

are important sources of toxic elements.

The toxic elements Al, As, Li and Pb, were all affected by the distance of waste and dams. Pb
was also affected by intensive use, and Cd was affected by distance industry. To strengthen
the conservation of these waterfowls, it is necessary to control the waste discharge from

anthropogenic activity.
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6.5 Conclusions

This research explored the relationships between element signatures in feathers and biotic and
abiotic variables. Results found that combining both the elemental concentration and
bioaccumulation ratio can help improve the accuracy of analysis. Through the top models,
most of the elements were basically affected by both environmental and human footprint
variables, but the essential element Cu was only affected by environmental factors, and the
toxic elements Al, Cr, Li, and Pb, as well as essential Mn were only affected by human
activities. The environmental variables had a greater effect on essential elements, while
human footprint variables had a great impact on both the toxic and essential ones. But there
are also many other important factors in biotic variables, so we strongly recommend that

future research considers the trophic level, gender, age and other biotic characteristics.
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7 Final conclusions and future research interests

7.1 Final conclusions

This study mainly investigated the chemical element transport processes and mechanism
among various environmental compartments at different scales based on systematic data sets.
The outcomes of this project can provide crucial information for the development of water
resources management and conservation under climate change and human activity influence.
The novel methodologies and experiment designs presented in this research can be further
applied to other studies with similar explanatory variables for predicting and explaining the
geochemical tracers transport and accumulate. The key findings of each chapter are as

follows:

(1) Chapter 2 reported the introduction of SDMs into mapping the HM distributions at
catchment scale. The results showed that the HM hotspots in the soil were identified in the
middle reach of the Heihe river basin where intense human activities occur. The variables of
the human footprint including distance to road, GDP, and nightlight were found to play the
most important roles in soil HM transport among others. The output maps of HM habitats
from soil, sediment, and wet deposition well agreed with the influence of industry
contaminants, hydraulic sorting, and precipitation washout process respectively, indicating
the potential of SDM in modelling the spatial distributions of the HM carriers. In addition, we
found the distributions of HMs in the primary carrier of river water were attributed to both of

the human and environmental variables.

(2) Chapter 3 found that the chemical evolution of most water types in the BJD and
neighbouring catchments was mainly controlled by rock dominance. The spatial distribution
of highest values in shallow groundwater sulfates, coincided with the locations of typical
industrial cities according to our output maps. In addition to the sulfates replenishment from
surface water and deep groundwater, the sulfates in shallow groundwater were also affected
by regional variables such as population density and the Mg?" and EC contents in surface
water. The accuracy of predicting the spatial distributions of groundwater has been improved

by introduction the EMMA and SDM methodologies.

(3) Chapter 4 reported that the occurrence of sulphates (SO4 %) and nitrates (NOs -) in river
water were highly correlated (up to 0.70), providing strong evidence of pollution from nearby
mining activities. Levels of arsenic and cadmium were high in first and fifth order streams,
where mining activities were most concentrated. The modelling results showed that
geographical patterns and mining activity account for predicting HM distribution, and WCP

can be reasonable predictors to trace soil mining pollution.
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(4) Chapter 5, results found that on the annual scale, both the slope and intercept of the
LMWL at Nam Co basin were higher than those of the global meteoric water line (GMWL),
and these characteristics suggested that there were significant moisture sources from the
continental landscape surface throughout the entire year at the monsoon-Westerly jet stream
transition areas. The important explanatory variables of humidity and three temperature
factors in the top model of d-excess also supported this conclusion. Seasonally, the lowest
slope and intercept values of LMWL during the monsoon periods indicated the contributions
of marine moisture. The lighter isotopic values in the monsoon season also reflected the
strong rain out process by the high precipitation amounts in this period. We also found that
isotopic signatures in different seasons were dominated by different local climatic factors
according to the results of top models. For instance, the wind variables were important

variables to explain the isotopic tracers during the Westerly season.

(5) Chapter 6 reported that the environmental variables had a greater effect on essential
elements, while human footprint variables had a great impact on both the toxic and essential
ones. Through the top models, most of the elements were basically affected by both
environmental and human footprint variables, but the essential element Cu was only affected
by environmental factors, and the toxic elements Al, Cr, Li, and Pb, as well as essential Mn

were only affected by human activities.

7.2 Future research interests

The future research interests are to: (1) study the responses of HMs transport process to natural
environment and land use changes as long-term period heavy metal observation data sets were
not mentioned in current study; (2) mapping the dynamics of pollutants in groundwater based
on historical records by SDMs; (3) conduct future research with more tracing elements, climate
factors and lithology information to provide a more reliable method for analysing mining
pollution mechanism at alpine catchments around the world; (4) consider the influence of
regional climatic factors to the isotopic signal variation of precipitation at Nam Co basin; and
(5) provide further insights of bioaccumulation mechanism by more water bird species around
Australia, as well as other explanatory variables, such as wet/dry spell lengths (i.e., consecutive

rain/dry days) and numbers of rainfall days and total amount over a threshold.
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