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Abstract

The dissolved inorganic element chemistry of stream waters is a reflection of local bedrock
composition, but also other catchments properties such as hydrology, surficial geology,
vegetation/soil type, and elevation. Studies from small hydrological catchments with a singular or
restricted range of bedrock type(s) are ideal for isolating geologic controls on water chemistry
from other physicochemical and environmental controls. This study assesses dissolved major,
trace, and rare earth element data from streams at two study sites within the same (boreal) climate
zone of Newfoundland that each drain a silicate-endmember bedrock composition: (1) Bay of
Islands in western Newfoundland draining an ophiolite sequence of mafic/ultramafic bedrock,
and (2) Burin Peninsula draining a large Devonian carboniferous granite pluton (St. Lawrence
granite) that hosts fluorite mineralization. Through integrating geochemical data with geospatially
quantified catchment property data, this study has isolated the elements most strongly controlled
by: bedrock geology (Mg, Cr, Ni in ultramafic rock streams; Cs, Rb in granite streams; contrasting
REE abundances and Eu anomalies); weathering/soil/vegetation effects and associated flux of
dissolved organic matter to streams (K, Co, Ce anomalies); and short temporal events or local
geological features such as the fluorite mineralization (elevated element flux, high Y/Ho). Several
of these more local water chemical features were traceable into larger catchment areas of
Newfoundland major rivers. The low-abundance trace element data are the first to be reported for
any Newfoundland surface water and have exposed this research approach as useful to trace boreal

catchment dynamics through the lens of trace element geochemistry.
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General Summary

The type of rock waters interact with can control the composition of elements dissolved in stream
waters in tandem with other surface features such as plants and soils. This study measured the
chemistry of small streams in Newfoundland that drain two highly contrasting rock types and the
physical properties of their catchments such as topography and vegetation in order to separate out
the different controls on the stream chemical composition. This research approach allowed the
attribution of specific stream water chemical features to different controls ranging from the
composition of rocks in catchments, processes operating at wider catchment scale such as soil
development, and unusual water chemistry related to localized geological features. Understanding
these relationships is important for identifying areas where geology can lead to potential toxic
element inputs to waters and for understanding the transport of dissolved elements from major

rivers into oceans.
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Organization of Thesis

This thesis is divided into two chapters. Chapter 1 is an introductory section that outlines the
motivation of the study, a literature review of important topics of the study, and a summary of the
thesis layout with a co-authorship statement. Chapter 2 is the original research component of the
thesis, which is written in a manuscript format and includes a separate, more targeted, introduction
and main conclusions of the project. Chapter 2 is not currently submitted to a journal as a
manuscript to be considered for publication, but it was written with the Journal of Hydrology -
Regional Studies in mind as an aimed publication venue. All original data collected for this
research and all data compiled for comparative use in the study are available in thesis tables or
appendices. Chapter 3 is a broader summary of the important contributions of the work and the

use of the province as a natural laboratory for water research.
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Chapter 1: Introduction and Background
1.1. Motivation of Study

Rivers are a vital component of Earth’s surface systems, serving as important conduits of dissolved
and suspended material from continents to oceans (Martin and Whitfield, 1983). Additionally
major rivers place important global constraints on the biogeochemical cycles of elements
(Meybeck, 1987; Suchet and Probst, 1993). The chemical composition of rivers is inherited
primarily from surface processes within their terrestrial environments. Such controls range from
bedrock interactions (mineralogy, weatherability, and physical properties controlling hydrologic
flow), properties of soils, vegetation-type, inputs of surface runoff and groundwater discharge,
anthropogenic point sources or modifications, and water parameters (e.g., Eh, pH). Through these
dynamic and often interrelated controls, the mobilization of specific elements into the dissolved
load (free elements/element complexes carried in a solution or elements bound to fine-colloidal
material passing through a defined filter pore size) can differ across diverse climates, topographies,
and land-use patterns, highlighting the need for further studies to fully understand the complexities

that control river chemistry.

This is particularly true for trace (<1 mg/L) and ultra-trace (<1 pg/L) elements, where
understanding of their terrestrial aquatic behavior is still developing. As freshwater systems face
increasing susceptibility to multiple stressors (e.g., climate change, changing land-use,
anthropogenic input), their water chemistry and ultimately transport of elements can be affected.
Therefore, establishing baseline data and understanding the potential impacts on the behavior of

certain elements becomes increasingly necessary.



Major rivers across the globe have often been the focus for studies due to their importance in mass
transport of elements from terrestrial to marine environments (e.g., Dekov et al., 1998; Konhauser
et al., 1994; Martin and Meybeck, 1979; Milliman and Meade, 1983). However, the catchments of
major rivers cover wide areas and create challenges when attempting to isolate individual factors
that control the chemical composition of these systems. Therefore, other studies have focused on
element cycling of rivers or streams in small catchments that better allow for isolating primary
factors that have the greatest influence on the dissolved chemical compositions (e.g., Gislason et

al., 1996; Jiang et al., 2018).

Headwaters, in particular, have been recognized for their significant influence on stream water
chemistry, exerting a disproportionate influence across the entire river network (French et al.,
2020; Temnerud and Bishop, 2005). Given that headwater streams can constitute a substantial
portion of an overall stream network (Downing et al., 2012; Wohl, 2017), it is useful to characterize
the spatial variability within a catchment and identify primary processes governing such streams

across various scales.

Therefore, it is useful to investigate rivers with varying catchment size, land-use patterns, highly
contrasting lithologies, and across different climate zones to create a more comprehensive

understanding of the composition and cycling of elements in freshwater.

1.2. Project Overview and Key Objectives

This project uses two study sites from the island of Newfoundland (province of Newfoundland &
Labrador), Canada to provide a comprehensive geochemical survey of the dissolved budget of

streams draining endmember silicate lithology with the aim to establish the main catchment drivers



that control the water chemistry. More specifically, this project will define the dissolved element
signatures of streams from two sites with contrasting endmember silicate bedrock: the ultramafic-
mafic-dominated rocks of the Bay of Islands Complex (near Bay of Islands and Gros Morne,
western Newfoundland) and the plutonic felsic-dominated rocks of Burin Peninsula (near St.
Lawrence). Stream chemistry at both sites will be used to assess the primary watershed drivers that
play important roles in regulating the dissolved composition within the ultramafic and granite
catchments. This objective will specifically utilize geospatial data to define watershed attributes
that contribute to variations in the dissolved composition of streams. These small catchment
geochemical data observations will be compared to data from 6 major rivers across Newfoundland

to assess how small catchment streams contribute to signatures in larger river catchments.

The aim of this study was not to address all factors that control the complex chemical dynamics of
a watershed (seasonal variations, groundwater and meteoric water inputs, soil outputs, and steam
flow, e.g., Chupakov et al., 2020; Ingri et al., 2000; Ohlander et al., 2013; Sun et al., 2019). Instead,
the aim was to use a single-season and single-filtration sampling strategy to illustrate
Newfoundland and Labrador’s potential as an ideal natural laboratory to study element cycling in
a temperate, boreal climate. This study contributes important baseline information to the
province’s freshwater system and outlines how the integration of multi-element datasets with
geospatially constrained variables, such as specific bedrock lithology, vegetation coverage,
surficial geology coverage, topographical data, can inform dominant controls on specific element

signatures.

This introduction section reviews important factors in fluvial systems that are relevant to the

project goals and will cover (1) advantage of multi-element aqueous geochemistry enabled by



inductively coupled plasma-mass spectrometry (ICP-MS) (Section 1.3), (2) current understanding
between the links of lithologic controls on the dissolved fraction of freshwaters (Section 1.4), (3)
reviews knowledge on selected major and trace element behavior that are of notable importance
to this study (Section 1.5), and (4) finishes with advantage of employing integrated geospatial and

geochemical datasets to study small-scale catchments (Section 1.6).

1.3. Advantage of multi-element aqueous geochemistry enabled by inductively coupled
plasma-mass spectrometry (ICP-MS)

While major ion-forming elements (Mg?*, Ca?", Na*, K", SO42") within surface waters can reflect
the mineralogy of source rocks in a catchment area, a full multi-element dataset can offer a more
robust ability for proxy tracing and source fingerprinting (Gaillardet et al., 2014). Often, these
elements are present at naturally low abundances in freshwater, referred to as trace (<1 mg/L) and
ultra-trace (<1 pg/L) elements. However, comprehensive understanding of these naturally low-
abundance elements are either emerging, evolving, or being refined through advancements
in ICP-MS. Accompanying the advancement in instrument technology and sample
preparation methodology (e.g., Fisher and Kara, 2016; Wysocka, 2021), ICP-MS is now a
preferred instrument for low-abundance element determination in natural waters. As a result,
there is more widely available data for the rare earth elements + yttrium (REE+Y) (e.g.,
Barrat and Bayon, 2024; Lawrence et al., 2006), extended alkali and alkaline earth elements
(L1, Cs, Rb, Ba, Sr, Be) (e.g., Gou et al., 2020; Suhrhoff et al., 2019), and other transition metals
(e.g., Colombo et al., 2019; Cuss et al., 2018). These elements serve as useful tracers of
source weathering, redox state of waters, or anthropogenic or anomalous geogenic sources that

can be used for environmental monitoring or mineral exploration purposes.



However, there is a range of ICP-MS instrument types and sample preparation methodologies that
can introduce different strengths and weaknesses for natural water element abundance

measurements.

Quadrupole ICP-MS instruments are advantageous due to their low cost relative to other types of
ICP-MS, such as sector field instruments, while still retaining fast and full mass scanning and high
sensitivity. A recent expansion of tandem ICP-MS/MS (“triple quad”) instrument can offer
advantages that overcome persistent issues encountered by traditional quadrupole ICP-MS when
analyzing elements in natural waters. Specifically, quadrupole ICP-MS has limited ability to
resolve species with the same mass/charge ratio (e.g., ArCl" on As mass; CaO" on Ni isotope
mass), making accurate analysis a challenge. This is especially troublesome for analytes where
traditional methods to remove interferences (e.g., He-based kinetic energy discrimination), or
modification to sample matrices during sample preparation are not effective. ICP-MS/MS allows
for greater flexibility in avoiding these polyatomic interferences by using different gases (O2, N20O,
H>) between the two quadrupoles that react or interfere with elements with different or same
mass/charge ratio. This study has applied the Agilent Technologies Inc. 8800 ICP-MS/MS
instrument (Agilent Technologies, (n.d.)) for sample analysis, undertaken by collaborators at Trent

University Water Quality Centre (WQC).

Sample preparation strategies are also an important consideration, with the range of approaches
typically depending on number of analytes, natural abundances in samples, or the type of
instrument, laboratory, and reagents available. Most commonly used sample preparation strategies
are pre-concentration or direct measurement approaches. Pre-concentration steps aim to increase

the concentration of the analyte while reducing the overall volume of the sample. Often this



approach is used to improve measurement signals, including detection limits and precision (Hoang
et al., 2019). However, this approach requires more initial sample volume, increased sample
handling, and can amplify matrix interference effects. Other pre-concentration approaches focus
on targeting specific elements or element groups (e.g., Ma et al., 2019; Sohrin et al., 2008;
Stetzenbach et al., 1994; Wang et al., 2021), such as chromatography or coprecipitation but such
strategies are often more time-consuming and don’t provide a comprehensive multi-element

analysis.

Direct measurement approaches prepare filtered and acidified water samples for ICP-MS analysis
with only the addition of an internal standard (e.g., Babechuk et al., 2020; Dang et al., 2022;
Lawrence et al., 2006b) and are often best at acquiring the most comprehensive multi-element
suite. However, such approaches are limited by the instrument background and/or procedural blank
and must mitigate sample matrix polyatomic interferences or employ mathematical correction
strategies (e.g., oxide and hydroxide interference corrections; Aries et al. 2000). This study has
adopted a direct measurement strategy using a single internal standard (In) as described and

demonstrated in a previous study (Dang et al., 2022).

Reducing sample contamination is also a critical component of analytical methods. Sources of
contamination can come through all stages of field sampling filtration, preservation and sample
handing up to the point of measurement (Batley and Gardner, 1977; Kramer, 1994; Schulze et al.,
2011). Contamination can come from residual elements in sample storage containers that are
released upon interaction with the sample or acid used for preservation and from field equipment
(e.g., high metal contents in nitrile gloves source of contamination during contact with a sample;

Gargon et al., 2016). This study employed several strategies to mitigate or reduce such sources of



contamination which include: (1) multi-acid leaching and rinsing of all plastic sample containers;
(2) purposeful use of Nylon filters that have low blank composition (based on experiential
knowledge); (3) preparation of in-house triply distilled HNOj3 for sample preservations; and (4)
use of “clean hand” and “dirty hands” in field whereby only “clean hands” undertakes filtration
and acidification step (refer to EPA Method 1669 Field Sampling). Further sources of
contamination can come from internal standards added to samples and washover from calibration
or quality control standards during ICP-MS measurement. To assess the mitigation of all sources
of contamination, a full procedural blank sample is created and analyzed, which represents all

same steps and exposures of all other field samples.

1.4. Lithologic controls and dissolved trace element signatures in freshwater

Investigations into chemical composition of rivers reveal that lithology serves as a dominant
control over the dissolved element composition of natural waters (e.g., Lyons et al., 2021) and
entrance of elements into surface water is dependent on parent material, mineralogical properties,
extent of water-rock interaction, and other physical parameters such as temperature and denudation
rates (Gaillardet et al., 1999; Wilson, 2004). Therefore, enrichments of certain elements in
freshwater would firstly reflect enrichment of the catchment source rock and secondly, the physical
catchment properties that favor element solubility. These “geogenic” controls on surface waters
have been the focus of many investigations into water chemistry. Such as sulfate deposits inducing
high SO4* within surface water (e.g., Fraser River; Cameron et al., 1995), or elevated Ca+Mg
delivered to streams if highly weatherable carbonates are present in a catchment (Pande et al.,
1994; Wadleigh et al., 1985). Understanding the control of specific lithology on water chemistry
is relevant when investigating the role of weathering in Earth’s surface system. Silicate rocks have

been of particular focus (Dessert et al., 2003; Gaillardet et al., 1999; Meybeck, 1987), as



weathering of silicates is recognized as an important sink for atmospheric carbon dioxide (Berner,
2004; Berner and Berner, 1997). While weathering contribution of specific lithology can be
evaluated through the major cation-forming elements (Mg, Na, Ca, K), there are also coupled
geogenic links of trace and ultra-trace elements between lithology and surface water chemistry.
However, the chemical signature of low-abundance elements can also be indicative of other
environmental sources or processes. For example, localized contributions from mineral deposits
can be detected in the trace element composition of rivers (Song et al., 2016). For elements such
as Cr and U, inputs to water can track both contrasting geogenic sources (Cr is naturally
concentrated in ultramafic rocks while U is concentrated in felsic rocks) and surface conditions
since both have aqueous solubility enhanced in oxidizing environments (Astrom et al., 2009;
Brugge and Buchner, 2011; D. Brugge et al., 2005; Izbicki et al., 2015; Post et al., 2017; Welch
and Lico, 1998). Understanding the dynamics of trace element mobility is important as some can
lead to concerns for public health. For example, the potentially toxic element As can be elevated
above safe consumption limits (10 pg/L for Canada; Health Canada, 2019) in surface waters and
groundwater when environmental conditions promote primary and secondary mineral dissolution

of As-rich rocks (Chakraborty et al., 2015; Herath et al., 2016).

Accurately predicting water chemistry variations as a function of lithology still requires many
additional considerations such as mineralogy, catchment hydrology, and climate zone.
Nevertheless, chemical composition of bedrocks coupled with thermodynamic properties of
elements and a long history of empirical and experimental studies can be combined towards
making general hypotheses regarding relative element mobility. The general mobility of trace
elements in aquatic systems has been estimated by relating the abundance of an element in the

average upper continental crust to the average abundant of the same element in a global major



river compilation. Such a “mobility index” has been developed by Gaillardet et al. (2014) which
separates elements with low chemical mobility (e.g., Nb, Ti, Zr, and Al) from elements with higher
mobility (e.g., So, Mo, S, and Re). Rock types also contain unique chemical compositions.
During igneous differentiation, the incompatibility of elements, controlled by ionic charge and
size, result in predictable element compositions. As such, ultramafic rocks are most
abundant in Mg and compatible trace elements Cr, V, Ni, Co, mafic rocks are abundant in
Mg and Ca and other elements compatible in plagioclase and pyroxenes (Sr, Sc), and felsic
rocks are most abundant in Na and K along with incompatible trace elements Li, Cs, Rb, TI, U,
Th and rare earth elements (REE). Despite the range of solubility of these elements and their
host minerals, several studies have shown that small hydrologic catchments draining
predominantly one silicate rock type show expected enrichments in freshwaters that reflect the
igneous bedrock. Such studies have focused on catchments with primarily granitic rock (Aubert
et al., 2001; Garcia et al., 2007; Hinkley, 1976; Oliva et al., 2004, 2003; Porcelli et al., 1997;
Sun et al., 2019), and ultramafic intrusive rocks (Binda et al., 2018; Kierczak et al., 2021;

McClain and Mabher, 2016; Vasileiou et al., 2021; Venturelli et al., 1997).

This study adopted a similar approach and pre-selected catchments across Newfoundland to
sample streams with dominant catchment bedrock type. Specifically, areas of western
Newfoundland draining an ophiolite (ultramafic-mafic rocks) were selected for comparison to an
area of the Burin Peninsula draining granite. Both study sites are coastal, within the same climate
zone, and outside of major urban influence, allowing for lithology, hydrology, and vegetation to
be the primary controlling factors on stream chemistry. Additionally, 6 accessible major rivers
across Newfoundland were also selected to allow the comparison of small stream chemistry to that

of waters collecting drainage from much larger catchment areas and a wider range of bedrock.



1.5. Factors controlling the abundance and behavior of selected major and trace elements
in freshwater

General focus for this study is given to the major cation-forming elements (Mg, Ca, Na, K;
henceforth “major cations”) as they are commonly used as water tracers with well-established
aqueous behavior, and to selected trace elements based on the contrasting igneous bedrock types
within the study areas. These trace elements include Li, Cs, Rb, Th, and U as elements enriched in
felsic rocks relative to ultramafic-mafic rocks and Ni, Co, and Cr as elements enriched in
ultramafic-mafic rocks relative to felsic rocks (Turekian and Wedepohl, 1961). The elemental
abundance contrast in different rock types/Earth reservoirs is illustrated in Table 1 using values of
the primitive mantle/bulk silicate Earth (proxy for ultramafic rocks), average mid-ocean ridge
basalt (MORB) (proxy for mafic rocks), and estimated average upper continental crust (proxy for
intermediate-to-felsic rocks). The rare earth elements + yttrium (REE+Y) are also included due to
their contrasting abundances in the endmember silicate rock types (McLennan and Taylor, 2012)
and their well-established use as aquatic tracers for processes in freshwater (Elderfield et al., 1990;
Goldstein and Jacobsen, 1988; Lawrence et al., 2006a). This section provides a brief overview of
key factors influencing the behavior of these elements within the hydrosphere and their key
lithologic versus environmental controls. Dissolved elements can be broadly grouped into
categories of (1) poorly mobile elements that will be preferentially retained within source
minerals or secondary weathering products, (2) relatively mobile elements that are
favorably released into the hydrosphere often from residence in easily weatherable material
and high aqueous solubility, and (3) elements whose mobilities are dependent on redox and/or

surface-sorption processes occurring in both the weathering and aquatic realms.
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Table 1: Elemental abundance in different rock types/Earth reservoirs

Primitive

mg/kg Mantle/Bulk Silicate Global MORB Upper continental crust

(ppm) Earth [1] average estimates
Li 1.6 5.1[2] 21.0-28.2 [6-7]
Rb 0.6 1.5 [3] 79.5-112 [6-8]
Cs 0.021 0.019 [3] 4.6-5.4 [6-8]
Th 0.0795 0.219 [4] 10.5-11.1 [6-8]
U 0.0203 0.08 [4] 2.7-2.8 [6-7]
Ni 1960 200 [5] 31.6-47.0 [6-8]
Co 105 56 [5] 17.0-22.4 [6-8]
Cr 2625 326 [3] 64.5-92.0 [6-8]

Data sources: statistical screening and type of mean as per original studies, some reported as
compiled in Arevalo and McDonough (2010); [1] McDonough and Sun (1995); [2] Ryan and
Langmuir (1987); [3] Hofmann and White (1983); [4] Arevalo and McDonough (2010); [5]
McDonough (1994); [6] Rudnick and Gao (2003); [7] Kamber et al. (2005); [8] McLennan
(2001)

1.5.1. Major cations

The most abundant cations in surface water are ones with high aqueous solubility and are major
elements in most common rock types: Mg, Ca, Na, and K. The weathering of evaporites and
carbonates are only noted as a significant source of these ions when such rocks are present (e.g.,
Gaillardet et al., 1999; Lyons et al., 2021) and silicate rock weathering is the primary focus for this
study. In the context of silicate rocks, Ca and Na enter the hydrosphere through weathering of
plagioclase and to a lesser extent, Ca-bearing pyroxenes (Meybeck, 1987; Nesbitt and Wilson,
1992; Nesbitt and Young, 1989). Weathering products of plagioclase (kaolinite and gibbsite) have
negligible retention capacity for Ca and Na (Eggleton et al., 1987; Kronberg et al., 1987; Nesbitt

and Markovics, 1997; Schirrmeister and Storr, 1994), but weathering of clinopyroxenes to mixed-
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layer clay minerals, such as smectite or chlorite can result in retention of Ca during early stages of
weathering (Gislason et al., 1996). Nevertheless, Ca is still considered highly mobile during
chemical weathering of all silicate rock types (Nesbitt and Markovics, 1997; Nesbitt and Wilson,
1992). Sodium has limited retention capacity in all common secondary mineral phases and thus is
considered one of the most mobile and conservative major cations in waters. Magnesium and K
exhibit more complex weathering behavior. During the early stages of olivine weathering, Mg is
observed to have significant mobility (Nesbitt and Wilson, 1992), but weathering of other mafic
mineral phases, like pyroxenes, can produce clays that can retain Mg (Salil et al., 1997; Zeyen et
al., 2022). Potassium is concentrated in K-feldspars or micas that are notably more resistant to
chemical weathering than plagioclase and most mafic minerals (Banfield and Eggleton, 1990;
Nesbitt and Markovics, 1997). The early weathering products of these K-bearing minerals (illite
or vermiculite) also result in the appreciable retention of K (Nesbitt and Markovics, 1997).
However, advanced weathering stages where kaolinite is developed from earlier-formed clays,
result in enhanced release of Mg and K into the hydrosphere. In some weathering environments,
the uptake of Mg and K into vegetation can contribute as a control on their flux to the hydrosphere
(Choudhury et al., 1994; Uhlig et al., 2017). Additional sources of major ions can also include
atmospheric deposition and ocean spray, an effect that can vary based on lithology, vegetation,

altitude and proximity to the coast (Meybeck, 1983).

In general, the abundance and relative proportions of major cations in surface waters is expected
to be controlled by bedrock, such that stream chemistry variations reflect lithologic variations.
However, as discussed, they can still be susceptible to weathering reactions, additional sources,

and other environmental factors such as vegetation.
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1.5.2. Alkali trace elements

The alkali element group has broadly similar weathering behavior to each other and their
abundance in surface waters reflect a combination of source rock enrichment/mineralogy, extent
of weathering/water-rock interaction, and clay mineral type and abundance in the weathering

profile.

Lithium is incompatible during magmatic differentiation with the highest concentrations generally
associated with peraluminous granites (Chappell and White, 2001) and highly evolved granitic
systems sometimes having extreme Li enrichment associated with pegmatites (Bradley et al., 2016;
London, 2018; Martin and De Vito, 2005). Although an alkali element, Li" has a small ionic radius
that is closer to Mg?" and AI** than to the other alkali elements (Shannon, 1976), such that Li is
often concentrated in different primary igneous and secondary minerals than the other alkali
elements (Starkey, 1982). In surface waters, Li has been shown to have a similar behavior to Mg
(Huh et al., 1998) despite its greater potential for uptake in secondary minerals formed during
chemical weathering. Much of the environmental behavior of Li has been defined through
measurement of stable Li isotope ratios in waters, weathering profiles, and river sediment. These
studies reveal that most Li in rivers is sourced from silicate weathering (Dellinger et al., 2015; Huh
et al., 2001; Kisakiirek et al., 2005; Lemarchand et al., 2010; Pogge von Strandmann et al., 2010)
and that fractionation primarily through scavenging by secondary minerals with negligible
biological uptake (Pogge von Strandmann et al., 2016) positions the isotopic ratio as an important

silicate weathering proxy.

Of the alkali elements, Rb" has the closest ionic radius to K (Shannon, 1976), resulting in closely

coupled behavior during magmatic fractionation (Ahrens et al., 1952; Horstman, 1957) and K-
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minerals (microcline or muscovite) becoming the main igneous hosts of Rb (e.g., Heier 1962). The
weathering behavior of Rb is controlled by weathering of K-feldspar and micas and retention in
secondary minerals such as illite and vermiculite (Nesbitt et al., 1980). During earlier stages of
chemical weathering, Rb will be retained in secondary minerals via adsorption or incorporation
preferentially to K, leading to decreasing K/Rb ratios within the weathering profile and eroded
sediment (Middelburg et al., 1988; Nesbitt et al., 1980; Tanaka and Watanabe, 2015). The average
K/Rb ratio of global river water is typically ~1000. However, higher K/Rb ratios in freshwater
occur where dissolution of evaporite deposits contributes to water chemistry and the K taken into
plants preferentially to Rb is recycled into surface waters by plant matter decay (Chaudhuri et al.,

2007; Peltola et al., 2008).

Cesium" has the largest ionic radii of the alkali elements and shows similar progressive enrichment
during magmatic fraction as the rest of the alkali group (Horstman, 1957). Cesium is closest in
behavior to Li in its ability to become extremely fractionated in pegmatite ore-forming processes
(Bradley et al., 2016; London, 2018; Martin and De Vito, 2005). During chemical weathering, Cs
exhibits behavior similar to the rest of the alkali element group but can have relatively higher
adsorption capacity on secondary mineral surfaces (Fuller et al., 2015; Nesbitt et al., 1980; Tanaka
and Watanabe, 2015; Wampler et al., 2012; Wu et al., 2022). Assessing the environmental
behavior of Cs has also been a focus for understanding the distribution and residence time of
radioactive Cs (1*’Cs and '**Cs) (Comans et al., 1989; de Koning and Comans, 2004; Mukai et al.,
2016), especially after release during nuclear reactor accidents such as the Fukushima Daiichi

Nuclear Power Plant (Taniguchi et al., 2019).
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The primary control on the alkali element abundances for this study of Newfoundland stream
waters is hypothesized to be source rock enrichment, with higher abundances being diagnostic of
small catchments draining granite relative to those draining ultramafic-mafic rocks. The alkali
elements have variable but generally high affinity for adsorption or incorporation into clay
minerals, such as illite, vermiculite, and smectites and variations across catchments with the
same bedrock type may reflect local changes in soil development that have variable reactive clay

surfaces or variable vegetation type.

1.5.3. Thorium-Uranium

Thorium and U are the only actinide elements that occur naturally at appreciable levels within
surface environments. The elements have closely coupled magmatic behavior but highly
decoupled environmental behavior. Both elements are highly incompatible in magmatic systems
due to their high charge relative to ionic radii (Shannon, 1976) and often are concentrated in
accessary minerals such as apatite, zircon, monazite, allanite, uraninite, coffinite (e.g., Bea, 1996

and references therein).

Weathering behavior of Th- and U-bearing accessory minerals is an important control on the
release of both actinides from rocks to the hydrosphere (e.g., Braun et al., 2018; Burianek et al.,
2022; Plasil, 2014). Typically, Th is immobile during silicate-rock weathering (albeit with some
exceptions, see Chabaux et al., 2003), largely due to it being hosted in minerals resistant to
weathering and/or becomes fixed by stable secondary minerals in weathering profiles (Babechuk
etal., 2015; Kurtz et al., 2000; Nesbitt and Markovics, 1997). This retention in weathering resistant

accessory minerals results in low concentration of Th in natural waters, with the main transport
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mechanism of Th being through colloid and particulate transport (Degueldre and Kline, 2007,

Langmuir and Herman, 1980; Short et al., 1988).

In contrast to Th, U can be oxidized from U*" to U®" during oxidative weathering, favouring the
release and transport of soluble UO>?" or uranyl-carbonate species under oxidative and neutral to
alkaline pH surface environments (Langmuir, 1978). These species of U can be immobilized by
adsorption to mineral surfaces (Barnett et al., 2000; Jung et al., 2019) or when encountering
reductive and/or organic-rich conditions (Campbell et al., 2015; Cumberland et al., 2016; Stetten
et al., 2018). Dominant sources of U to freshwater are typically the natural weathering of marine
sedimentary rocks if present, but U can also be anthropogenically elevated, most commonly
through fertilizer sources (Gardner et al., 2023; Otero et al., 2005; Schnug and Haneklaus, 2016;
Uchida et al., 2006). However, U in surface waters of silicate rock-dominated watersheds can also
vary as a function of source-rock U enrichment with more felsic rocks exerting the strongest
control (Palmer and Edmond, 1993; Sarin et al., 1990; Smedley and Kinniburgh, 2023). Since
rivers are the primary source of U to the oceans, there is an advantage in studying U in freshwater
systems to help understand its relationship with ocean waters. The activity ratio of U isotopes (***U
and 2*8U) in ocean water indicates there is an excess of 2**U compared to what is expected from
238y decay (Chen et al., 1986; Ku et al., 1977; Thurber et al., 1965). There is general agreement
that the **U excess in the oceans is related to the terrestrial weathering of U-bearing minerals
(Andersen et al., 2009; Anderson et al., 1989; Suhr et al., 2018), but rivers have highly variable
dissolved 2**U/?*8U activity ratios (Chabaux et al., 2003; Moore, 1967). This variability arises from
varying weathering conditions across different regions (Andersen et al., 2009; Suhr et al., 2018),
mixing of groundwater with surface waters prior to outflow into rivers (e.g., White et al., 2021;

Zebracki et al., 2023), short- and long-term climate related changes on weathering (Chabaux et al.,
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2001; Robinson et al., 2004), and exchanges between colloid-bound and dissolved U (e.g., Plater

etal., 1992; Porcelli et al., 1997; Somayajulu, 1994; Swarzenski et al., 2004).

Overall, source rock enrichment, extent of water-rock interaction and weathering, and the redox
state of the weathering environment and water all have important controls on abundance of Th and
U in surface waters. The contrasting behavior of Th and U during weathering and aqueous transport
can be tracked through Th/U ratios. Typically soils, river sediments, and colloids will inherit
elevated Th/U ratios relative to source rocks while the dissolved load of waters will inherit lower

Th/U ratios (Babechuk et al., 2020; Yu et al., 2019).

This study hypothesizes that variations in Th and U abundances will be predominantly controlled
by source rock variations and weathering conditions but have potential for modifications through
land-cover interactions that are present in the study sites. Specifically, slower moving steams and
the onset of bogs will modify the mobility of Th-U through reactive surfaces (Lidman et al., 2012;

Olivie-Lauquet et al., 2001) and/or complexation with organic matter (Viers et al., 1997).

1.5.4. Nickel-Chromium-Cobalt

The transition metals Ni, Co, and Cr have high compatibility in mafic minerals (spinel, olivine,
clinopyroxene, orthopyroxene). Nickel?" and Co®" have a close ionic radii to Mg*" and will
partition mainly into olivine and pyroxenes, while Cr** and Cr** partition between spinel, olivine,
and pyroxene (Barnes and Roeder, 2001; Carr and Turekian, 1961; Foley et al., 2013; Giilagar and
Delaloye, 1976). These properties result in peridotites having the highest abundance of these
elements, followed by basalts (see Table 1). Serpentinization of ultramafic rocks, can transfer Ni,

Co, and Cr into different low-T alteration phases, such as chrysotile and lizardite, but ultimately
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serpentinization reactions do not result in extensive loss of these elements (Kierczak et al., 2021;
Kodolanyi et al., 2012). During initial chemical weathering, all three elements can be incorporated
in or adsorbed to secondary clay minerals (e.g., Hao et al., 2022; Mitsis et al., 2018; Nahon et al.,
1982; Putzolu et al., 2020), but advancement of chemical weathering can also lead to strong
affinities for these elements to be adsorbed or incorporated into Fe- and Mn-(oxy)(hydr)oxides
(e.g., Carvalho-E-Silva et al., 2003; Manceau et al., 2012; Wasylenki et al., 2015). The most
advanced stages of chemical weathering can lead to extreme levels of Ni, Cr, and Co observed in
laterite deposits (Golightly, 1981). However, Cr can have enhanced redox-induced mobilization
after adsorption to Mn-(oxy)(hydr)oxide through oxidation of Cr** to Cr®", forming more soluble
species of Cr (Fandeur et al., 2009; Liang et al., 2021). Cobalt can also be present in Co**, but this

oxidation state is not common in surface systems (Pourret and Faucon, 2018).

Away from anthropogenic sources (e.g., Shtiza et al., 2005), high Ni abundances in rivers are
documented in proximity to ultramafic-mafic source rocks (Binda et al., 2018; Vasileiou et al.,
2021), despite the range of controls on Ni in weathering profiles (Cameron and Vance, 2014;
Rinklebe and Shaheen, 2017; Sun et al., 2024). Nickel is also an essential nutrient, with observed
uptake in biological systems (Price and Morel, 1991; Scheller et al., 2010). In fluvial systems, Ni
is often transported as either a free ion (Ni?*), Ni(H20)e>*, or complexed with OH", (NiOH"), or
COs% (NiCO3°) (Uren, 1992 and references therein) but can also be complexed with dissolved

organic matter (Anti¢-Mladenovi¢ et al., 2017; Pokrovsky et al., 2006; Sekaly et al., 2003).

The weathering release of Co to the hydrosphere follows a similar pathway as Ni, primarily being
transported as Co>" species, although there are more uncertainties in the details of its speciation

and complexation during transport (Collins and Kinsela, 2010; Pourret and Faucon, 2018). Similar
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to Ni, Co also has capacity for biological uptake due to its biological utility (Collins and Kinsela,
2010). In boreal streams, Co is observed to be complexed to organic matter (Pokrovsky et al.,
2006), have an association to colloids, and have higher abundances in streams draining forested
areas (Lidman et al., 2012), reflecting complex interaction of source mineral weathering and

variable adsorption on particulates in soils and in rivers.

The weathering and aqueous behavior of Cr has received the most attention of the three metals,
despite their co-enrichment in ultramafic (and mafic) rocks (Kierczak et al., 2021) due to its much
greater toxicity when in the form of Cr®" (Shanker et al., 2005). Chromium hosted in silicate
minerals can be released preferentially to the Cr hosted in chromite (Garnier et al., 2008; Oze,
2004) and silicate minerals are typically the most abundant in high-Cr source rocks. Upon release
during weathering, Cr** is rapidly adsorbed or taken into secondary minerals. However, in the
presence of Mn-(oxy)(hydr)oxides Cr** can be oxidized to Cr®', typically present as CrOs>
or HCrO4 depending on pH, and thus more mobile in oxidized systems (Fendorf, 1995; Rai et
al., 1989). However, Cr®" but can be scavenged and/or back-reduced to Cr*" if it encounters
reductants or reactive surfaces (Richard and Bourg, 1991). Nonetheless, these conditions can
result in high dissolved Cr concentrations in surface water when ultramafic rocks are exposed to
high degrees of chemical weathering (Chrysochoou et al., 2016; Fantoni et al., 2002). McClain
and Mabher (2016) found important associations of Cr with ultramafic rock sources and noted that
in some alkaline waters of ultramafic catchments, Cr can also be soluble as Cr’* species
(CrOH(CO3)* or Cr(OH);3). Different inorganic or organic ligands can also aid in Cr** transport

(Babechuk et al., 2018; Saad et al., 2017).
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In this study, the abundances of Ni, Co, and Cr are only expected to be at appreciable levels in
stream waters draining the ultramafic-mafic rocks in western Newfoundland. However, despite
their high abundance in source rocks, release of these elements may be inhibited by the limited
water interaction time with rocks and poorly developed or absent soil in several areas. Several
groundwater seeps have been documented near the surface water sampling areas that have high
pH developed during active continental serpentinization (Morrill et al., 2014; Szponar et al., 2013)

and could locally promote Cr** mobility.

1.5.5. Rare Earth Elements

The rare earth element + yttrium (REE+Y) group are useful tracers in magmatic and environmental
systems due to their identical 3+ charge (excluding Eu and Ce which have multiple redox states)
and systematically decreasing ionic radii from La to Lu (McLennan and Taylor, 2012 and reference
therein). Yttrium is often grouped with the REE due to its 3+ charge and near-identical ionic radii
to Ho. The Y-Ho pair can also serve as a useful tracer due to their fractionation in fluid-rich
magmatic systems or in low-T aqueous systems (Bau, 1996; Bau and Dulski, 1995). All of the
REE+Y are incompatible, with increasing relative incompatibility of La through to Lu, during
magmatic differentiation that results in felsic rocks having higher abundances and different
patterns than ultramafic-mafic rocks. The REE+Y are often concentrated in accessory phases such

as allanite, monazite, or apatite (Giere and Sorensen, 2004; O’Sullivan et al., 2020).

During most chemical weathering conditions, the REE are only sparingly soluble and fine-grained
sediment and eroded heavy minerals are the main sedimentary reservoirs of the REE (see
McLennan, 1989). However, the dissolved and colloid-bound REE fraction released into the

hydrosphere during weathering is an important environmental tracer, despite the much lower
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natural REE abundance in waters, as the changes in their pattern can reflect source rock
differences, preferential mineral dissolution, and redox reactions in soils and waters. The REE+Y
data are typically normalized to a reservoir composition, and for surface systems the normalizer
typically represents an estimate of the average upper continental crust; in this study the MUQ
(MUd from Queensland) composite, an alluvial sediment average from rivers in Queensland,

Australia (Kamber et al., 2005) is used for normalization.

The REE+Y can be fractionated during weathering of different rock types (Babechuk et al., 2014;
Nesbitt et al., 1980; Roy et al., 2024) and released or accumulated in specific weathering horizons
where conditions are ideal for scavenging (Bao and Zhao, 2008). The fractionation of Ce from
other light REE (LREE) and the fractionation of Y from Ho are some of the most useful inter-
element fractionation patterns that occur during chemical weathering. Separation of Ce from the
other LREE arises mainly due to the oxidation of Ce** to Ce*" by (oxy)(hydr)oxide minerals,
primarily Mn-(oxy)(hydr)oxides (Koppi et al., 1996; Laveuf et al., 2008 and references therein).
This allows for the tracing of oxidative weathering in modern (e.g., Middelburg et al., 1988;
Patino et al., 2003) and ancient (e.g., Pan and Stauffer, 2000; Panahi et al., 2000) surface
environments. The fractionation of Y from Ho has also been documented in weathering
environments and has been attributed to preferential adsorption of Ho>Y on secondary

mineral surfaces (Babechuk et al., 2015; Thompson et al., 2013).

The REE+Y in the oceans, which record the most prominent inter-element REE+Y fractionation
(Alibo and Nozaki, 1999; Nozaki et al., 1997), are sourced primarily from continental weathering
and riverine delivery (Goldstein and Jacobsen, 1988). Prior to REE+Y delivery to the oceans,

patterns in rivers can also reflect different fluvial processes such as the balance between organic
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and inorganic complexation and between colloids and dissolved species (e.g., Davranche et al.,
2004; Leybourne and Johannesson, 2008; Tang and Johannesson, 2003; Xu and Han, 2009) and
source rock variations (e.g., Babechuk et al., 2020). Stream waters have also been shown to inherit
an elevated Y>Ho compared to source rocks due to the aforementioned weathering effects, and
selective variations in other elements such as Eu that may reflect differences in plagioclase

abundance in source rocks.

In this study, the REE+Y dissolved in stream waters are hypothesized to most prominently reflect
the difference in REE+Y abundance and normalized patterns between ultramafic-mafic and felsic
rocks, while also potentially revealing different dynamics of the catchment through the

fractionation of Y-Ho and Ce-LREE being inherited in waters.

1.6. Advantage of using geospatial data to study small-scale catchments

The drainage areas covered by the world’s major rivers often include heterogenous land-type,
topography, and lithology and therefore interpreting the controlling factors that govern dissolved
load chemical signatures can be challenging. Despite small watersheds being more amenable to
local fluctuations in chemistry alongside base flow changes, seasonality, and local environmental
factors, they can more closely reflect local lithology and offer opportunities to better constrain
environmental and temporal factors that control stream composition. As such, effort has been
directed in many studies towards characterizing headwater streams. Headwater streams
are classified as low-order streams that deliver source water down a river network and in
some cases make up 70-80% of total channel length (Downing et al., 2012; Wohl, 2017).

Headwaters have been documented to exert strong influence on the overall biogeochemical
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composition downstream, despite the considerable variability in their stream chemistry (Wolock

et al., 1997), even within areas with relatively uniform landscapes (Asano et al., 2009).

Given the complex interactions between lithology, topography, and land-type that influence water
composition, there is utility in quantifying and characterizing these attributes alongside chemical
composition measurements when investigating small-stream dynamics. Geographic information
systems (GIS) allow for such spatial analysis of landscape characteristics within a watershed and
has been commonly utilized for management purposes (Gracz and Glaser, 2017; Strager et al.,
2010) or employed in conjunction with investigating the controlling factors of stream networks
(Andersson and Nyberg, 2009; Liu et al., 2015; Walker et al., 2012). While GIS can be powerful
in modeling and simulating hydrologic processes, this study focuses on characterizing watershed

attributes that include topography, surficial geology, vegetation, and bedrock coverage.

The topography of landscape can influence hydrology, chemical weathering intensity, and erosion,
dictating the direction and speed of water flow, which, in turn, influences the flow path and contact
time water has with the subsurface and soils (McGuire et al., 2005; Wolock et al., 1997).
Topography also plays crucial roles in soil distribution, which can lead to the mobilization and
transfer of solutes, colloids, and particles. This has mostly been studied in the context of hillslopes
(Chadwick and Asner, 2016; Khomo et al., 2013, 2011), where studies have shown that slope
gradients promote chemical and physical weathering gradients. For example, areas upslope will
incur higher rates of erosion that consistently expose fresh material (Chadwick and Asner, 2016).
A chemical weathering gradient can also occur within the slope itself, where a hillslope has an
upper eroding section, where rates of weathering are influenced by mineral supply, and transitions

into a depositional area downslope where weathering rate is constrained by equilibrium between
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water in the soil and present minerals (Yoo et al., 2009). Such processes have been shown to occur
for gradients as small as 100 m (Vitousek et al., 2003). However, slope gradient, soil thickness,
and presence of different land-coverage can all contribute to differences in physical and chemical

processes.

One of the most important land-coverage changes is the presence of vegetation, which plays a role
in regulating water availability, influencing mineral weathering processes and element
complexation, and forming an important sink for bioavailable elements like K (Evans, 1964).
Vegetation enhances release of elements by supplying organic acids that accelerate mineral
weathering reactions and complex with elements (Drever, 1994; Griffiths et al., 1994; Riotte et al.,
2014), and through decaying plant litter (Velbel and Price, 2007). For example, in Iceland, areas
with dense vegetation exhibit enhanced release of Ca and Mg in streams compared to more barren
ones (Moulton and Berner, 1998). The facilitation of element release can be dependent on
vegetation-type, with a pronounced difference between coniferous verses deciduous trees. For
example, coniferous trees, despite releasing leaves year-round where its decomposition can
provide a more continuous element flux to the ecosystem (Thomas and Grigal, 1976), release
nutrients more slowly than deciduous litter (Likens et al., 2013; Monk, 1966). Accordingly,
deciduous vegetation type can often be a larger source of element release. Empirical evidence has
supported this type-dependent variation on element release, such that in temperate regions, areas
dominated by deciduous vegetation experienced higher fluxes of Mg, Ca, and K compared to those

dominated by coniferous forests (Likens et al., 2013).

Vegetation can also decrease element fluxes through limiting the interaction of water with rocks

and soils (Zhang et al., 2002), inhibiting chemical weathering that can limit export of elements to
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streams. Wetlands, which are distinct ecosystems with plants saturated by water, also play
important roles in element flux. These ecosystems are characterized by low-oxygenation water
columns and abundant natural organic matter (Roux and Shotyk, 2006), which often leads to them
serving as an important element sink (Cole, 1998; Lytle et al., 1998). However, seasonality,
precipitation patterns, and biological activity can create dynamic cycles of oxidizing or more
reducing periods that affect trace element release (McLatchey and Reddy, 1998; Olivie-Lauquet
et al., 2001). Specifically, more reducing conditions can promote the dissolution of
(oxy)(hydr)oxides and oxidizing conditions can more easily promote the decomposition of organic
matter, both conditions that can release elements stored in these reservoirs (Trolard et al., 1995).
Peatlands, a type of wetland, can export large amounts of dissolved organic matter to surface water
(Aitkenhead et al., 1999; Dillon and Molot, 1997; Laudon et al., 2004; Worrall et al., 2002) and,
despite filtering out many elements (Freeman et al., 1997; Palmer et al., 2015), the exported
organic matter can also complex with major and trace elements and thus aid in their release (Broder

and Biester, 2017).

For this project, the study sites are characterized by contrasting landscapes. The western
Newfoundland site has steep hillslopes, coniferous vegetation when it is present, and large areas
of exposed bedrock. In contrast, the Burin Peninsula site has gentler terrain and a persistent area
of peatlands. Such sites offer contrasting conditions that will ultimately shape the transport of
dissolved elements and help inform dynamics across variable landscapes. Specifically, the
interrelated topography-vegetation-stream flow conditions of the Burin Peninsula study site is
hypothesized to play a more prominent role in modifying stream chemistry than in the western

Newfoundland site.
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Chapter 2: Integrated geospatial-geochemical catchment analysis of Newfoundland stream
waters draining endmember silicate bedrock types (ultramafic-mafic rocks vs. granite)
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To be submitted to Journal of Hydrology - Regional Studies
2.1. Abstract

Studies of small hydrological catchments draining a singular or restricted range of bedrock type(s)
reveal the first-order control of geology on the dissolved element composition of stream waters.
However, this geologic control competes with other physicochemical and environmental factors.
Better understanding these catchment dynamics is important from a local scale (e.g., constraining
ties of potentially toxic element inputs to specific lithology and processes) to a regional scale (e.g.,
deciphering how major rivers that transport dissolved elements to the oceans may inherit their
signatures). This study assesses dissolved major, trace, and rare earth element data from streams
at two coastal study sites within the same (boreal) climate zone that drain silicate-endmember
bedrock compositions: (1) Bay of Islands in western Newfoundland draining an ophiolite sequence
of ultramafic-mafic bedrock, and (2) Burin Peninsula draining a granite pluton (St. Lawrence
granite) that hosts fluorite mineralization. By quantifying physical properties of catchments with
geospatial data (bedrock geology, surficial geology, topography, vegetative cover) and integrating
this with geochemical data, this study was able to constrain the primary catchment drivers on the
dissolved composition of different elements/element groups in the streams draining ultramafic
rock and granite. Specifically, this study has isolated elements strongly to moderately controlled
by: bedrock geology (Mg, Cr, Ni in ultramafic rock streams; Rb, Cs in granite streams; contrasting

REE abundances and Eu anomalies); weathering/soil/vegetation effects and associated flux of
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dissolved organic matter to streams (K, Ni, Co, Ce anomalies); and short temporal events or local
geological features such as the fluorite mineralization (elevated element flux, high Y/Ho). Several
of these more local water chemical features were traceable into larger catchment areas of
Newfoundland major rivers. The low-abundance trace element data presented here are the first to
be reported for any Newfoundland surface water and results confirm that these data are useful to

trace boreal catchment dynamics.

2.2. Introduction

Rivers are important transport mechanisms for mobile (dissolved and colloid-affiliated) elements,
but the processes that govern the release, transport, and fractionation of such elements are complex
and often require the assessment of several chemical, biological, and hydrological proxies to
untangle (e.g., Andersson and Nyberg, 2009; Bluth and Kump, 1994; Dillon and Molot, 1997,

Mora et al., 2020).

For some elements, bedrock geology is an important first-order control on the composition of
rivers, but for other elements factors such as surficial geology, topography, hydrology, soil
interaction, and vegetation can modify and heavily influence dissolved element budgets.
Elucidating such controls is critical when constraining the role of the hydrosphere in modern and
ancient surface element cycling and when isolating the impacts of anthropogenic influences (such
as agricultural and urban run-off) from natural factors (e.g., geologically anomalous bedrock

enrichment).
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Major rivers have expansive drainage networks that often interact with diverse geology and
topography over long transport distances, making it challenging to determine element-specific
controls. Studying smaller catchments with singular or restricted range of bedrock type(s) has been
invoked to better isolate details of geologic controls and how they compete with other
physicochemical and environmental factors (Kram et al., 2012; Lidman et al., 2012; McClain and
Maher, 2016; Mistikawy et al., 2020; Négrel, 1999; Oliva et al., 2004; Yu et al., 2019). This study
uses a multi-element approach to investigate streams from small catchments within in a boreal
climate zone from two study sites on the island of Newfoundland (Newfoundland & Labrador,
Canada). Targeted stream waters were selected based on the contrasting, endmember igneous
silicate bedrock composition (ultramafic-mafic vs. felsic) of the catchments. By adopting an
integrated geochemical and geospatial information approach, this study informs the catchments

dynamics and controls on element budgets.

Understanding aquatic geochemistry of boreal ecosystems is an important component of predicting
how such environments may adjust to a warming climate. Newfoundland lies within the eastern-
most section of Canada’s boreal zone, a water-rich ecozone that supplies 50% of the Canadian
freshwater with outflow to the oceans (Webster et al., 2015). It is predicted that the boreal zone is
especially susceptible to climate change and will warm quicker than any other biozone (Price et
al., 2013). Thus, it has become more prevalent to assess the current compositional state of
freshwater with the boreal zone and how it might shift with a changing ecosystem as well as

establish environmental baseline data within these geographic and climatic zones.

The island of Newfoundland has abundant geologic diversity, minimal anthropogenic

modification, and vast network of streams that make it an advantageous place to examine regional
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geological controls on surface water chemistry. At present, however, there are limited data on most
of Newfoundland’s surface waters, especially for low-abundance trace elements and for areas
outside of the capital city, St. John’s. Such trace elements are especially sensitive to aqueous
processes and can be utilized as powerful fingerprints that can evaluate element sources and
catchment-scale weathering and aquatic processes (Babechuk et al., 2020; Chabaux et al., 2003;

Steinmann and Stille, 2008).

This study is the first to report a comprehensive low-abundance dataset from the dissolved load
(defined as <0.45 pm, which includes colloidal materials in their defined size of <0.45 pm — 1 nm)
of stream waters within the province using clean handling protocols from field to analysis and
determination through inductively coupled plasma mass spectrometry (ICP-MS), showcasing low-
level, high-precision geochemical analyses of freshwater. Stream samples were characterized with
a comprehensive geochemical dataset that includes major cations, trace elements, and dissolved
organic and inorganic carbon, alongside on-site measurement of pH, E;, conductivity, and
temperature. The samples measured here include 30 rivers and streams that come from low-
population catchment areas targeted due to the specific bedrock geology (ultramafic-mafic bedrock
within the Bay of Islands and Gros Morne areas and crystalline felsic bedrock within the Burin
Peninsula) and 6 Newfoundland major rivers. Additionally, 3 roadside springs that are used as
present day and/or historical drinking water sources were sampled for an evaluation of the
dissolved abundances of potential toxic elements. Integrating the geochemical data with
geospatially quantified catchment properties is demonstrated as effective in revealing important
controls within small catchments of singular lithology (monolithologic) across a diverse set of

landscape, topography, and vegetation.
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2.3. Sample sites
2.3.1. Western Newfoundland site

A total of 19 streams were sampled from western Newfoundland across an area of ~3985 km?
(Figure 1). The hydrological catchment size, up to the point of stream sampling, ranged from 0.8
km? to 278 km? with an average catchment size of 45 km?. Annual precipitation for the west coast
ranges between 1100-1400 mm/year with the driest season in spring and early summer and wettest
in fall early winter (Ullah, 1992). The Long Range Mountains dominate the landscape in western
Newfoundland with high relief areas reaching over 700 m above sea level. At higher elevations,
vegetation is sparse and characterized by abundant rock outcrops while balsam firs are the
dominant forest cover at lower elevation (Woodrow and Heringa, 1987). This study focused on
sampling streams draining the well-preserved 488 & 1.5 Ma (Yan and Casey, 2020) Bay of Islands

ophiolite complex (BOIC).

The BOIC was emplaced by an arc-continent collision during the Ordovician Taconic orogeny
(Williams and Smyth, 1973) and comprises a full ophiolite transect that is exposed between four
main massifs on the west coast of Newfoundland. This study primarily sampled streams draining
the southern Blow Me Down Mountain massif and the northern Table Mountain massif. Within
these massifs, primary focus was given to targeted streams draining the basal ultramafic

and associated cumulate rocks and the overlying intrusive and extrusive mafic packages.

The ultramafic section of the BOIC contains primarily harzburgite with lower volumes of
clinopyroxenite gradually decreasing in abundance down unit and coarse-grained lherzolite
present at the base of the mantle sequence (Church and Riccio, 1977; Malpas et al., 1978; Suen et

al., 1979). The Table Mountain massif preserves the thickest ultramafic section of the BOIC (~6-
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7.5 km) (Suhr, 1993). Massive dunite is present at the top of the ultramafic section and is up to
several km thick on the Blow Me Down Mountain massif (Malpas, 1976; Suhr and Robinson,
1994). Layered and massive gabbro makes up the overlying mafic section of the BOIC with
increasing abundance of diabase dykes towards the top and a transition to overlying pillowed basalt

(Suen et al., 1979).

2.3.2. Burin Peninsula site

A total of 11 streams were sampled from the Burin Peninsula across an area of ~689 km? (Figure
2). The hydrological catchment size, up to the point of stream sampling, ranged from 1 km? to 166
km? with an average catchment size of 27 km?. Annual precipitation is slightly higher on the Burin
Peninsula than the west coast, ranging between 1200-1500 mm per year with a dry season in spring
and early summer and wet season in fall and early winter (Ullah, 1992; Woodrow and Heringa,
1987). The Burin Peninsula has much lower relief than the west coast and is characterized by
blanket bogs and moss with sporadic forests containing balsam fir and black spruce growing on
wet lowlands (Woodrow and Heringa, 1987). The area is abundant in glacial tills that range from
a few centimeters to a meter thick. Most till in the area geochemically reflects the underlying
bedrock geology (Batterson and Taylor, 2009), which consists mostly of Neoproterozoic
submarine and non-marine volcanic and sedimentary rocks overlain with similar aged shallow
marine sediments and intrusions of Devonian granite (O’Brien et al., 1977). This study focused on
sampling rivers draining the St. Lawrence Granite (SLG), a Devonian pluton that outcrops across

a 30 km by 10 km area on the Burin Peninsula (Teng and Strong, 1976).

The SLG is a highly evolved, peralkaline granite with slight compositional variations that

subdivide the granite into an east- and west-lobe, and an associated porphyry (Winterland
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porphyry) in the northern section of the granite (Magyarosi, 2022; Teng and Strong, 1976). The
granite is primarily made up of quartz, orthoclase, and albite with minor riebeckite, aegirine,
biotite, fluorite, magnetite, and hematite (Teng, 1974). The Winterland porphyry and east-lobe
have similar mineralogy but differ in texture (Miller, 1994). The west lobe is dated at 374 = 2 Ma
(Kerr et al., 1993) and is more granodioritic in composition, containing a higher proportion of
plagioclase to orthoclase with increased hornblende (Teng and Strong, 1976). The SLG is also
known for association of extensive fluorite veins which are mostly located within the east lobe
(Magyarosi, 2022; Magyarosi et al., 2019; Van Alstine, 1944). Fluorite veins range from

centimeters to 30 meters wide in size and up to 3 km long (Magyarosi, 2022).

2.3.3. Major rivers

Newfoundland comprises 4 major drainage basins that drain towards the northeast or south into
the Atlantic Ocean or drain west into the Gulf of St. Lawrence (Ullah, 1992). In this study, 6 major
rivers were sampled (Figure 3), representing drainage from 3 of the 4 major basins. Major rivers
within Newfoundland were defined following the Water Resources Atlas of Newfoundland (Ullah,
1992) as rivers with the largest gauged basins. Rivers sampled included the Terra Nova River,
Gander River, and Exploits River (Northeast Coast Drainage Basin), Humber River (West Coast
Drainage Basin), and Garnish River and Piper’s Hole River (South Coast Drainage Basin). These
major river samples were collected within the same sampling excursion as the main study site
localities (Sections 2.3.1 and 2.3.2) to offer a provincial comparison to other major rivers globally

and to contrast the smaller Newfoundland catchment streams with larger regional signatures.
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2.3.4. Roadside spring water sites

Three roadside sites were sampled across Newfoundland where spring water is either actively or
previously collected for consumption or other domestic use. The spring water sites were selected
from areas of contrasting geology to develop a one-off baseline of geochemical data, with
emphasis on trace elements of potential health concern (Health Canada, 2019). The two actively
used sites were a spring off Highway 430 near Wiltondale, NL draining through sedimentary rocks
and one off Highway 450 near York Harbour, NL draining through mainly ultramafic-mafic rocks.
The formerly used site (no longer used for drinking water) was sampled in Winterland at the
Heritage Well site near Winterland, NL draining mainly granite. The specific locations are reported

in Appendix 1.

2.4. Materials and methods

2.4.1. Field sampling

Between the 2 study sites a total of 30 locations were sampled within 1 week of field work in July
2022, along with the 6 major rivers. Of the 30 samples, 25 are hydrologically independent streams
and are non-nested (not hydrologically connected). All sampled water was collected in acid-
leached high-density polyethylene (HDPE) bottles. Acid leaching of sample bottles involved 1
week of soaking in a cold-water soap bath, followed by 2 weeks of bottles sitting in 10%
hydrochloric acid (HCI1) + 1% hydrofluoric acid (HF), followed by an additional 2 weeks sitting
in 10% HNOs. After acid-leaching was completed, all sample bottles were filled with ultra-pure

(> 18.2 MQ) water from a Millipore Milli-Q IQ7000 unit and sealed until use in the field.
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When sampling at each site, water was retrieved in a collection bottle from visibly flowing areas
of the stream or river approximately 10 cm below the water surface and well above the bedload.
All samples were filtered in-field using a vacuum-aided polysulfone ThermoFisher Nalgene filter
unit, loaded with Nalgene membrane filters (47 mm diameter; 0.45 um pore size; nylon). Filters
were pre-wetted by filtering a small amount of sample water through the filter, which was then
discarded prior to final sample filtration. Filtered samples were immediately transferred to two
HDPE bottles (125 mL and 250 mL). Samples in 125 mL HDPE bottles were acidified immediately
in-field to ~2% HNOs3 using in-house prepared triply distilled concentrated HNOs. The acidified
and unacidified sample bottles were sealed and kept cold and away from light until analysis at
Trent University. Overall, sampling followed cleanliness protocols utilizing the “clean hands, dirty
hands” approach, with one person designated ‘clean hands’ for all contact with sample bottles to
minimize contamination while a separate ‘dirty hands’ person handled equipment (e.g., field

probes) while sampling (Lurry and Kolbe, 2000).

At each sample location, pH, ORP, conductivity, and temperature measurements were taken using
Oakton® ORPTestr® and PCTSTestrTM pocket testers (Appendix 1). ORP values are reported as
the standard hydrogen electrode redox values (En), which were converted from ORP values. Field
observations of each river were also noted, such as flow conditions and bedload material

(Appendix 2).

2.4.2. Sample analysis & quality assurance/quality control

Filtered and acidified samples were measured within 1 month of field collection for element
abundances at the Trent Water Quality Centre (WQC). Samples were combined with a pure

solution of In (ICP-standard, PlasmaCAL) to serve as an internal standard (concentration of ~10
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ng/g) for drift correction, resulting in negligible dilution, and measured directly using an Agilent
8800 inductively coupled plasma tandem mass spectrometer (ICP-MS/MS, colloquially “triple
quadrupole ICP-MS”). The experimental method followed the procedure described in detail in
previous studies (Dang et al., 2022b, 2022a). In brief, all analytes were measured in He-gas mode
with the exception of Li and Be (no-gas mode) and V, As, Mo, Sb and all of the rare earth elements
and Y (in Oz-mass shift mode). Samples reported in this study were measured in one experiment
session. For quality assurance/quality control (QA/QC) purposes, two natural water reference
materials (AQUA-1 and SLRS-6, n=6) were used to bracket every ten samples to assess within-
experimental run analyte “recovery” after internal standard correction and to permit accuracy and
long-term precision assessment. In terms of recovery, all repeat measurements were within 5% of
the initial reference material measurements for individual experiments. For accuracy assessment,
elements were compared to certified values when available (i.e., NRC-CNRC certificates for
SLRS-6 and AQUA-1); however most trace elements in these reference materials were not
certified as part of initial development, such that data confidence is instead built through inter-
laboratory comparisons. The reference material measurements from this study are compared to
previously published SLRS-6 means at the WQC (Dang et al., 2022a), and selected published
values for SLRS-6 (Babechuk et al., 2020; Yeghicheyan et al., 2019) and AQUA-1
(Yeghicheyan et al., 2021). Repeat measurements of the reference materials throughout the
experiment also provides an estimation of precision at two different element abundance levels.

Reference material values from this study and comparison studies are reported in Appendix 3.

Filtered but unacidified samples were measured for dissolved organic and inorganic C (DOC and
DIC) using a Total Organic Carbon (TOC) analyzer (TOC-VCPH, Shimadzu). Calibration

solutions were prepared from potassium hydrogen phthalate (reagent ACS, Acros organics) for
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DOC and sodium carbonate (99+% extra pure, Acros organics) for DIC. An organic carbon
standard at 10 mg/L C, prepared from a certified standard (1000 mg/L C, LabChemTM), was used
to bracket every 10 samples to monitor instrument stability; the measured concentrations were
10.06+0.07 mg/L C (n=5). A river water certified reference material PERADE-09 (Environment
Canada) was used to validate the QA/QC; the measured DIC and DOC concentrations were
2.5+0.2 mg/L C and 4.3+0.3 mg/L C (n=3), in agreement with the certified values (2.4+0.4 mg/L

C and 3.6+0.4 mg/L C, respectively).

2.4.3. Spatial analysis

Watershed boundaries of all sample locations were delineated in ArcGIS Pro 2.8.0 using a 5 m
digital elevation model (DEM) created from 1:20,000 scale aerial photo (accuracy of 2 m).
Processing was done using the Spatial Analyst Hydrology function to fill sinks, calculate flow

directions and flow accumulation to determine contributing area above each sampling location.

To evaluate percent coverage of major lithology types and surficial geology within each watershed,
this study used GIS files of bedrock geology downloaded from the Government of Newfoundland
& Labrador Geology Survey Branch (Open File GS# NFLD/2192) and surficial geology
downloaded from the Geological Survey’s Newfoundland and Labrador GeoScience Atlas Online.
Major lithologic units of each study area were categorized using the bedrock files as described in
Section 2.5.1 (Figure 1 and 2). Surficial geology was divided into the three categories of till,
exposed or partially concealed rock, and bog coverage (Figure 4 and 5). Vegetation data were
extracted from the CanVec series (Wooded Areas, Saturated Soils and Landscape in Canada) under
an open government license. Using attributes listed in this file, this study created a new layer

labeled “Dense/Open Forest Coverage” which included polygons representing dense and open
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broadleaf-type, coniferous-type, and mixed wood-type. Dense forest represents more than 40%
canopy coverage and open forest represents canopy coverage between 20-40%. This new layer
was to visualize where significant forest presence occurred within each study area (Figure 4 and
5). For further details about these descriptors see “Wooded Area” in Canvec metadata catalogue:

NVCP 2018.

Calculations of spatial coverage of these layers within each catchment were accomplished using
overlap analyses tool in QGIS 3.22.3. Mean slope values were calculated for each catchment area
using the slope tool of the raster terrain analysis plugin. The slope tools calculates the slope of
each cell in the 5 m DEM raster and is expressed in a degree, which represents change in elevation
from horizontal. Mean slope values were computed using the zonal statistics raster analysis tool,

producing the average of all slope values within the defined catchment areas (Appendix 1).

2.4.4. Data analysis

Principal component analyses (PCA) were done in R version 1.4.1717 using the built-in function
‘prcomp’, with all variables scaled for comparability. When introduced in text, active variables

and individuals are denoted along with their principle component contribution values.

When reporting variance from data sets in this study, collectively or sub-divided by lithologic
groupings, a mean or median was selected based on the specific variable distribution, and in the

case of using a mean it was reported alongside 1 standard deviation.

Major cation-forming elements (Mg, Ca, Na, K; henceforth “major cations’) were examined either

as abundance variations or individually normalized to the sum of these elements (on a mass-based
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abundance basis), denoted as Element/Y +, where >+ = Mg+Ca+Na+K, when comparing
geochemical data across all streams. This approach is useful to compare data when there are wider
concentration gradients and to account for hydrological effects such as dilution or runoff that can
change with catchment and stream size. Where appropriate, major cation data was also examined
using selected element ratios and relative proportion ternary plots. Notably, anion (e.g., Cl°, SO4*
) data were not collected as part of this study, preventing the ability to use some traditional water-
type classifications as well as to correct major cation data for any possible inputs from

marine/atmospheric sources.

Trace element data were reported either as their measured abundance, as Element/Y + (see above),
or as individual inter-element mass ratio or normalized abundance ratio. Of the full trace element
suite collected for this study, Ni, Co, and Cr were selected as the elements with the potential to
make the closest links between waters and bedrock in the ultramafic-mafic catchments, whereas
Li, Rb, Cs, Th, and U were selected for the same reason for the felsic rock catchments. The sum
of rare earth elements () REE) was calculated as the sum of non-anomalous elements where:
> REE=Pr+Nd+Sm+Tb+Dy+Ho+Er+Tm+Yb. All rare earth element+Y (REE+Y) patterns were
normalized to the Mud from Queensland (MuQ) composite, an estimation of the upper continental
crust (Kamber et al., 2005). Normalized REE+Y are denoted as REEn. To evaluate the slope of the
REE+Y pattern, ratios of a light REE (LREE), middle REE (MREE), or heavy REE (HREE) are
used, typically Prv/Ern (LREE/HREE), Prn/Tby (LREE/MREE), and Tbn/Ern (MREE/HREE).
Anomalies of Ce (Cen/Cen*) and Eu (Eun/Eun®) were calculated using a geometric mean for

REEN* (Lawrence et al., 2006a) where:

Ce}“v = P'l"}kv (N_dN
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1/3

Euj, = (Sm2 « Thy)"

In cases where one of the elements used in an anomaly calculation showed analytical scatter in a
normalized pattern, an adjacent proxy element was used to project to where the element would be
in a smooth pattern (also denoted REEn*). When analytical scatter exerted too much influence on
ratio-ratio plots, samples were sometimes excluded. The Y anomaly was calculated using the mass

ratio of Y/Ho.

2.5. Results

2.5.1. Lithology and sample watershed classification

The bedrock geology of the BOIC in western Newfoundland was grouped into two major units:
(1) an ultramafic unit that encompasses the mantle and melt-residual rocks of the ophiolite
sequence, consisting of variable proportions of lherzolite, harzburgite, dunite, websterite, and
orthopyroxenite and (2) a mafic layer that encompasses the intrusive and extrusive mafic rocks of
the ophiolite sequence, consisting of layered gabbro, diabase dikes, and pillow basalt (Figure 1).
The St. Lawrence Granite in the Burin Peninsula was considered as one unit (Figure 2). The percent
coverage of each lithologic grouping within individual catchment areas was calculated up until the
point of sampling (Table 2). From these calculations, sampled streams were categorized into
groups based on relative coverage of a lithologic grouping as: (1) monolithologic catchments, (2)
sub-monolithologic catchments, or (3) heterolithic/comparison catchments. Monolithologic
catchments are defined as having dominant coverage (>60%) of one silicate lithology/lithologic
group (granite, intrusive/extrusive mafic rocks, or intrusive ultramafic rocks). Sub-monolithologic

catchments are defined as those that drain a significant proportion of a target lithologic groups
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when it does not constitute the spatial coverage majority (between 18-60%).
Heterolithic/comparison samples are those not draining the target lithology/lithologic groups,
including those that drain either a mixture of several lithology-types or sedimentary units that were

not targeted for this study.

Of the 19 streams sampled in western Newfoundland, 9 streams have been attributed to
monolithologic catchments, (6 draining ultramafic units, 3 draining mafic units), 4 have been
attributed to  sub-monolithologic catchments, and 6 streams were considered
heterolithic/comparison catchments. One of the 3 monolithologic mafic streams has been isolated
from the others in many cases throughout this study due to its sampling shortly after a rain event
that had an affect on the stream chemistry. Of the 11 streams sampled in Burin Peninsula, 5 streams
were attributed to monolithologic catchments (all draining the SLG), 5 streams were attributed to
sub-monolithologic catchments, and 1 was considered a heterolithic/comparison catchment (Table

2).

A lithologic categorization of the bedrock geology in the major river catchments was also
undertaken based on the high-level subdivisions of Colman-Sadd et al. (1990) using the Open File
GS# NFLD/2192, as shown in Figure 3 and in Table 2. As expected, the major river catchments

contain a higher diversity of bedrock types relative to the smaller catchments.

2.5.2. Watershed characteristics — size, surficial coverage, topography, and vegetation

The catchment size, topography (evaluated as mean slope), surficial coverage (divided into % of
till, exposed/concealed rock, and bog), and vegetation (% of dense/open forest) for all catchments

is available in Appendix 1 and summarized in Table 3 by study site and by lithologic classification

67



(Section 2.5.1). Due to large gaps in available data and the larger catchment size, surficial geology

and mean slope were not calculated for the major river catchments.

Across the two main study sites, sampled streams (n=30) drain catchments ranging in size from
0.8 km? to 278 km? (median: 6.8 km?). The 6 Newfoundland major rivers sampled for this study

drain catchments ranged in size from 203.9 km? (Garnish River) to 9579.6 km? (Humber River).

The catchments in western Newfoundland (n=19) have more variability in surficial coverage,
topography, and vegetation compared to those in Burin Peninsula (n=11). Most notably, however,
the western Newfoundland catchments include a high percentage of the surficial coverage that is
exposed or partially concealed rock (median: 66%) compared to those in Burin Peninsula (median:
1%). Conversely, the Burin Peninsula catchments have more bog coverage (median: 22%) than

those in western Newfoundland (median: 3%).

Mean slope refers to the average steepness of the land within the catchments, providing small
indications of the hydrologic processes within the area. It is assumed that higher mean slope values
would lead to faster runoff and increased erosion while lower mean slope values can indicate
slower runoff and allow more water-rock interaction time and/or soil development. The
topography of western Newfoundland is more mountainous, resulting in catchments with steeper
terrains, (mean slope; median: 10%), larger elevation ranges (median: 581 m), and visibly fast-
flowing water in the sampled streams. In contrast, the topography of the Burin Peninsula includes
more extensive barrens, resulting in smaller average elevation ranges (median: 581 m), more low-

lying terrain (mean slope: median: 3%), and slower-moving streams.
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The coverage of dense/open vegetation type was slightly higher in catchments of western
Newfoundland (median: 14%) compared to those in Burin Peninsula (median: 3%), reflecting an
inverse relationship with bog coverage (Figure 4 and Figure 5). The vegetation was calculated and

ranged between 15% to 76% coverage across the major river catchments.

2.5.3. Physicochemical properties and DIC/DOC of streams

The physicochemical properties and DIC/DOC of all samples are available in Appendix 1.

The streams sampled in western Newfoundland (n=19) were generally more oxidizing (Ex: 404-
478 mV; median: 437 mV), more basic (pH 7.20-8.40; median: 7.95), and had higher conductivity
(uS/em 32.6-250.0; median: 85.8) compared to those sampled in Burin Peninsula that were overall
less oxidizing (En: 350-509; median: 401 mV), more acidic (pH 6.28-8.11; median: 6.81), and had
lower conductivity (uS/cm 34.1-252.0; median: 47.7). The DOC and DIC also varied between the
two study sites, with streams in western Newfoundland having lower DOC (0.86-16.26; median:
3.15 mg/L) but higher DIC (1.32-19.29; median: 7.54 mg/L) than streams in Burin Peninsula with
higher DOC (4.94-11.51; median: 7.94 mg/L) and lower DIC (0.49-16.36; median: 0.81 mg/L).
Excluded from the western Newfoundland samples above was sample GM2207, a rain-affected

sample that was distinct from all others measured with the highest DOC of 16.26 mg/L.

The major rivers had minimal variation in their En (397.4-426.6 mV) and a slim range in
conductivity (17.5-40.0 uS/cm). Excluding the Garnish River with its slightly lower pH of 6.89,
variations in the pH were minimal across the remaining major rivers (7.08-7.45). The DIC was

consistently low across major rivers (0.59-1.21 mg/L) excluding the Humber River with a higher
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value of 2.55 mg/L. Excluding the Garnish River with its higher DOC (8.56 mg/L), variations in

DOC were minimal across the remaining major rivers (4.88-6.84 mg/L).

2.5.4. Lithologic compositions

Bedrock major element and trace element (when available) compositions from the catchments
were compiled for comparison to the stream water and are available in Appendix 4. Data from
rock units of the BOIC were compiled from Malpas (1976). The BOIC compilation includes data
from dunite (including “critical zone” rocks) (n=18), harzburgite (n=18), and lherzolite (n=5), as
well as diabase (n=13), gabbro (n=29), and basalt (typically pillow basalt) (n=6), representing the
ultramafic and mafic groups, respectively. Data from the St. Lawrence Granite (n=6) were taken

from Magyarosi (2022).

The relative differences in bedrock major element composition most relevant to the major cations
in stream waters (Mg, Ca, Na, K) are illustrated in a molar ternary plot (Figure 6) and a scaled
total% bar graph (Figure 7). The BOIC ultramafic rocks have the highest MgO wt% abundance,
with mean MgO wt.% values of 30.56 + 12.4 (dunite), and 35.49 + 2.4 (lherzolite), and 38.38 +
6.0 (harzburgite), followed by the BOIC mafic rocks with mean values of, 8.38 = 1.9 (gabbro),
7.91 £+ 1.12 (diabase), and 7.17 + 1.32 (volcanic rocks). The SLG has the lowest MgO (0.01-0.74
wt.%). The BOIC mafic rocks have the highest CaO, with mean CaO wt.% of 13.06 = 1.8 (gabbro),
and 9.97 + 1.4 (diabase) and 9.88 + 2.2 (volcanic rocks), compared to the generally low values in
the BOIC ultramafic rocks apart from some high values in dunite (up to 17.5 wt.%) and an
anomalous harzburgite (19.05 wt.%). The CaO is consistently low in the SLG (0.11-1.12 wt.%)).
The Na,O abundances are similar between the SLG (3.15-4.22 wt.%) and BOIC volcanic rocks

(2.81-4.90 wt.%), but low in BOIC ultramafic rocks (<1.32 wt.% ). The SLG has the highest K>O
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(mean: 4.94 + 0.7; range: 4.19-6.47 wt.%) compared to the mafic and ultramafic rocks of BOIC

where the K20 is consistently less than 1.8 wt.% and 0.6 wt.%, respectfully.

Of the trace elements selected as proxies for ultramafic-mafic (Ni, Cr, Co) or felsic (Li, Rb, Cs,
Th, U) bedrock, available data are sparse overall and/or below detection for the contrasting rock
type expected to be depleted in the elements. The highest Ni and Cr are in the BOIC mafic (Ni:
28-548 mg/kg, median 3050; Cr: 24-833, median 197.5) and ultramafic (Ni: 90-4200 mg/kg,
median 3050; Cr: 320-5800, median 197.50) rocks, where the highest Ni and Cr values are
typically in harzburgite and dunite, respectively. The SLG has the lowest Ni (3-9 mg/kg) and Cr
(1-4 mg/kg). Data for Co are more sparse and show higher values in the ultramafic rocks (33-158
mg/kg) relative to the SLG (2-5 mg/kg) albeit with less relative contrast in abundance. In contrast,
the SLG has a higher Rb (247-416 mg/kg; median 321.5 mg/kg) compared to the mafic (3-18
mg/kg; median 8§ mg/kg) and ultramafic (1-16 mg/kg; median 8 mg/kg) rocks of the BOIC. Lithium
(21.5-145.1 mg/kg; median 37.4 mg/kg), Cs (1.5-6.2 mg/kg; median 4.2 mg/kg), Th (12.5-36.9
mg/kg; median 25.1 mg/kg), and U (4-10.9 mg/kg; median 7.1 mg/kg) in the SLG are also expected
to be much higher than in the BOIC rocks, especially the ultramafic rocks; however, no data for

these elements were available in the studies used in the compilation.

2.5.5. Stream geochemistry

The physicochemical properties (e.g., redox potential, conductivity, water temperature) of the
streams were overall similar, indicating all waters were oxidized with minor differences between
the geological endmember catchments. The conductivity is well-explained by a strong correlation
with the sum of the major cations, with Ca or Ca+Mg being the dominant conductive ions. The

stream geochemical differences are revealed with more detailed breakdown of their major and
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trace element composition. To evaluate the compositional difference between streams that drain
highly contrasting bedrock lithology, a PCA was used to illustrate element groupings between the
endmember silicate monolithologic streams (Figure 8). The PCA explained 70.9% of the data
variance (PC1: 54.5%, PC2: 16.4%) and captures: (1) groupings near the ultramafic streams (n=6)
that include Mg, Ni, and Cr (but not Co despite it being more abundant in ultramafic bedrock
relative to other bedrock types); (2) groupings near the mafic streams (n=2) that includes Ca; and
(3) groupings near the granitic streams (n=5) that include Cs, Rb, Th, U, and Li. These groupings
reveal the strong bedrock compositional association in the stream waters for several elements. In
sub-monolithologic and heterolithologic/comparative streams, chemical association between
stream water and bedrock is typically less apparent, and several other factors influencing the

stream chemistry become more prominent.

Here, the major cations (Mg, Ca, Na, K) and the selection of elements showing strong
correspondence between the stream water and respective dominant bedrock in the catchment (Ni,
Cr, Co, Li, Cs, Rb, U, Th, REE+Y) are summarized in more detail, divided first by study site and
then by their assigned lithologic categorization (Section 2.5.1). The major cation data are plotted
alongside bedrock compositions in a relative proportion ternary plot (Figure 6) and separately in
scaled % bar graphs divided by catchment and lithologic grouping (Figure 7). The major and trace
element data are presented in several plots with a similar division by catchment and by lithology
(Figure 9-11). The major river data are included in most of the aforementioned plots and

considered separately in Figure 12.

Western Newfoundland
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Major cations: The 6 ultramafic monolithologic streams are distinct in their major cation chemistry
with their consistently high Mg abundance (6.37-8.60 mg/L; median: 6.81 mg/L) and highest
relative proportion of Mg (Mg/> +: 0.56-0.75) out of all stream waters (Figure 9). These streams
show major cation variation in both Mg and Ca as indicated by a spread in Mg/Na ratios (2.14-
3.90) and Ca/Na ratios (0.21-0.65) and also by a greater spread in Ca/Mg ratios (0.06-0.30) relative
to K/Mg ratios (0.01-0.03) (Figure 13). The 3 mafic monolithologic streams are separated from
the ultramafic monolithologic streams mainly by their lower abundance and relative proportion of
Mg and higher relative proportion of Ca with 1 of the 3 samples (B12205) being distinctly higher
in Ca than the others (Figure 9). Such differences are captured well by the separation in Ca/Mg
(1.47-4.71) and Mg/Na (0.34-0.42) relative to the ultramafic monolithologic streams which have
lower ratio ranges of Ca/Mg (0.06-0.30) but higher ranges of Mg/Na (2.14-3.90) (Figure 13). The
ultramafic sub-monolithologic streams (n=4) include the sample with the highest Mg abundance
of all streams (9.5 mg/L in B12207), 2 samples that overlap in Mg abundance with the ultramafic
monolithologic streams (6.1-8.2 mg/L; sample GM2202 and BI12208), and 1 sample (GM2201)
with lower Mg closer to the mafic monolithologic streams (Figure 9). The ultramafic sub-
monolithologic sample with the highest Mg proportion has similar major cation proportions as the
ultramafic monolithologic streams (Mg/> +: 0.61; Ca/Mg: 0.21), whereas the remaining 3 have a
major cation composition with Ca/Mg intermediate (0.34-1.27) between the mafic and ultramafic
monolithologic streams (Figure 9). Other than Ca, a contrasting relative Na abundance separates
the ultramafic monolithologic (Ca/Na: 0.21-0.65; median: 0.32) from sub-monolithologic (Ca/Na:
0.50-1.29; median: 0.76) streams. In the heterolithologic/comparison streams sampled in western
NL (n=6), 3 of the samples (BI2203, BI2209, GM2211) have the highest Ca abundance of all

measured streams, 2 of which have highest relative Ca proportion of all samples (Ca/)+: 0.72-
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0.83; Figure 9, Figure 6). These 3 samples are ones where the heterolithologic component includes
sedimentary  rocks. The major element composition of the remaining 3
heterolithologic/comparison samples is close to that of the monolithologic mafic samples (Figure

9, Figure 6), and have a higher component of igneous rock in their catchments (Figure 1).

Trace elements: The geochemical trends of Ni and Cr are similar to those of Mg. The highest
abundance (Ni: 2412-9937 ng/L; median: 6887 ng/L; Cr: 946.5-1938 ng/L; median: 1556 ng/L)
and relative proportions (Ni/Y+: 24 x107 - 93x10~°, median: 62 x10; Cr/3+: 8.5 x107°- 19 x107,
median: 16 x107) are found in the monolithologic ultramafic streams (Figure 10). Of the 3 mafic
monolithologic streams, 2 have very low Ni abundances (76.0-570.8 ng/L) and Cr abundances
below detection, whereas the rain-influenced sample (GM2207) has distinctly higher Ni and Cr
abundances (Ni: 3096 ng/L; Cr: 1102 ng/L) and relative proportions (Ni/Y+: 46 x107; Cr/>+: 17
x107) (Figure 10). The ultramafic sub-monolithologic streams are intermediate in Ni (1632-5636
ng/L; median: 2803 ng/L) and Cr (508.0-986.9 ng/L; median: 784.5 ng/L) abundances between
the latter two groups, but are closer in composition to the ultramafic monolithologic streams. The
heterolithologic/comparison streams show generally low Ni and Cr (when above detection) with
2 samples from the group having distinctly higher Ni (BI2202 and GM2210; 2450.3-1963.0 ng/L)
and Cr (BI2202 and BI2203; 1121.7-1926.5 ng/L) than the others (Figure 10). Cobalt did not show
much variation across the ultramafic monolithologic (16.9-45.8 ng/L; median: 34.3 ng/L), mafic
monolithologic (12.3-23.8 ng/L; excluding GM2207), ultramafic sub-monolithologic (16.0-42.6
ng/L; median: 21.8 ng/L), and heterolithologic/comparison (10.3-54.6 ng/L; median: 31.2 ng/L)
groupings. The rain-affected mafic monolithologic sample was distinct relative to all other streams
with its high Co (70.7 ng/L; Co/Y+: 1.06 x107°). The Li, Rb, Cs, Th, and U abundances were very

low across all of the ultramafic (monolithologic and sub-monolithologic) and mafic streams and
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most of the heterolithologic/comparative streams in western Newfoundland (Figure 11); only 2
samples of the heterolithologic/comparative streams (GM2210 and BP2210) showed slightly

elevated proportions of Li (Li/>+: 4.2 x107- 4.9 x107°) and Rb (Rb/>+: 2.8 x107-4.0 x107).

REE+Y: Two clusters of REE+Y data are apparent between the ultramafic monolithologic (n=6)
and sub-monolithologic (n=4) groupings. Of the monolithologic streams, 4 streams (GM2203-06)
have lower Y REE (2.0-9.1 ng/g) that match closely with 1 of the streams from the sub-
monolithologic streams (B12207) with similarly low ) REE (5.8 ng/g) (Figure 14). These samples
show a high degree of analytical scatter due to the abundance of REE being closer to the detection
limit, especially sample GM2206 (Figure 15). The remaining samples from both ultramafic
groupings plot at higher Y REE (44.2-159.7 ng/g) with near-parallel normalized REE+Y patterns
(Figure 15) defined by a relatively flat pattern across the MREE to HREE (Tbn/Ern: 1.15-1.33)
and LREE>MREE depletion (Prn/Tbn: 0.49-0.75) and generally correspond to the samples with a
higher proportion of Ca relative to Mg (Ca/Mg: 0.21-1.27). The mafic monolithologic samples are
split by REE abundance with 2 samples at lower ) REE (34.8-42.5 ng/g) separated from the 1 rain-
affected sample with much higher ) REE (228.7 ng/g), but all 3 samples have parallel normalized
REE+Y patterns that include a greater selective LREE>MREE (Prn/Tbn: 0.30-0.58) depletion
compared to the ultramafic groupings. All of the mafic and ultramafic groupings have negative Ce
anomalies (Cen/Cen*: 0.20-0.90; median: 0.58; excluding GM2206) and most have minor positive
Eu anomalies (Eun/Eun® 0.68-1.70; median: 1.25) as well as slightly superchondritic Y/Ho ratios
(24.6-32.4; median: 29.2; excluding the 3 samples with lowest Y REE) (Figure 14). The
heterolithologic/comparative samples show a wider spread in Y} REE (13.9-277.3), but also
identifiable sub-groups. Most notably, the 4 samples with the highest > REE (183.3-277.3) are

those with major cation proportions similar to the mafic monolithologic streams (Figure 6) and
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REE+Y patterns (Figure 15) similar to the mafic and ultramafic streams. The remaining

heterolithologic samples have lower ) REE and more pattern diversity.

Burin Peninsula

Major Cations: The 5 granite monolithologic streams have major cation chemistry that is generally
high in Na relative proportion (Na/> +: 0.34-0.74; median: 0.61 mg/L) compared to other sampled
streams (Figure 9). Aside from the major rivers and some of the heterolithologic/comparison
samples, the monolithologic granite streams have a higher relative proportion of K (K/Y+: 0.02-
0.06; median: 0.02) compared to mafic-ultramafic streams, but this is not as distinct as for Na. One
sample (BP2206) of the monolithologic streams has anomalously higher Ca abundance (19.29
mg/L) and relative proportion of Ca (Ca/} +: 0.60) and is among the highest Ca of all the measured
samples. The 5 sub-monolithologic granite streams also have one anomalous sample (BP2207)
that measured distinctly high Na, K, and Ca abundance (Na: 45.25 mg/L; K: 3.39 mg/L; Ca: 7.16
mg/L) out of all measured stream waters (Figure 9). The two samples (BP2206 and BP2207) are
identified as anomalous based on these major cation and other trace element characteristics. With
these samples excluded, the sub-monolithologic granite streams have similar major cation
composition to the monolithologic samples, as indicated by their scaled % bar graphs (Figure 7)

and their similar major cation ratios (Figure 13).

Trace elements: The geochemical trends of the trace elements have greater diversity than the major
cations within the monolithologic granite streams compared to all the other sampled streams. The
highest abundance of Li (717.2-2246 ng/L; median: 1245 ng/L), Rb (454.1-1273 ng/L; median:
799.4 ng/L), and Cs (93.3-165.6 ng/L; median: 116.5 ng/L) are found in the monolithologic granite

streams (Figure 11). The anomalous monolithologic granite stream (BI2206) has elevated
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abundance of Li (2777 ng/L), Rb (18550 ng/L), and Cs (174.5 ng/L). Of the 5 monolithologic
granite streams, 3 (BP2201, BP2205, BP2212) have elevated U (193.8-1038 ng/L) and Th (75.5-
140.6 ng/L) abundance above all other streams, while the other 2 have lower abundance of U (10.3-
329 ng/L) and Th (11.3-12.1 ng/L). Of the granite sub-monolithologic streams, the 1 anomalous
stream (BI2207) contains an extremely elevated abundance of Li (9644 ng/L), Rb (6389 ng/L),
and Cs (372.4 ng/L) over all other measured streams. The other 4 sub-monolithologic granite
streams are generally lower in abundance of Li (601.4-1064 ng/L; median: 910.2 ng/L), Rb (301.9-
535.7 ng/L; median: 390.8 ng/L), and Cs (25.3-63.7 ng/L; median: 39.5 ng/L) compared to the
monolithologic group, but still contain somewhat elevated values relative to those in western NL.
The sub-monolithologic granite streams contain similar U (47.4-226.0 ng/L; median: 84.3 ng/L)
and Th (12.6-24.2 ng/L; median: 21.0 ng/L) abundances to that of the lower U and Th abundances
measured in the monolithologic streams. The Ni and Cr abundances were either very low or below
detection for the monolithologic and sub-monolithologic granite streams while Co was at slightly
elevated abundance (7.2-105.4 ng/L) and elevated relative proportion (Co/Y+: 0.08 x10 — 0.9

x107) in the monolithologic granite streams compared to those in western NL.

REE+Y: Similar to the western NL, the REE+Y data in Burin Peninsula can be split into two
clusters among the monolithologic (n=5) and sub-monolithologic (n=5) granite groupings. Two
streams (BP2208 and BP2212) from the monolithologic category have lower > REE (581.6-597.3
ng/g) that match closely with 4 sub-monolithologic streams that have similarly low > REE (379.3-
413.0 ng/g), while 1 sub-monolithologic stream (BP2207) has higher > REE (1722 ng/g) that
matches with the higher Y REE of 3 of the monolithologic streams. The two anomalous samples
(BP2206 and BP227), as determined above, are included in the higher group. This latter group of

higher > REE are defined by deeply negative Eu anomalies (Eu/Eu*: 0.15-0.32), LREE>MREE
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depletion (Prn/Tbn: 0.38-0.57) but flatter MREE to HREE patterns (Tbn/Ern: 0.68-1.08). The
group of lower measured Y REE samples have parallel normalized REE+Y patterns that include
some with a slightly greater selective LREE>HREE (Prn/Tbn: 0.56-1.16) depletion, albeit less
extreme than the higher > REE cluster. All of the granite samples show minimal to slightly negative
Ce (Cen/Cen*: 0.75-1.13; median: 0.89), negative Eu anomalies (Eun/Eun*: 0.15-0.98; median:

0.47), and super-chondritic Y/Ho ratio (32.01-41.06; median: 36.02) (Figure 14).

2.6. Discussion

2.6.1. Geologic controls on stream water chemistry revealed by monolithologic and sub-

monolithologic streams and application to larger catchments

Several small-catchment studies have previously demonstrated the utility of selecting water
sampling locations draining a restricted catchment geology (often labeled “monolithologic”). This
study used geospatial data to more specifically define the bedrock division in small catchments up
to the point of sampling (Section 2.4.3), allowing for independent comparison to the geochemical
data (Section 2.5.4). Connecting these two data sets is demonstrably useful in defining geologically

controlled differences in stream water chemistry.

Plotting the specific % of ultramafic bedrock in the monolithologic (>60%) and sub-
monolithologic (18%-60%) catchment water samples of western Newfoundland against the
proportion of elements (Element/) +) with expected links to ultramafic bedrock (Mg, Ni, and Cr)
reveals moderate to strong positive correlations (Figure 16). This co-variation emphasizes the
control on the stream water chemistry mainly from the interaction of waters with the weatherable

mafic minerals in the ultramafic rocks. In this case, the control is likely due to olivine with
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secondary contributions from pyroxenes, potentially chromite for Cr, and the alteration minerals
developed during seafloor serpentinization such as Mg-bearing carbonate. The correlation between
the % of ultramafic bedrock and element proportion in stream waters decreases for Ni and Cr, and
for Co is not well defined, indicating that the geology/mineralogy has only a moderate control on
stream chemistry with other factors emerging (further discussed in Section 2.6.2 and 2.6.3). The
proportion of Ca in the monolithologic and sub-monolithologic streams is also plotted against the
% of ultramafic bedrock and shows a lower proportion of Ca in the ultramafic streams relative to
the mafic streams, but without a strong inverse correlation. These can be explained as reflecting
the inverse geological relationship of ultramafic-mafic rock proportion in the catchments, as
illustrated by the lithologic trends seen if combining all ultramafic rock types (lherzolite, dunite,
harzburgite) from the ultramafic lithologic grouping (Section 2.5.1) relative to the combined mafic
rock types (gabbro, diabase, and volcanic rocks). In this case, the greater weatherability of
plagioclase, which has less capacity for Ca-retention in secondary weathering products, would
likely dominate the Ca supply over clinopyroxene, which has more capacity for Ca-retention in
smectites formed during earlier weathering stages. However, other local effects related to specific

water-interaction pathways in the ultramafic streams seems to also be important (Section 2.6.2).

Plotting the specific % of granite bedrock in the monolithologic and sub-monolithologic catchment
water samples of Burin Peninsula against the proportion of elements with expected links to granite
bedrock (Na, K, Li, Rb, Cs, Th, U) (Figure 17) reveals a positive correlation only for Rb and Cs,
presumably tracking their coupled enrichment in K-bearing minerals such as K-feldspar and micas
(Heier, 1962; Horstman, 1957). The lack of correlation of the remaining elements indicates that

other controls (e.g., mineral host, uptake in vegetation, particle reactivity) all play a more important
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role than geology in the flatter, more bog-covered catchment of Burin Peninsula (further discussed

in Section 2.6.3).

To emphasize the strongly contrasting and geologically controlled geochemical signatures of the
small ultramafic and granite catchment streams, it is useful to compare these data from
Newfoundland waters to other small catchment monolithologic studies to place them in a more
global context. For this purpose, the focus is on major cations (Mg, Ca, Na, K) due to the greater
availability of data, and ratio-ratio plots of Ca/Mg-K/Mg and Ca/Na-Mg/Na (Figure 13; see figure
caption for data sources) are useful for comparison as they can level hydrological factors such as
flux (climate/weathering) and dilution on element abundances. The greatest relative contrast
between the ultramafic and granite streams is seen by the highly contrasting Mg abundances in the
source rocks, such that both the K/Mg and Ca/Mg ratios are effective in separating the two groups
from each other (Figure 13). Compared to other ultramafic streams, there is generally good overlap
in these ratios, with the Newfoundland stream samples plotting to slightly higher K/Mg and Ca/Mg
values. The Newfoundland granite streams plot on the lower end of K/Mg and Ca/Mg values
relative to other granite streams. While the ratio comparison indicates a similar overall geologic
control on the Newfoundland streams, the lower K/Mg may be due to the local climate being less
conducive to K release from the K-rich SLG granites during chemical weathering and/or more

efficient K retention under slower stream flow through bog cover that is prevalent at the study site.

The Ca/Mg ratio also distinctly separates the ultramafic samples from the mafic monolithologic
samples, granite samples (monolithologic and sub-monolithologic), and heterolithologic samples.
This separation between the ultramafic samples from the higher Ca/Mg ratios measured in the

mafic and granitic stream samples likely arises due to the greater contribution from plagioclase
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within the granite and mafic catchments, but in the latter case could also include contributions
from fluorite or other Ca-bearing minerals in altered areas of the granite. The additional
contributions from sedimentary sources (including carbonate) are likely driving the higher Ca/Mg

ratios in the heterolithologic/comparison streams (Figure 13).

When comparing the endmember granite and ultramafic streams from Newfoundland to other
areas with Ca/Na and Mg/Na a different story emerges. The ultramafic monolithologic streams are
offset from the majority of comparison streams towards a coupled lower Mg/Na and Ca/Na (Figure
13). Given the very low Na in the source rocks, this offset is better explained by atmospheric input
of cations, which is known to affect primarily Na (e.g., Fernandez-Martinez et al., 2019), compared
to the comparison sites. All data from other streams were compiled without any correction for
atmospheric contributions, but most of the study sites examined previously are from more
continental areas further removed from the sea than the Newfoundland samples. All ratios
involving Na are likely to be influenced by this contribution, which is seemingly evident in the
very low Mg/Na of the ultramafic sub-monolithologic samples, although these samples likely
record the combined effects of Na released from plagioclase and atmospheric Na contributions.
Based on similar plotting location of the comparison granite samples compared to the
Newfoundland granite (monolithologic and sub-monolithologic) samples, there seem to be less
influence from atmospheric Na contribution, likely due to the greater relative contribution of Na
from the source rock compared to ultramafic streams. Nevertheless, the behavior of Na is not

considered further in this study.

Most of the selected low-abundance tracer elements (Li, Rb, Cs, Th, U, Cr, Co, and Ni) show

strong geochemical contrast between the monolithologic ultramafic and granite streams. Taking
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the mean value from the monolithologic ultramafic and granite streams (excluding sample BP2206
from the latter), the ultramafic streams are 62 times higher in Ni (Cr cannot be directly compared
due to being below detection in all granite streams), and the granite streams are 10, 5, 97, 48, and
98 times higher in Li, Rb, Cs, Th, and U, respectively. Cobalt is noted to show a narrower spread
in abundances between the geologically contrasting streams, overlapping within the uncertainty of
their means, but with the granite streams generally having higher Co abundances. The contrast of
these elements between the small endmember catchments is further emphasized through a
comparison of the Newfoundland monolithologic (granite, ultramafic) streams to a world major
river average trace element abundance (Gaillardet et al., 2014) (Figure 18). When normalized to
the world major river average, the Ni and Cr in the ultramafic streams is 2 and 8 times higher than
the compiled world average, and the Cs and Th in the granite streams are 11 times and 1.5 times
higher, respectively while the Li, Rb, and U overlap within uncertainty of the compiled world

average.

Establishing the key geochemical patterns of small streams draining endmember silicate bedrock
compositions (monolithologic ultramafic and granite) also provides useful comparison to the
chemistry of the larger rivers within the province, as represented by the 6 major rivers sampled for
this study (Table 4). In general, with the exception of Co being lower in abundance in major rivers
relative to the small catchment streams, the mean values of the major rivers are intermediate
between the chemistry of the endmember small catchments for Li, Rb, Cs, Th, U, Cr (taking 3
times the detection limit as a proxy for granite streams), and Ni (Figure 18). However, Rb and Ni
abundances overlap between major rivers and granite monolithologic streams. Although not the
focus of this study, there are also geospatial and geochemical links that can be seen within major

river data. Most notably, the major river catchments that drain >20% intrusive granitoid lithology
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(Terra Nova, Gander, and Piper’s Hole) show separation in their Li, Cs, Rb, and U
abundances relative to other major rivers and are closer to the granite monolithologic streams. In
the case of Terra Nova and Piper’s Hole, it is especially notable that the headwaters of the
catchment are preferentially dominated by the granitoid rocks (Figure 3) and indicate that
signatures inherited in small catchments survive downstream collected into a larger river system
even when the downstream catchment contains a diversity of geology. This effect is presumably
most prominent for elements that have both strong source enrichment and higher aqueous
solubility, but nonetheless suggests the importance of bedrock contribution upstream, relevant to

applications such as mineral exploration and environmental management practices.

2.6.2. Assessing interrelated controls on stream chemistry in small, ultramafic-mafic

catchments of western Newfoundland

Moderate to strong correlations in the western Newfoundland stream water proportional
abundances and % ultramafic bedrock was demonstrated for Mg, Ni, and Cr, but not Co, in Section
2.6.1 (Figure 17). Elements Mg, Ni, and Cr in the stream chemistry are most prominently related
to bedrock element abundances. However, other factors related to the geology or vegetation/soils
are also inferred to play important secondary roles, even for Mg where the clearest and strongest

correlation exists with % of ultramafic bedrock.

The ultramafic rocks are part of an obducted ophiolite that often defines mountainous terrain where
surface runoff and groundwater discharge contribute to stream input. Within the ultramafic
streams, the high proportion of Mg in waters relative to Ca, could be the result of Ca removal at
hyper-alkaline spring sites (Morrill et al., 2014; Szponar et al., 2013), several of which are present

in the area of stream sampling. The groundwater draining from upland areas rapidly develops high
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pH and upon emanation at springs, mixes with meteoric water and precipitates Ca-
carbonate. This effect would drive up the relative proportion of Mg>Ca in surface waters;
however, since the groundwater reactions are unique to the (continental) serpentinization in
ultramafic rocks, there is still an expected strong correlation of the Mg proportion with

% ultramafic bedrock.

Beyond the lack of correlation observed for Co, there was also appreciable scatter and variation in
abundance for Ni and Cr within the ultramafic streams, which point to additional factors that are
contributing to the stream water chemistry for these elements. This section takes a deeper analysis
of potentially important factors for Ni, Cr, and Co that includes consideration of probable element
speciation, weathering/soil effects, and redox effects. This evaluation is developed partly from a
study site-specific PCA (using only monolithologic and sub-monolithologic ultramafic-mafic data
and considering all chemical, geospatial, and physicochemical variables) as well as a comparison

with other studies that look at streams draining similar bedrock.

A PCA, explaining 33.7% (PC1) and 22.5% (PC2) of the data variability, confirms the grouping
of Mg and Ni with ultramafic bedrock coverage (Figure 19) atop of the strong correlation of Mg
(1?=0.86) and moderate correlation of Ni (r>=0.39). Despite the generally poor vegetation cover in
the western Newfoundland study site, there is modest secondary correlation of Ni with Fe (1*=0.29;
graph not shown), that becomes much stronger (r>=0.73; graph not shown) when considering only
the monolithologic ultramafic samples. Further, there is a strong positive correlation between Ni
abundance and DOC (r>=0.75; graph not shown) in the latter ultramafic sample group. These
results are best explained by Fe and Ni being transported in streams as organo-metallic complexes,

likely originating from surficial runoff from areas with soil and vegetation present, such as the
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marshy areas atop plateaus of ultramafic rock massifs. Plant uptake through upper soil horizons is
also known to be an important control on the budget of Ni exported to streams in ultramafic
catchments (Estrade et al., 2015) and other small-stream studies have demonstrated an association
of Ni with dissolved organic matter, implying the importance of complexation processes within
the active weathering environment of soils prior to export to streams (Anti¢c-Mladenovic et al.,
2017; Pokrovsky et al., 2006; Sekaly et al., 2003). Weathering processes are important controls on
the Ni export and its isotopic ratio in major river systems (Cameron and Vance, 2014). Such effects
are further supported by weathering profile studies linking Ni behavior to the extent of primary
mineral degradation and its incorporation and adsorption in secondary minerals, citing Fe-
(oxy)(hydr)oxides as an important control (Sun et al., 2024). Streams in other catchments draining
Ni-rich ultramafic bedrock, but within a warmer climate and/or better developed vegetation/soil
cover, have higher Ni abundances than those in western Newfoundland, as evident from those in
California (Ni pg/L: mean: 3.8, range: 0.9-21.2) (McClain and Maher, 2016) and Italy (Ni pg/L
mean: 8.43, range: 1.1-20.4) (Binda et al., 2018). Collectively, these observations suggest that,
beyond the source rock Ni abundance, influences from both weathering effects and other processes
that promote the release of Ni are important in the western Newfoundland catchments. As Ni is
concentrated in a weathering zone prior to release, it is expected to have a stronger association and
coherent trends with its main secondary mineral hosts (e.g., Fe-(oxy)(hydr)oxides). The release of
Ni is then aided by rainfall events, which, through the addition of meteoric water, facilitate the

export of dissolved Ni bound to organic matter.

The association of Cr with Mg and ultramafic rock coverage in western Newfoundland is evident
with the moderate correlation in Figure 16, and the association of high Cr with ultramafic rocks in

other catchments globally is well-established. However, the dependence of climate, which
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influences weathering and subsequent processes within weathering profiles and Cr host
mineralogy, are the most probable secondary controls on dissolved Cr abundances in stream
waters. For example, studies have reported relatively low stream Cr abundances in a temperate
climates in mountainous terrain (mean 1.17 pg/L; range: 0.13-2.86) (Binda et al., 2018), but
elevated abundances in temperate coastal (Cr pg/L mean: 10.47, range: 0.77-30.26) (McClain and
Maher, 2016) and tropical climates (Cr pg/L mean: 47.0, range: 5.3-162.8) (Delina et al., 2020).
The Cr abundances measured in this study are most similar to those from temperate climate in a
mountains terrain. The primary control from the weathering environment on Cr is the oxidation of
Cr** to the more soluble aqueous species of Cr®" (Fendorf, 1995; Rai et al., 1989). However, even
under tropical weathering conditions the majority of the Cr budget in weathered ultramafic rocks
can remain locked in chemically resistant minerals, such as Cr-spinel, or be strongly adsorbed
and/or structurally incorporated into secondary minerals, such as Fe-(oxy)(hydr)oxides (e.g.,
Delina et al., 2020). Considering the limited soil development within the western Newfoundland
study site and that the release of Cr*" from bedrock minerals is an essential prerequisite step to
forming soluble Cr®", the low Cr abundance in ultramafic stream waters from Newfoundland is
not surprising, even with very high Cr in source rocks. However, as investigated by McClain and
Maher (2016), complexed soluble Cr** species may also be an important contribution to Cr budgets
within alkaline ultramafic stream environments, providing an additional pathway for elevated
dissolved Cr levels in streams through reducing the rate of Cr** oxidation and adsorption to
particulates at high pH. The hyper-alkaline groundwater springs identified in the ultramafic
bedrock of the western Newfoundland study area (Morrill et al., 2014; Szponar et al., 2013) were

hypothesized to play a role in aiding aqueous Cr mobility; however, a lack of correlation between
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dissolved Cr with Ca or DIC suggests that Cr**-carbonate species were not a major component of

the stream waters.

Among the selected tracer elements that are known to be enriched in ultramafic rocks and soils
(Kierczak et al., 2021), Co was unique in not exhibiting any association with % of ultramafic
bedrock, and also in showing lower abundances in the ultramafic streams relative to other streams
from this study. Other studies across climates but with similar ultramafic bedrock report low Co
abundances (Binda et al., 2018; Delina et al., 2020; McClain and Maher, 2016). A moderate
correlation of Co with Fe across the ultramafic streams (r?=0.43; graph not shown) is apparent and,
if isolating just the ultramafic monolithologic streams, a strong correlation with DOC (r*=0.86;
graph not shown) and stronger correlation with Fe (r*=0.73; graph not shown) is revealed. These
trends form close parallels with the secondary effects identified for Ni. Specifically, a close
association with organic matter in weathering environments followed by continued close
association in waters (likely with organic matter complexes) predominate as the main controls in
the western Newfoundland catchments. The decoupling of Co from ultramafic rock abundance
indicates that the element remains closely associated with all secondary minerals until conditions
in soils, independent of source rock variations, aid the element’s export to streams. This
observation is supported by other studies noting linked Ni-Co-organic matter associations in
streams (Pokrovsky et al., 2006) and increased Co abundance in boreal catchments specifically
linked to streams draining more heavily forested areas with developed soils (Willstedt et al., 2017).
Further, the slightly higher Co documented in the Burin Peninsula granite catchments relative to
the western Newfoundland ultramafic catchments (Figure 10) despite the higher Co in the

ultramafic bedrock emphasizes that environmental controls outweigh geological controls.
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2.6.3. Assessing interrelated controls on stream chemistry in small, granite catchments of

Burin Peninsula

Moderate correlations in the Burin Peninsula stream water proportional abundances and % granite
bedrock was demonstrated for Rb and Cs, but not the other elements enriched in the bedrock (Li,
Th, U, K) (Figure 17). Such observations reflect the range of more complex element behavior
coupled with the increased influence of various environmental factors within the study site,
including indirect relationships with slower stream flow through more bog-covered and vegetated
terrain. Here, a deeper analysis of the interrelated controls on these elements is considered similar
to the approach in Section 2.6.2, with the exclusion of the anomalous samples identified in the
monolithologic and sub-monolithogic groupings (BP2206 and BP2207). Although sampled
streams drained areas of the East lobe, West lobe, and Winterland porphyry of the SLG (Section
2.3.2), the compositional variation of the granite itself (Section 2.5.4) does not vary enough to

likely produce a difference in the stream waters, so was not considered further as a factor.

A PCA, explaining 35.5% (PC1) and 23.3% (PC2) of the data variability, for the granite streams
(monolithologic and sub-monolithologic) (Figure 20) affirms the grouping of bedrock with Rb,
although less with Cs. A close association between K, Rb, and Cs is expected in felsic igneous
bedrock where all elements are commonly present in K-feldspar and micas (Heier, 1962;
Horstman, 1957). However, during weathering and through interaction within the aqueous
environment, fractionation of these elements from each other is expected. Specifically secondary
clay minerals in soils and fluvial sediments will preferentially scavenge Cs>Rb>K (Nesbitt et al.,
1980; Tanaka and Watanabe, 2015; Wu et al., 2022) along with preferential uptake of K over Rb

and Cs in vegetation (Chaudhuri et al., 2007; Peltola et al., 2008). The stronger positive correlation
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of % granite abundance with the proportion of Rb relative to Cs is consistent with the higher
relative adsorption potential of Cs on secondary minerals. Nonetheless, the close association of %
granite bedrock with both increasing Rb and Cs is important in revealing that bedrock geological
control on these elements persists even through secondary mineral effects. In contrast, the lack of
correlation of K with % granite bedrock is unexpected as K has generally greater weathering
mobility relative to Cs and Rb. The other factors that influence K fluxes to the hydrosphere are
inputs from atmospheric sources (e.g., Chang et al., 2020) or uptake within vegetation (e.g.,
Choudhury et al., 1994; Uhlig et al., 2017). The ratio K/Rb can be a useful indicator to track
differences in weathering effects and plant litter decay. Global average ratio of river waters have
an average K/Rb ratio of ~1000 (Chaudhuri et al., 2007). While the mean ultramafic
(monolithologic/sub-monolithologic) and mafic streams (excluding rain-affected sample
GM2207) is similar to this global average (mean: 1210 + 230; range: 795-1540), the mean K/Rb
of granite (monolithologic/sub-monolithologic) streams is much lower (mean: 330+110; range:
200-500). These lower granite stream K/Rb ratios are comparable to those also found in the 6
Newfoundland major rivers (mean: 530 + 270; range: 310-910). It is unlikely that atmospheric
deposition of K would preferentially influence the granite catchments over the ultramafic-mafic
catchments given both sites have similar proximity to the coast. It is also unlikely that atmospheric
inputs have a selective influence on much larger river systems further removed from the coast. The
clear variations of K/Rb between the small-catchment study sites suggest that the abundance of
vegetation in the Burin Peninsula plays an important role in the greater uptake of K relative to Rb.
Similarly, the larger major river catchments extend predominantly through boreal forest
ecosystems with greater development of vegetation that bear more similarity to the Burin Peninsula

site than the western Newfoundland ultramafic site. Such observations have two important
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implications. First, vegetation in boreal climate zones appears to efficiently fractionate K/Rb, and
that this fractionation is traceable in streams. Second, using K to track inputs from the weathering
of felsic bedrock to streams may be less effective than with Rb and Cs, as the lack of relative
uptake of these latter elements by vegetation results in a stronger geochemical signature linked to

bedrock, despite their higher affinity for clay adsorption.

Lithium exhibits a notably higher abundance in granite streams compared to all others in this study,
indicating a geological control. However, at the catchment scale, there is no clear association
between Li and the other selected granite tracer elements (K, Rb, Cs, Th, U) and the Li abundances
do not show an association with Na, which would imply atmospheric sources as a dominant
control. Lithium is also decoupled from K and is not established as having any significant
biological function/uptake (Pogge von Strandmann et al., 2010), such that any uptake in vegetation
would only be passive. Isolating only monolithologic granite streams, Li shows strong positive
correlations with DIC (r*=0.85), Ca (1>=0.78), Sr (1>=0.82), and Mo (r>=0.89). While the latter
elements were not the focus of the study, these trends establish a separate geological control
independent of the other alkali elements. In general, the decoupled behavior of Li from other
alkalis is not surprising, as its behavior is largely driven by its smaller ionic radii and association
with other mineral phases (Huh et al., 1998). Such mineral phases could be related to the potential
Ca-rich mineral phase among the granite catchments, where more plagioclase-rich rocks may be
contributing to streams. The E lobe of the SLG has also been documented to show extensive
alteration, where quartz and potassium feldspar have been replaced by albite and calcite (Strong,
1982), which could be an additional potential source. Further assessment of Li sources is not

undertaken here.
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Thorium and U are both enriched in granite and typically associated with accessory minerals (Bea,
1996 and references therein) and the co-enrichment of both elements in surface waters has
established links to felsic plutonic rocks (e.g., Frengstad et al., 2000). In this study, the granite
stream waters show an expected overall enrichment, linked to bedrock, relative to other streams
(Figure 11). However, the variations of Th and U in granite monolithologic streams are decoupled
from % of granite bedrock and most other variables. Instead, PCA helped to identify the catchment
mean slope variable as having an association with Th and U. This association is also shown
independently through strong correlations between mean slope and Th/Y." (=0.82) and U/Y." (r=
0.65) (Figure 21). Individual correlations are also apparent for Th-U abundances and those of the
REE (Th/Y" (1»=0.92) and U/Y" (1*=0.73)). Together, these observations indicate a distinction
between catchments with higher elevation gradients, where there is more preferential release of
Th and U from granite and catchments with lower elevation gradients, where the removal of such
elements after release to waters begins to dominate. The combined supply of Th, U, and REE is
evident primarily in catchment streams with more direct runoff from the granite, likely recording
surface water and groundwater fluxes. The link to REE suggests that accessory mineral weathering
is important to Th-U release. Some studies have shown an association between Th-U enrichment
and waters high in dissolved organic matter (Olivie-Lauquet et al., 2001; Viers et al., 1997), often
linked to wetland-dominated areas. However no direct correlation between Th/Y. " and U/Y." with
DOC or percent bog coverage (between 8%-38%) was found in the Burin Peninsula catchments,

emphasizing that the dominant role of the vegetation was Th-U uptake.

Thorium-U fluxes also have contrasting relative solubility and redox-controlled mobility, resulting
in decoupled aqueous behavior. Thorium is less soluble and almost exclusively colloid-bound

(Degueldre and Kline, 2007; Langmuir and Herman, 1980; Short et al., 1988). In contrast, U can
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form soluble species upon oxidation of U*" in host rock minerals to soluble U®* and has a greater
proportion in the truly dissolved load relative to colloid-bound U (Plater et al., 1992; Porcelli et
al., 1997; Somayajulu, 1994; Swarzenski et al., 2004). The contrasting Th-U behavior can be
monitored through changes in Th/U ratios in waters relative to source rocks. In this study all of the
granite waters (mean: 0.38+0.29; 0.10-1.1) are lower than the ratios of whole-rock granite (3.0-
4.3) and indicate an expected preferential transfer of U>Th overall during weathering and aqueous

transport.

2.6.4. REE+Y as tracers of both source rock input and catchment processes

The REE+Y abundances, patterns, and anomalies of stream waters have established utility for
tracing variation controlled by source rock, as well as the effects of weathering and aqueous
geochemical processes in surface environments (e.g., Babechuk et al. 2020; Ingri et al. 2000;
Lawrence et al. 2006; Steinmann and Stille 2008). As such, assessing the key differences and
commonalities in the dissolved REE chemistry of waters, within their constrained geological

context, can isolate source-rock from process-related controls.

Several REE+Y features display prominent bedrock controls. Western Newfoundland streams
draining ultramafic rocks measure the lowest overall REE abundances and samples with the
greatest contribution from Mg-ultramafic bedrock (defined by lower Ca/Mg ratios) have the lowest
REE. The increase in Ca contribution, accompanied by a corresponding increase in REE
concentrations across the ultramafic monolithologic and sub-monolithologic streams, likely
indicates a contribution shift from the highly REE-depleted ultramafic rocks to Ca-bearing source
rock with higher REE, as seen through higher Ca/Mg ratio. This association is further reflected in

the corresponding subtle LREE/MREE depletion of the samples with higher Ca and elevated REE
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contributions. This MuQ-normalized pattern pattern closely parallels those documented in some
pillowed basalt, diabase, and gabbroic rocks from the BOIC (Suen et al., 1979), suggesting a
potential link of these streams with increased weathering contribution from minor mafic rock
sources. However, it is recognized that such contribution could originate from ultramafic rocks

with higher clinopyroxene abundance.

The two streams associated with mafic monolithologic catchments (excluding the rain-affected
sample GM2207) have REE abundances similar to those of the higher-Ca ultramafic streams
described above. However, their patterns have a distinct positive Eu anomaly that is absent in
samples from all other lithologically grouped streams. This Eu feature is likely related to the
greater abundance of plagioclase in the mafic bedrock, which can be preferentially weathered
compared to other common basalt minerals, such as pyroxene, during early stages of weathering
(Eggleton et al., 1987; Nesbitt and Wilson, 1992; Wilson, 2004). The LREE>MREE depletion in
the basalt streams is also suggested to be primarily bedrock controlled since LREE-depleted basalts
are documented in the BOIC (Suen et al., 1979), but this feature could be amplified by preferential

LREE retention in basaltic weathering profiles (Babechuk et al., 2014).

In contrast to the mafic-ultramafic streams, the granite streams have much higher REE abundances,
greater variability in MREE/HREE and LREE/MREE slopes, consistently positive Y anomalies,
and variable but generally negative to highly negative Eu anomalies. With the exception of the Y
anomaly (discussed further in Section 2.6.5), these features reflect the normalized REE+Y patterns
of the SLG (Magyarosi, 2022); however, the variability in the MREE/HREE could point to an

association with variable accessory mineral weathering.
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Overall, across the two sites and three bedrock types, there is strong coherence of stream water
REE+Y features with the associated catchment bedrock, suggesting bedrock dominates as a control
on REE abundance and pattern. Such observation is notable as aquatic fractionation and colloid
exchange process, rather than lithology, is shown to have stronger control on dissolved REE+Y
abundances and patterns in larger rivers. Often such controls are tied with stream pH, where higher
REE abundances and LREE>HREE enrichment correspond to decreasing pH (Byrne and

Sholkovitz, 1996; Elderfield et al., 1990; Lawrence et al., 2006a).

The data from this study show an association of higher REE with lower pH that separates the
samples of the two endmember catchment lithologies. However, this association is better explained
as indirect rather than causal, with the bedrock composition controlling the REE abundance and
the bedrock-associated terrain and hydrological and vegetation conditions controlling the pH. The
lower pH observed for granite streams is generated by the granite terrain favoring flatter and
boggier areas with greater organic acid flux. Conversely, the more alkaline pH of the western
Newfoundland streams is generated through increased flux of the Mg-rich minerals that release
hydroxide ions, raising the pH of the waters (McClain and Maher, 2016; Neal and Shand, 2002)

and the lack of well-developed soils/vegetation.

Overprinted on the bedrock-controlled REE features is a consistent negative Ce anomaly present
across nearly all streams (Figure 14, Figure 15). Cerium anomalies are well-established as a tracer
of redox conditions from weathering profiles (e.g., Middelburg et al., 1988; Patino et al., 2003)
through to aquatic systems (e.g., Koppi et al., 1996; Laveuf et al., 2008), reflecting the oxidation
of Ce*" to Ce*" by soil or sediment Mn-(oxy)(hydr)oxides followed by preferential retention of Ce

on particles compared to the remaining REE*". The presence of the negative Ce anomalies within
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streams of this study, persisting even near their headwater sources with limited time for water to
interact with fluvial particles, suggest that soil processes exert a greater influence over aquatic
processes on the anomaly development. The pervasive nature of the negative Ce anomaly from the
small stream waters to the major rivers in Newfoundland indicates that boreal soil systems (even
with various stages of soil development) are effective in oxidizing and retaining Ce. Dissolved
organic matter in soil and aquatic systems and their relationship to topography are also known to
be important to the magnitude of the Ce anomaly when transferred to surface waters (Gruau et al.,
2004; Pédrot et al., 2015). Specifically, organic matter can inhibit the particle interactions of Ce*"
that ultimately result in Ce oxidation (Davranche et al., 2008, 2005). The results of this study reveal
supporting evidence for these interrelated effects of topography and organic matter influencing the
Ce anomaly. When considering all stream and major river data (excluding the 4
heterolithologic/comparison samples with sedimentary rock in the catchment to avoid pre-existing
Ce anomalies transferred into streams), there is a strong correlation between DOC and Cen/Cen*
(1>=0.67). In effect, the ultramafic-mafic streams, characterized by higher pH, lower DOC and
draining more mountainous terrain, had the most negative Ce anomalies, whereas granite streams
draining terrain with lower elevation gradients measured less negative Ce anomalies that coincided

with increasing DOC levels and lower pH.

The final observation of note within the REE+Y data is the supercrustal Y/Ho ratios that are most
prevalent in the granite streams. While slightly supercrustal Y/Ho ratios are a common feature
reported in river waters (e.g., Babechuk et al., 2020; Lawrence et al., 2006b), the values observed
in Burin Peninsula granite streams reach values higher than typically reported (>35). Often, such
high Y/Ho ratios are only seen in estuary settings where freshwater mixes within seawater and

fractionation is most efficient (Lawrence and Kamber, 2006; Nozaki et al., 2000) or in areas with
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anthropogenic input involving runoff interacting with fertilizers (Hu et al., 1998). However, there
is no agricultural land in the granite catchment that could result in anthropogenic modification of
stream Y/Ho ratios. The much lower REE abundance of seawater compared to that of the streams
leaves Y/Ho changes from atmospheric deposition of marine materials (e.g. sea spray or aerosols)
improbable. Further, there are no apparent correlations of Y/Ho with Na (assuming Na as the best
proxy for marine input). Therefore, the high Y/Ho ratios must be generated from source and/or
weathering effects that are unique to the granite catchments compared to the ultramafic-mafic and

major river catchments.

The Y/Ho ratios of the SLG are typical for crustal rocks (25.0-27.8; Magyarosi, 2022). It is
conceivable that supercrustal Y/Ho ratios could be generated from granite weathering by more
efficient Ho>Y scavenging during chemical weathering compared to other systems where
supercrustal Y/Ho ratios have been reported, or that preferential dissolution of accessory minerals
with more Y than Ho contributed disproportionately to stream waters. However, the higher DOC
concentrations and suppressed Ce anomalies within the streams provide evidence for inhibited
REE-particle interaction, where Y/Ho fractionation would occur. Further, previous studies
evaluating Y/Ho fractionation in the weathering environment (Babechuk et al., 2015; Thompson
et al.,, 2013) identified the abundance of (oxy)(hydr)oxides as an important driver of Y/Ho
fractionation. The lower Fe/Mn abundance in the granite bedrock would result in less
(oxy)(hydr)oxide development and less efficient Y/Ho fractionation in granite soils relative to soils

developed on more mafic bedrock.

With regard to selective accessory mineral dissolution controlling the high Y/Ho, there is no easy

way to support or refute the possibility. However, the fluorite mineralization observed throughout
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the SLG granite (Section 2.3.2) is noteworthy. The fluorite veins have a high Y/Ho (>90; Collins,
1992), typical of the hydrothermal-magmatic conditions that drive Y/Ho fractionation in such
systems (Bau, 1996; Bau and Dulski, 1995). With the lack of direct evidence that can explain the
supracrustal Y/Ho values in the Burin granite streams, contributions from the weathering of
fluorite mineralization is the suggested explanation. While it is challenging to directly establish
this link, the two anomalous samples from the monolithologic and sub-monolithologic groupings

seem to offer some support, as discussed in more depth in Section 2.6.5.

2.6.5. Anomalous samples and their geological and temporal influences at a localized scale

Three samples in this study were identified as “anomalous” (distinct in chemistry relative to others
in the grouping), with 2 from Burin Peninsula (one each from the granite monolithologic and sub-
monolithologic groupings) and 1 from western Newfoundland (mafic monolithologic). The 2
Burin Peninsula samples (BP2206 and BP2207) have much higher element concentrations (e.g.,
Rb, Cs, Th, U) relative to the remaining samples in the area. Since sampling occurred during the
same day with minimal weather pattern changes, the unusual features are not attributed to changes
in hydrology. Instead, the specific geochemical features of these streams, which includes much
higher Ca than the other samples, coupled with their close proximity to fluorite veins (Figure 22)
seems to suggest that localized weathering of the veins was the dominant influence. The SLG and
other volcanic rocks in the area are generally very low in Ca (Magyarosi, 2022), therefore
suggesting that the fluorite veins would be a probable additional source of Ca to the streams. The
2 anomalous streams also have the highest concentrations of Ca, Cu, Sr, Pb, and Y REE, and the
first and third highest Ba (several elements with capacity to substitute into fluorite; Collins, 1992).

The 2 anomalous streams have the most elevated Y/Ho ratios. The high Y/Ho of the other streams
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in the catchment was already hypothesized to be related to the fluorite veins (Section 2.6.4), but
the highest Y/Ho in these 2 streams with the closest proximity to fluorite veins is not likely to be
coincidental. To further evaluate the fluorite-stream water chemistry association, a PCA was
conducted using only the Burin Peninsula streams (Figure 23). The PCA used the assumed
diagnostic vein features (Ca, Cu, Ba, Sr, Pb, > REE, and Y/Ho), diagnostic granite signatures (Cs,
Rb, and Li), and other relevant elements evaluated in 2.6.3. (Na, K, Eun/Eux’) as variables. The
resulting PCA describes 81.1% of the data variance with two principal components, PCI
explaining 61.1% and PC2 explaining 20.2% of the variance. The analysis revealed 2 distinct
groups, one comprising the assumed diagnostic vein features and the other consisting of negative
Eun/Eun* anomalies. While not the focus of the study, these observations lay interesting
groundwork for the potential application for mineral exploration and as an area for further

investigation in terms of potential health/environmental impacts.

The 1 western Newfoundland sample (GM2207) from a monolithologic mafic catchment collected
shortly after a significant rain event was distinct from the 2 other mafic monolithologic streams
(Section 2.5.4). This sample was visibly more orange-hued in water color and measured the highest
DOC of all samples collected (Section 2.5.3), including those draining through bog area in the
Burin Peninsula. This rain-affected sample was similar in its major cation chemistry to the other
mafic monolithologic samples, but was distinct in its enrichment of specific trace elements, most
notably REE abundances and Fe-Mn-Ni-Co. The normalized REE+Y pattern was similar to the
other mafic monolithologic streams but had a less negative Ce anomaly (Figure 14, Figure 15). As
discussed across Section 2.6.2 to 2.6.4, all of these trace element features are linked via their
association with organic matter. Finally, the K/Rb ratio of the rain-affected sample (GM2207) is

lower than the other 2 mafic monolithologic samples, suggesting a Rb>K flux, which can be
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explained as export from soil waters where more K is retained in vegetation. Although the
anomalous sample tracks only a single point in time after one rain event, it provides good evidence
that such events generate more surface runoff that can flush elements out of soils, specifically those

with a strong affinity for complexation with dissolved organic matter.

2.6.6. Evaluation of trace elements in groundwater tapped for present day or historical

drinking water

Roadside springs are visited across Newfoundland and other Atlantic provinces for drinking water
use, but these springs are often not routinely monitored for trace elements to evaluate for
potentially toxic elements (PTEs) such as As, U, Cd, Co, Cr, Cu, Hg, Ni, Pb, Sb, and Zn (Nieder
and Benbi, 2023; Pourret and Hursthouse, 2019). Variation in natural bedrock compositional are
liable to influence groundwater chemistry in a similar way as documented for the stream waters in
this study (e.g., Frengstad et al., 2000). The three spring samples taken from distinct lithologic
zones (granitic, mafic, and sedimentary) were screened for PTE abundance levels (As, U, Pb, Cr,

Cu) and compared to Canadian drinking water guidelines (Health Canada, 2019).

All PTE abundances were generally low and none exceeded guideline values of concern (Figure
24). However, when evaluated against each other, concentrations of PTEs align with expected
enrichments of surrounding rock. The granite spring water measured slightly acidic and more
reducing waters relative to the mafic or sedimentary spring waters and measured the highest

abundance of Zn, Cd, As, and Pb (Appendix 1). Conversely the mafic spring water measured the
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highest abundance of Cr, Cu, and Ni relative to the other spring samples, and the sedimentary

spring water measured the highest levels of U.

Although measured values of PTEs were not within levels that would pose general concern, some
research suggests that even low levels can pose health risks (e.g., Ahmad and Bhattacharya, 2019).
Further, these results are from one-off sampling from only a small number of springs used across
the province. Of particular concern within Newfoundland and Labrador are U and As and risk
maps have been developed for these elements to indicate areas that may be of potential concern in

well water (https://www.gov.nl.ca/mpa/files/waterres-cycle-groundwater-well-arsenic4a.pdf,

https:// www.gov.nl.ca/ecc/files/waterres-cycle-groundwater-well-uranium.pdf). The province

monitors many community water supplies, but often these services are not available within rural
communities. This study underscores the dimension imposed from natural lithology variations in
Newfoundland. By linking element enrichments to specific bedrock and processes, it offers

additional potential to better understand the natural controls and pathways of PTEs.

2.7. Conclusions

This study undertook a multi-element analysis of the dissolved load (<0.45 pm) of small catchment
stream waters draining a restricted range of bedrock lithology (ultramafic rock, mafic rock, and
granite) at two sites (western Newfoundland and Burin Peninsula) across the island of
Newfoundland (Newfoundland & Labrador, Canada). The small catchment streams were
compared to 6 major rivers across the island (Terra Nova, Gander, Exploits, Humber, Piper’s Hole,
and Garnish Rivers) and 3 roadside spring sites used for active or past local community
consumption were sampled to screen for any elevated element abundances of potential health

concern. This is the first study to report an element dataset with a wide suite of elements in the
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trace (<1 mg/L) to ultra-trace (<1 pg/L) abundance range from any freshwater in this Canadian
province. A primary goal of this study was to separate the geologically controlled variations in
streams expected to be linked to the highly contrasting bedrock mineralogy/geochemistry, (mainly
ultramafic rock vs. granite) from other natural catchment parameters that can directly or indirectly
influence stream chemistry (elevation gradient, vegetation cover, surficial geology). A subset of
elements was selected for focus (major cations; ultramafic elements: Ni, Co, Cr; felsic elements:
Li, Cs, Rb, Th, U; REE+Y) and all other catchment parameters were quantitatively assessed via
publicly available geospatial data for comparison to the geochemical data. This integrated
geochemical-geospatial approach was useful in isolating the bedrock geological controls by
enabling the separation of monolithologic streams, defined as those draining >60% of the target
lithology, from those with decreasing amount of the target lithology. Additionally, it allowed for
more confident identification of the elements influenced by interrelated catchment controls. In
most cases, further insight into the dominant non-lithologic control could be identified based on
correlations with other parameters that aligned with current knowledge from research at other sites

across the globe. The key findings of this study were:

= The major cation chemistry of the small, lithologically restricted catchments resembles that of
other regions worldwide draining the same rock types, exhibiting distinct separation of Mg-
Ca-K, with the exception of modifications from uncorrected marine atmospheric influence
(notably Na in all catchments; potentially more prominent in Newfoundland due to its

proximity to the ocean) and some K-retention by vegetation (observed in granite streams only).

* The chemistry of Mg, Ni, and Cr are moderately to strongly controlled by the abundance of

ultramafic rock in the western Newfoundland catchments, but also have secondary factors
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associated with groundwater vs. surface runoff and the dissolved organic matter generated in

areas of poorly developed soil and vegetation.

The chemistry of Rb and Cs is most strongly controlled by the abundance of granite in the
Burin Peninsula catchments despite their strong affinity for clay adsorption; K was revealed as
less diagnostic of felsic bedrock despite its greater mobility and is likely due to its preferential

association with vegetation in this catchment relative Rb and Cs.

Thorium and U showed evidence for more complicated cycling out of bedrock with likely
export from the weathering of accessory minerals in granite (with expected U>Th export due
to its greater solubility) in streams closer to hilly areas of granite followed by strong uptake
into other environmental reservoirs during transport through slow-flowing streams through bog

and vegetative areas.

Cobalt was completely decoupled from enrichment in bedrock and exhibited higher values in
granite streams relative to mafic and ultramafic streams, despite inverse enrichment in the
bedrock compositions. Cobalt’s primary control seems to be the stronger influence of

weathering processes and organic complexation in soils, aiding its transport to streams.

REE+Y abundances, normalized pattern slopes, and Eu anomalies were most strongly

controlled by bedrock composition rather than direct aqueous controls, such as stream pH.
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Cerium anomalies are prominent throughout all streams and rivers, reflecting efficient Ce
oxidation and scavenging in boreal climate weathering systems, but also show an important
secondary association with DOC that supports organic matter complexation as a further

important role in controlling the magnitude of the anomaly.

The highly superchondritic Y/Ho ratios in the granite stream waters of the Burin Peninsula are

suggested to arise from the weathering of fluorite mineralization. Such elevated Y/Ho ratios of

the Burin Peninsula are among the highest measured for freshwaters.

Roadside spring waters show chemical variations reflective of the surrounding bedrock, but

did not contain any elements (of the measured suite) that were near levels of health concern.
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Table 2: Detailed catchment bedrock geology used to derive the lithologic groupings of streams for this
study.

Samples Catchment Coverage
Major River

Terra Nova River 48% metasedimentary rocks and migmatite (Gander Zone)
(MR2201) 27% intrusive granitoid rocks
6% sedimentary, volcanic, and intrusive rocks (Avalon Zone)
7% clastic and volcanic rock (Dunnage Zone)
Gander River 35% clastic and volcanic rock (Dunnage Zone)
(MR2202) 26% metasedimentary rocks and migmatite (Gander Zone)
20% intrusive granitoid rocks
8% sedimentary and volcanic rocks (Overlap Sequences)
2% intrusive mafic rocks
Humber River 28% sedimentary and volcanic rocks (Overlap Sequences)
(MR2203) 17% intrusive granitoid rocks
15% clastic and volcanic rock (Dunnage Zone)
15% quartzo-feldspathic gneiss and schist (Humber Zone)
9% sedimentary, metasedimentary, and volcanic rock (Humber Zone)
3% intrusive mafic rocks
1% ophiolitic rocks (Dunnage Zone)
Exploits River 51% clastic and volcanic rock (Dunnage Zone)
(MR2204) 14% intrusive granitoid rocks
9% metasedimentary rocks and migmatite (Gander Zone)
6% sedimentary and volcanic rocks (Overlap Sequences)
4% ophiolitic rocks (Dunnage Zone)
4% intrusive mafic rocks
2% sedimentary, volcanic, and intrusive rocks (Avalon Zone)
Garnish River 92% sedimentary, volcanic, and intrusive rocks (Avalon Zone)
(MR2205)
Piper's Hole River 64% sedimentary, volcanic, and intrusive rocks (Avalon Zone)
(MR2206) 24% intrusive granitoid rocks
3% metasedimentary rocks and migmatite (Gander Zone)
Heterolithic/Comparison
BI2201 55% sedimentary, metasedimentary, and volcanic rock (Humber Zone)
45% unseperated plutonic and volcanic rocks (Little Port Complex)
BI2202 93% unseperated plutonic and volcanic rocks (Little Port Complex)
7% sedimentary, metasedimentary, and volcanic rock (Humber Zone)
BI2203 100% sedimentary, metasedimentary, and volcanic rocks (Humber Zone)
BI2209 97% sedimentary, metasedimentary, and volcanic rock (Humber Zone)
GM2210 84% sedimentary, metasedimentary, and volcanic rock (Humber Zone)
9% ultramafic unit (Bay of Islands Ophiolite Complex)*
GM2211 84% sedimentary, metasedimentary, and volcanic rock (Humber Zone)
7% quartzo-feldspathic gneiss and schist (Humber Zone)
BP2210 62% Acidic to mafic volcanic rocks(Marystown Group)
39% Felsic plutonic and volcanics (Anchor Drogue Granodiorite, Grand Beach
Complex, Rocky Ridge Formation)

*Ultramafic unit includes lherzolites, harzburgites, dunites, websterite, and orthopyroxenites
**Mafic unitincludes layered gabbro, diabase dikes, and pillow basalts
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Table 2 cont: Detailed catchment bedrock geology used to derive the lithologic groupings of streams for this
study.

Samples Catchment Coverage
Monolithological Granite
BP2201 79% Granite (St. Lawrence Granite)
21% Acidic to mafic volcanic rocks(Marystown Group)
BP2203 60% Granite (St. Lawrence Granite)
40% Siliciclastic Marine Shales (Inlet Group)
BP2206 100% Granite (St. Lawrence Granite)
BP2208 100% Granite (St. Lawrence Granite)
4% Acidic to mafic volcanic rocks(Marystown Group)
BP2212 73% Granite (St. Lawrence Granite)
27% Acidic to mafic volcanic rocks(Marystown Group)

Sub-monolithological Granite
BP2202
48% Granite (St. Lawrence Granite)
41% Acidic to mafic volcanic rocks(Marystown Group)
4% Plutonic Mafic/Volcanic Mafic Marine (Loughlins Hill Gabbro/Burin Group)
1% Siliciclastic Marine Shales (Inlet Group)
BP2204 51% Acidic to mafic volcanic rocks(Marystown Group)
36% Granite (St. Lawrence Granite)
13% Siliciclastic Marine Shales (Inlet Group)
BP2205 38% Acidic to mafic volcanic rocks(Marystown Group)
36% Granite (St. Lawrence Granite)
27% Siliciclastic Marine Shales (Inlet Group)
BP2207 45% Granite (St. Lawrence Granite)
44% Siliciclastic Marine Shales (Inlet Group)
7% Acidic to mafic volcanic rocks(Marystown Group)
BP2209 43% Granite (St. Lawrence Granite)
40% Acidic to mafic volcanic rocks(Marystown Group)
10% Felsic plutonic and volcanics (Anchor Drogue Granodiorite, Grand Beach
Complex, Rocky Ridge Formation)
Monolithological Mafic
BI2205 100% mafic unit (Bay of Islands Ophiolite Complex)**
BI2206 93% mafic unit (Bay of Islands Ophiolite Complex)**
1% ultramafic unit (Bay of Islands Ophiolite Complex)*
Monolithological Ultramafic
GM2203 86% ultramafic unit (Bay of Islands Ophiolite Complex)*
14% mafic unit (Bay of Islands Ophiolite Complex)**
1% sedimentary, metasedimentary, and volcanic rock (Humber Zone)
GM2204 100% ultramafic unit (Bay of Islands Ophiolite Complex)*
GM2205 100% ultramafic unit (Bay of Islands Ophiolite Complex)*
GM2206 100% ultramafic unit (Bay of Islands Ophiolite Complex)*
GM2208 66% ultramafic unit (Bay of Islands Ophiolite Complex)*
23% unseperated plutonic and volcanic rocks (Little Port Complex)
11% sedimentary, metasedimentary, and volcanic rock (Humber Zone)
GM2209 75% ultramafic unit (Bay of Islands Ophiolite Complex)*
17% sedimentary, metasedimentary, and volcanic rock (Humber Zone)

*Ultramafic unit includes lherzolites, harzburgites, dunites, websterite, and orthopyroxenites
**Mafic unitincludes layered gabbro, diabase dikes, and pillow basalts
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Table 2 cont: Detailed catchment bedrock geology used to derive the lithologic groupings of streams for this
study.

Samples Catchment Coverage
Sub-monolithological Ultramafic

BI2207 49% ultramafic unit (Bay of Islands Ophiolite Complex)*
41% mafic unit (Bay of Islands Ophiolite Complex)**
9% sedimentary, metasedimentary, and volcanic rock (Humber Zone)

BI2208 73% sedimentary, metasedimentary, and volcanic rock (Humber Zone)
26% ultramafic unit (Bay of Islands Ophiolite Complex)*

GM2201 53% sedimentary, metasedimentary, and volcanic rock (Humber Zone)

18% ultramafic unit (Bay of Islands Ophiolite Complex)*
18% mafic unit (Bay of Islands Ophiolite Complex)**

2% unseperated plutonic and volcanic rocks (Little Port Complex)
GM2202 52% mafic unit (Bay of Islands Ophiolite Complex)**

36% ultramafic unit (Bay of Islands Ophiolite Complex)*
12% sedimentary, metasedimentary, and volcanic rock (Humber Zone)

*Ultramafic unitincludes lherzolites, harzburgites, dunites, websterite, and orthopyroxenites
**Mafic unitincludes layered gabbro, diabase dikes, and pillow basalts
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Table 3: Summary of watershed attributes and physicochemical properties of streams divided into their lithologic groupings.

% % % % km2 degrees (0 to 90) mV pS/cm C mg/L mg/L
Till ( /C Rock Bog Dense/Open Forest Size Mean Slope Eh pH Conductivity Temperature DOC DIC
Major Rivers(n=6)
Mean  Not Not Not 49.0 4039.4 Not calculated 408.8 7.30 28.2 20.0 5.99 117
Median Not Not Not 57.0 3036.3 Not calculated 408.5 7.38 25.3 20.4 5.56 1.00
Min  Not Not Not 15.0 203.9 Not calculated 389.8 6.89 17.5 16.6 4.53 0.59
Max  Not Not Not 76.0 9579.6 Not calculated 426.6 7.62 40.0 22.4 8.56 2.55
Western NL Study Site (n=18*)
Mean 14 62 7 18 33 11 442 7.89 106.5 15.6 4.34 8.53
Median 11 65 4 11 9 10 438 7.94 93.4 16.4 3.38 7.57
Min 0 0 0 0 2 6 404 7.20 326 7.5 1.20 1.32
Max 47 96 45 46 243 16 478 8.40 250.0 18.9 16.26  19.29
Burin Peninsula Study Site (n=11)
Mean 71 7 19 6 27 4 413 6.93 76.3 216 7.71 3.31
Median 71 22 4 3 3 401 6.81 47.7 23.5 7.94 0.81
Min 50 0 0 0 1 1 350 6.28 34.1 7.7 4.94 0.49
Max 100 45 38 26 166 7 509 8.11 252.0 27.3 11.51 16.36
Granitic Monolithologic(n=5)
Mean 77 6 16 7 19 3.7 416.4 6.90 74.9 18.4 8.26 3.05
Median 80 0 20 7 13 3.4 401.8 6.72 64.7 18.5 8.31 1.94
Min 50 0 0 3 1.0 1.4 349.6 6.28 37.5 7.7 5.42 0.49
Max 100 27 26 10 3.0 6.6 509.5 7.68 160.5 23.8 10.57 9.40
Granitic Sub-Monolithologic(n=5)
Mean 68 1 26 2 57.3 3.2 414.5 6.96 81.6 24.1 7.03 3.78
Median 70 1 23 1 22.9 3.0 400.5 6.81 38.4 24.3 5.64 0.68
Min 59 0 13 0 4.5 2.9 382.6 6.34 34.1 20.7 4.94 0.50
Max 72 2 38 11 166.1 3.9 478.0 8.11 252.0 27.3 11.51 16.36
Ult " . ic(n=6)
Mean 9 68 6 4 6.6 12.3 431.0 7.98 75.0 15.0 2.27 7.25
Median 0 66 5 0 6.4 11.9 427.2 7.99 74.7 14.4 1.86 7.16
Min 0 47 0 0 0.8 9.2 417.6 7.91 63.2 13.2 0.86 6.34
Max 37 92 18 21 13.7 16.2 454.9 8.03 94.9 17.5 4.03 8.95
ult ic Sub-Monolithologic(n=4)
Mean 12 66 5 18 89.4 9.2 448.7 7.97 91.7 17.4 3.08 7.76
Median 1 67 3 12 46.4 9.3 446.9 7.99 92.8 17.0 3.09 8.18
Min 0 42 0 4 21.4 8.9 431.5 7.82 65.6 16.5 1.20 4.33
Max 24 87 15 46 243.4 9.5 469.8 8.08 115.4 18.9 4.93 10.37
Mafic Monolithologic(n=2)
Mean 1 86 6 22 9.9 115 471.8 7.51 72.1 15.3 2.40 4.53
Median 1 86 6 22 9.9 115 471.8 7.51 72.1 15.3 2.40 4.53
Min 0 77 1 7 6.3 8.0 465.3 7.32 32.6 15.3 1.89 141
Max 1 95 11 37 13.5 15.0 478.3 7.70 111.6 15.3 291 7.66
Heterolithic/Comparison Catchments (n=7*)
Mean 33 50 10 38 64.9 9.8 433.8 7.92 160.5 16.5 5.67 12.43
Median 27 49 1 37 5.3 8.0 441.2 7.94 176.8 16.4 4.99 11.84
Min 18 25 0 26 24 5.6 385.3 6.98 57.1 7.5 1.72 2.23
Max 55 66 45 58 278.0 16.4 463.5 8.40 250.0 25.5 9.71  19.29

*Sample BI2203, classified as heterolithic/comparison sample had difficulty in delineating boundaries of drainage basin was therefore excluded from coverage values.
Spatial analysis was not calculated and is excluded from summary table for % Till, % Exposed/concealed rock, % bog, % vegetation, size, and % mean slope.

Sample GM2207 was excluded from these summarized values



Table 4: Summary of selected geochemical data of streams divided into their lithologic groupings.

mg/L mg/L mg/L mg/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L
Mg Ca Na K Li Rb Cs Th u Cr Co Ni Ca/Na Mg/Na Ca/Mg K/Mg
Major Rivers
n 6 6 6 6 6 6 6 6 6 0 6 6 6 6 6 6
Mean 0.5217 2.075 2.438 0.2513 305.1 540.6 18.6 16.13 69.01 17.60 198.4 0.9215 0.2305 4.009 0.4923
Median  0.4979 1.897 2.059 0.2009 294.4 585.0 17.2 15.66 65.81 16.07 137.1 0.7788 0.2312 4.095 0.4610
Min  0.3544 1.125 1.603 0.1473 93.99 210.3 2.1 9.572 19.33 11.14 58.13 0.4286 0.1275 2.300 0.3196
Max  0.8079 3.901 4.566 0.4941 521.5 873.8 44.9 26.19 140.1 31.11 495.7 1.496 0.3157 5.419 0.7720
Granitic Monolithologic (excludes anomalous sample)
n 4 4 4 4 4 4 4 4 4 0 4 4 4 4 4 4
Mean  0.9386 2.332 6.275 0.2071 1363 831.4 123.0 60.87 213.9 59.60 103.4 0.3541 0.1446 2.383 0.2151
Median  0.9301 2.281 6.429 0.1912 1245 799.4 116.5 45.78 1134 45.94 95.73 0.3337 0.1382 2.405 0.1907
Min  0.5055 1.096 4.871 0.0994 717.2 454.1 93.3 11.30 10.30 41.07 93.92 0.2249 0.1038 2.017 0.1841
Max  1.389 3.670 7.372 0.3465 2246 1273 165.6 140.6 618.7 105.4 128.3 0.5240 0.1983 2.706 0.2948
Granitic Sub-Monolithologic (excludes anomalous sample)
n 4 4 4 4 4 4 4 4 4 0 4 4 4 4 4 4
Mean 0.5538 1.532 4.948 0.1738 871.5 404.8 42.0 19.69 110.5 16.06 54.24 0.3134 0.1116 2.823 0.3085
Median  0.5270 1.518 4.792 0.1495 910.2 390.8 39.5 20.98 84.25 14.24 46.38 0.3103 0.1129 2.819 0.3069
Min  0.4546 1.445 4.228 0.1297 601.4 301.9 25.3 12.62 47.42 7.214 38.98 0.2753 0.1014 2.329 0.2428
Max 0.7066 1.646 5.979 0.2665 1064 535.7 63.7 24.17 226.0 28.54 85.22 0.3577 0.1192 3.326 0.3772
Ultramafic Monolithologic
n 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
Mean  7.070 1.001 2.345 0.1337 120.7 130.6 1.253 1.250 2.172 1475 33.83 6559 0.3825 3.161 0.1376 0.0185
Median  6.815 0.6745 2.123 0.1021 77.16 77.87 0.7320 0.7590 0.7870 1556 34.32 6887 0.3156 3.289 0.0964 0.0149
Min  6.375 0.3713 1.664 0.0784 64.80 68.26 0.4700 0.4180 0.4600 946.5 16.86 2412 0.2117 2.139 0.0572 0.0121
Max  8.602 2.060 3.194 0.2398 238.1 301.5 2.706 2.452 6.200 1938 45.93 9937 0.6450 3.902 0.3015 0.0279
Ultramafic Sub-Monolithologic
n 4 4 4 4 4 4 4 4 4 3 4 4 4 4 4 4
Mean  6.687 3.423 4.039 0.2057 322.1 176.9 2.447 5.130 8.958 794.5 25.58 3219 0.8298 1.645 0.6320 0.0378
Median  7.134 2.937 3.893 0.2094 265.0 157.5 1.709 4.633 7.449 888.7 21.85 2803 0.7635 1.686 0.5281 0.0279
Min  3.014 1.952 3.830 0.1526 1184 130.5 1.174 2.562 0.6600 508.0 16.00 1632 0.4994 0.7869 0.2062 0.0204
Max  9.466 5.868 4.539 0.2516 639.8 262.0 5.194 8.692 20.27 986.9 42.62 5636 1.293 2.422 1.266 0.0750
Mafic Monolithologic (excludes anomalous sample)
2 2 2 2 2 2 2 2 2 0 2 2 2 2 2 2
Mean  1.658 6.304 4.725 0.1897 62.60 134.3 1.467 1.343 4.259 18.05 3234 1.107 0.3484 3.149 0.1216
Median  1.658 6.304 4.725 0.1897 62.60 134.3 1.467 1.343 4.259 18.05 323.4 1.107 0.3484 3.149 0.1216
Min  0.962 1.532 2.813 0.1336 53.04 108.3 1.266 0.9360 2.266 12.29 75.97 0.5446 0.3421 1.592 0.1044
Max  2.353 11.08 6.637 0.2457 72.15 160.4 1.668 1.750 6.252 23.81 570.8 1.669 0.3546 4.707 0.1388
Heterolithic/Comparison Catchments
7 7 7 7 7 7 7 7 7 3 7 7 7 7 7 7
Mean  4.600 16.12 9.627 0.5011 489.0 395.1 3.277 7.082 50.05 1166 30.29 854.1 2.808 0.5929 4.443 0.1406
Median  4.532 12.95 6.333 0.6147 383.7 404.5 2.620 7.734 26.27 1122 31.16 222.8 1.573 0.5520 2.804 0.1219
Min  1.129 3.165 3.621 0.2721 210.4 290.1 0.8940 0.9000 10.45 450.9 10.27 50.55 0.4998 0.1783 1.935 0.0574
Max  9.352 31.89 19.99 0.6878 897.4 479.0 6.486 11.43 122.7 1926 54.57 2450 7.934 1.502 14.29 0.2568
Anomalous Granite Monolithologic
1.353 19.29 10.72 0.5788 2777 1853 174.5 75.53 1038 35.64 173.7 1.799 0.1262 14.26 0.4278
Anomalous Granite Sub-Monolithologic
1.065 7.164 45.25 3.395 9644 6388 3724 83.21 4272 242.7 165.2 288.3 0.1583 0.0235 6.724 3.186
Anomalous Mafic Monolithologic
1.352 1.993 3.211 0.1164 82.14 123.1 1308 7998 5778 1102 70.76 3096 0.6207 0.4210 1.474 0.0861
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Figure 1: Simplified bedrock geology of western Newfoundland study site showing water sample locations and
delineated catchments up until the point of sampling. Bedrock was visualized using the 1:1 Million Bedrock Geology
file from the Geoscience Atlas and catchment delineation was done in ArcGIS Pro. Details of process and references
can be found in Sections 2.4.3 and 2.5.1.
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Figure 2: Simplified bedrock geology of Burin Peninsula study site showing water sample locations and
delineated catchments up until the point of sampling. Bedrock was visualized using the 1:1 Million Bedrock

Geology file from the Geoscience Atlas and catchment delineation was done in ArcGIS Pro. Details of process

and references can be found in Sections 2.4.3 and 2.5.1.
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Figure 3: Simplified bedrock geology of Newfoundland with the sampling location of six major rivers and
delineated catchments up to the point of sampling. Bedrock was visualized using the 1:1 Million Bedrock Geology
file from the Geoscience Atlas and catchment delineation was done in ArcGIS Pro. Details of process and
references can be found in Sections 2.4.3 and 2.5.1.
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Figure 4: (a) Vegetation overlay and (b) surficial geology map of western Newfoundland study site showing water
sample locations and delineated catchments up until the point of sampling. Vegetation overlay extracted from
CanVeC (13 2 (13

2 4
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Figure 5: (a) Vegetation overlay and (b) surficial geology map of Burin Peninsula study site showing water sample
locations and delineated catchments up until the point of sampling. Vegetation overlay extracted from CanVec

3 2 (13 2

Details of process and references can be found in Section 2.4.3.
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Figure 6: Major cation ternary diagram (Mg—Na+K—Ca) of waters and site-specific bedrock. All values are

reported as molar proportions.

12Values of ultramafic and mafic units can be found in Appendix 4. Details of process and references can be

found in Sections 2.4.3 and 2.5.1.
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Figure 7: Stacked bar charts showing the relative proportions of dissolved major cations (Mg, Ca, Na, K) in
the mean composition of small-catchment streams, after division into their target lithologic groupings: (a)
monolithologic streams (granite, mafic, ultramafic) and (b) sub-monolithologic streams (granite, ultramafic).
(c) Whole-rock major element data from bedrock presented in the same format as stream data for

comparison. Bedrock compositions for the SLG in the Burin Peninsula from Magyarosi (2022). Bedrock
compositions for rocks in the BOIC from western Newfoundland from Malpas (1976), divided into mafic

and ultramafic groupings. 127
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Figure 8: Principal component analysis (PCA) displaying major and trace element relationship of the
monolithologic streams (granite, mafic, ultramafic). Element measurements below detection limit were
taken at half the detection limit for PCA. Only Cr was affected by this.
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Figure 9: Summary of the major cations (Mg, Ca, Na, K) in all stream/river samples from this study,

as measured abundances (pg/L).
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Figure 12: Stacked bar charts showing the relative proportions of dissolved major cations (Mg, Ca, Na, K)
in the 6 Newfoundland major rivers sampled for this study.
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Sample from this study are presented in their lithologic groupings (Section 2.5.1). Literature data from other
studies of monolithologic catchments are compiled for comparison and includes: 'granite catchments (as
initially compiled from several localities by Oliva et al., 2003), mafic catchments in Ireland (Gislason and
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Figure 15: MuQ-normalized REE+Y patterns for water samples divided into: (a) major river samples, (b)
heterolithologic/comparison streams at both sites (those in this group draining a catchment with sedimentary
rocks are identified), (¢c) monolithologic granite streams, (d) sub-monolithologic granite streams, (e)
monolithologic ultramafic streams, (f) sub-monolithologic ultramafic streams, (g) monolithologic mafic
streams, and (h) rain-affected monolithologic mafic samples. Sample GM2206 removed due to very low
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Figure 18: Dissolved stream measurements of selected trace elements normalized by avg world
river compilation by Gaillardet et al. (2014). Data presented as mean from each group with error
bars representing 1 standard deviation. Values below 3x higher than background equivalent

concentration removed.

138



' A
|
21
2 ; ¥
|
-1 I
5 ! DOC
’7
® Bog . e z
X 2 Exposed /,/’
Te) IRock L
N -
ok | oz
o Ultramafic
O m = === —gy = = = — — — = = e e e i T
E COV ag / NN~ z
o— SN N T -
(a] /i >
Z ,// l’ll ! Eh
7 ’ . ’ll :
/ Till
s i 1
yad 'II 1
¥ o Vegetation
o+ . pH Slope Mealﬁ |
;oo
i/ 1
v I A
DIC I
-2 0 2

Dim 1 (33.7%)
@ Ultramafic Monolithologic

Ultramafic Sub-monolithologic

A Mafic Monolithologic
— Dissolved Composition

—> Catchment Attribute
---->» Physicochemical Property

Figure 19: Principal component analysis (PCA) displaying major and trace element relationship of the
ultramafic(-mafic) monolithologic and sub-monolithologic streams along with catchment attribute and

physicochemical property relationships. Element measurements below detection limit were taken at half the

detection limit for PCA. Only Cr was affected by this.

139



|
|
|
2T I
Bog : Pry/Ery
Eh I 2
2z \\ : = pH Euy/Euy*
—_ |
X Exposed Rock T =
PN el g e —— - -
™ NN
o ! NN
(9] 1 \\\ \\~‘~~
§ Mean Slope ' : \‘\ \\~\
Q 1 \\\\ \\~\\~ ‘
y Vegetation > A DIC
2= | ‘D OX
5 I ) )
: Y Till Ce\/Cey* ‘
2 |
3 |
! Granitic
< I
4+ . I Coverage .
-2 0 2

Dim 1 (35.5%)
@ Granite Monolithologic
Granite Sub-Monolithologic
— Dissolved Composition
—> Catchment Attribute
----> Physicochemical Property

Figure 20: Principal component analysis (PCA) displaying major and trace element relationship of the
granitic monolithologic and sub-monolithologic streams along with catchment attribute and
physicochemical property relationships.

140



A ¥+ ® >
Z"') ......... z+)
R2=0.65 R2=0.82

0.9
0.8
0.7
0.6
0.5

Th/3+

0.4
A
0.3

0.2 A ()

0.1 A A @
0 ﬂ_é ..-"'.A‘...’
3

0 1 2 4 5 6 7

Mean Slope in Catchment (degrees)

Figure 21 > )
stream samples falling into monolithological and sub-monolithogical granite groupings (>30% granite
coverage in this case) are considered, with 2 anomalous samples (suspected vein influence) removed.
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Figure 22: Location of known fluorite veins at the Burin Peninsula study site. Simplified bedrock geology
as per Figure 2. Fluorite vein locations extracted from map data after Magyarosi (2022), Magyarosi et al.
(2019), Strong et al. (1976, 1978), Wilson (2000).
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Chapter 3: Conclusions

Rivers have been a focus for research due to their biogeochemical importance at Earth’s surface
and ability to record information of surface processes; however, the recent and rapid advancement
in inductively coupled plasma-mass spectrometry (ICP-MS) technology, along with controlled
conditions offered by clean laboratories, has allowed multi-element characterization of the
dissolved load of freshwaters systems covering a range of abundances from “major cations” (>1
mg/L) down to ultra-trace elements (<1 ug/L). Canada hosts 28% of the global boreal climate zone
area (Brandt et al., 2013) and the rivers in this zone serve as important pathways for studying the
fluxes of elements from land into waters, several of which are essential to supporting aquatic life
(Cuss et al., 2020) and regulating carbon exchange at the surface (Kohl et al., 2018). This thesis
focuses on the island of Newfoundland, situated on the eastern edge of Canada’s boreal climate
zone, and demonstrates how studying the geochemical cycling of low-abundance trace elements
dissolved in waters can offer valuable insights into surface dynamics within Newfoundland, adding
important information to similar approaches taken in other boreal climate regions (e.g., Cuss et al.,

2020; Pokrovsky et al., 2022).

The first important contribution of this study was a comparative approach between small streams
draining contrasting bedrock to emphasize the important role that bedrock geochemical
composition and mineralogy play in driving the fluxes of specific elements to small streams and,
ultimately, into larger river systems. This study found that major cation and selected trace element
chemistry of lithologically restricted catchment streams resembles catchment source rock. While
this connection was expected, this study was important in providing new insights of where stream

water element abundances were lower than expected based on their source rock enrichment (e.g.,
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Co being controlled by dissolved organic matter), emphasizing the need to better understand these
complexities across other boreal climate zones with different levels of soil development and
vegetation cover. More broadly, research focusing on the geological factors influencing water
chemistry is valuable for identifying areas where specific elements are expected to be higher, as
well as anticipating areas that could be potential concerns for toxicity (e.g., Cr in areas rich in
ultramafic rocks vs. U in areas rich in felsic rocks). While this study evaluated only a small transect
of the province’s streams and larger rivers, there is more work to be done to fully represent the full
diversity in geology, landscape, and vegetation. Studying more of these variations will help to
understand the province’s freshwater systems and broader boreal catchment dynamics. The
Newfoundland study sites for this study lie in coastal locations that resulted in more prominent
addition of atmospherically derived elements, evident with the Na proportional abundance. Most
of the elements evaluated for this study had clear links to terrestrial catchment control, but further
evaluation using major cation/anion and trace element data in streams and precipitation can
provide refined insight and accuracy into the element inputs into boreal streams. Specifically, it
was apparent from this study that CI” is essential to monitor ocean-derived aerosols, and thus
provide accurate corrections to stream water data to isolate rock weathering signatures. Other
anions such as SO4>" are predicted to be important in understanding the weathering of sulfide-rich

source rocks across the province alongside their contribution of metals to stream waters.

The second important contribution of this study was the quantitative integration of geochemical
and geospatial data (% coverage of specific bedrock, elevation gradient, vegetation cover, surficial
geology), an approach not commonly undertaken in geochemical-focused studies. This approach
allowed for the direct link between bedrock element enrichments and enrichment in stream water,

but also revealed where other catchment parameters exerted a greater control on element
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abundance in waters rather than the bedrock geology. The close connection of these independent

datasets also provided an interesting form of groundtruthing the accuracy of these datasets.

The third important contribution of this study was newfound recognition of more localized
geological controls on stream chemistry unique to the research sites. Most prominently, this study
provided the first evidence that fluorite mineralization may impart a locally high dissolved Y/Ho
ratio to surface waters (reaching levels higher than documented in other low-ionic strength streams
globally) — an effect not documented elsewhere prior to this study, to the best of thesis author’s
knowledge. Further, the rain event documented to drive enhanced organic and inorganic flux to
streams emphasized the importance of such events on the surface cycling of dissolved element
loads, but also in recognizing the role it can play in potentially toxic element inputs to streams.
This input can have implications for aquatic life and human health. For example, further
investigation should be undertaken to better understand when it is advisable to avoid the collection
of water for personal consumption. This investigation would benefit from addressing the specific
organic-inorganic element associations in different areas of the province with varying bedrock,

surficial geology, and vegetation.

While this study collected the first multi-element analysis of streams and rivers and
Newfoundland, including elements down to ultra-trace levels, it only represents a snapshot of
information within the constantly shifting dynamics of boreal systems. It remains an ongoing
challenge to assess all the complex and interrelated factors that control the chemical dynamics of
a watershed. Some of the factors include seasonal variations that influence weathering rate, runoff,
and associated soil outputs and stream flow. To better predict element concentrations, speciation

models can be advantageous but often require data that is not common or readily available. Greater
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emphasis and investment should be placed on acquiring such data (e.g., trace element data in rocks,
organics, groundwater composition, soil environment) to aid in these types of analysis (e.g.,
equilibrium thermodynamics or kinetics-based approach). Further, this study only measured the
dissolved budget of elements at a singular filtration size (water passing through a 0.45 um filter).
There are increasing levels of knowledge to be gained regarding the details of element transport
upon further budgeting between truly dissolved species and colloids smaller than common filter
pore sizes. Assessing more of these factors require significant allocation of time, funding, and
dedicated instrument time and resources as well as ability to revisit sample points across different
seasons. This study could not dissect all the established factors of known complexity as part of a

single-season and single filtration sampling strategy.

Despite some of the limitations and restrictions associated with this study, this research has set a
foundation for future studies to apply similar approaches demonstrated here within the province
and beyond. Newfoundland and Labrador’s abundant freshwater running throughout its diverse
geology and landscapes positions the province as an ideal location for further work on
investigating geochemical dynamics in surface boreal systems. Such work should include: further
refinement in understanding fundamental Earth surface processes such as chemical weathering in
boreal climate zones; exploiting the connection between water chemistry and geology as a mineral
deposit exploration tool, and; assessing the terrestrial and aqueous conditions leading to the release

and transport of potentially toxic elements into freshwater systems.
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Appendix 1: Full watershed attributes and physicochemical properties of all streams/rivers

Latitude Longitude BOIC Ultramafic Bedrock BOIC Mafic Bedrock St.Lawrence Granite Till Exposed/Concealed Rock
N W % % % % %
Major Rivers
MR2201 (Terra Nova) 48° 38'25.9" 054° 02'10.5" N.A N.A N.A Not calculated Not calculated
MR2202 (Gander) 48° 59'53.8" 056°51'58.6" N.A N.A N.A Not calculated Not calculated
MR2203 (Humber) 48°59'00.6" 057°45'37.4" N.A N.A N.A Not calculated Not calculated
MR2204 (Exploits) 48°55'23.5" 055°39'44.4" N.A N.A N.A Not calculated Not calculated
MR2205 (Garnish) 47°13'21.7" 055°20'23.6" N.A N.A N.A Not calculated Not calculated
MR2206 (Piper's Hole) 47°55'49.7" 54°16'23.0" N.A N.A N.A Not calculated Not calculated
Western NL Samples
BI2201 49°06'39.1" 058°24'18.8" 0 0 N.A 18 25
BI2202 49°06'03.6" 058°23'14.3" 0 0 N.A 27 48
BI2203* 49°03'23.9" 058°22'29.7" 0 0 N.A ~100* 0
BI2205 49°03'29.7" 058°19'23.8" 100 N.A
BI2206 49°03'50.5" 058°14'23.0" 0 93 N.A 0 95
BI2207 49°03'37.1" 058°13'29.6" 1 41 N.A 1 77
BI2208 49°00'22.1" 058°08'02.1" 49 0 N.A 15 42
BI2209 48°58'11.2" 058°03'56.1 26 0 N.A 24 65
GM2201 49°27'46.7" 058°07'22.4" 0 18 N.A 26 66
GM2202 49°28'11.0" 058°07'11.5" 36 52 N.A 7 69
GM2203 49°29'13.3" 058°01'02.1" 86 14 N.A 0 87
GM2204 49°28'55.8" 057°59'30.8" 100 0 N.A 0 92
GM2205 49°27'50.2" 057°57'36.1" 100 0 N.A 0 79
GM2206 49°28'28.3" 057°57'57.9" 100 0 N.A 0 65
GM2207** 49°30'20.9" 057°55'07.1" 0 0 N.A 0 67
GM2208 49°29'17.4" 057°55'47.4" 66 0 N.A 0 96
GM2209 49°28'23.8 057°55'20.6" 75 0 N.A 17 58
GM2210 49°26'41.1" 057°54'18.6" 9 0 N.A 37 47
GM2211 49°24'08.2" 057°43'48.4" 0 0 N.A 47 50
Burin Peninsula Samples
BP2201 46°57'31.2" 055°31'41.0" N.A N.A 79 80 1
BP2202 46°57'31.5" 055°31'24.3" N.A N.A 48 69 1
BP2203 46°57'27.2" 055°30'38.4" N.A N.A 60 50 27
BP2204 46°56'50.2" 055°26'54.7" N.A N.A 36 59 0
BP2205 46°55'37.3" 055°24'46.6" N.A N.A 36 70 0
BP2206 46°54'3.8" 055°23'46.8" N.A N.A 100 100 0
BP2207 46°53'02.8" 055°25'13.5" N.A N.A 45 72 2
BP2208 47°08'29.0" 055°16'28.8" N.A N.A 96 82 0
BP2209 47°07'38.3" 055°15'50.9" N.A N.A 43 71 2
BP2210 47°08'19.3" 055°11'65.3" N.A N.A 0 55 45
BP2212 47°07'49.2" 55°20'03.3" N.A N.A 73 75 0
Spring Waters
BI2204 49°03'24.1" 058°20'00.8"
GM2212 49°30'19.8" 057°48'11.4"
BP2211 47°09'39.4" 55°18'37.1"

*Difficulty in delineating sample catchment boundaries and was therefore excluded from coverage values, except where files overlapped completely and value of 100% could be used.
**Sample catchment is classified as monolithologic mafic but does not contain mafic rocks from the Bay of Island Complex and contains 100% Little Port Complex.
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Appendix 1 cont.: Full watershed attributes and physicochemical properties of all streams/rivers

Bog Dense/Open Forest Size Mean Slope Eh pH Conductivity Temperature DOC DIC
% % km2 degrees (0 to 90) mV uS/cm C mg/L mg/L
Major Rivers
MR2201 (Terra Nova) Not calculated 63 1875.1 Not calculated 397.4 7.33 17.5 21.3 5.59 0.59
MR2202 (Gander) Not calculated 76 4197.5 Not calculated 399.7 7.08 22.0 18.4 6.84 0.66
MR2203 (Humber) Not calculated 59 7588.2 Not calculated 417.3 7.62 40.0 16.6 5.53 2.55
MR2204 (Exploits) Not calculated 55 9579.6 Not calculated 422.1 7.45 24.8 19.5 4.88 1.19
MR2205 (Garnish) Not calculated 27 203.9 Not calculated 426.6 6.89 39.0 21.9 8.56 0.81
MR2206 (Piper's Hole) Not calculated 15 791.8 Not calculated 389.8 7.42 25.8 22.4 4.53 1.21
Western NL Samples
BI2201 45 29 34 7.3 413.0 7.70 176.8 15.5 9.71 9.11
BI2202 9 27 71 14.4 4316 7.94 186.1 16.4 4.99 11.84
BI2203* 0 0 4547  8.26 250.0 7.5 1.72 19.29
BI2205 465.3  7.70 111.6 15.3 1.89 7.66
BI2206 1 37 135 15.0 4783  7.32 32.6 15.3 291 1.41
BI2207 11 7 6.3 8.0 469.8  8.07 107.4 17.0 1.20 9.67
BI2208 15 4 56.9 9.5 457.0  8.08 115.4 18.9 3.38 10.37
BI2209 0 46 35.8 9.1 4412  8.40 184.7 16.7 4.98 19.20
GM2201 3 45 95.9 6.2 436.8  7.82 65.6 17.0 4.93 4.33
GM2202 6 17 243.4 9.4 4315 7091 78.2 16.5 2.80 6.69
GM2203 0 6 21.4 8.9 4216  8.02 75.8 13.7 1.58 7.42
GM2204 0 0 2.1 9.2 4263 7091 64.1 13.2 1.47 6.38
GM2205 6 0 5.9 10.2 4378  7.96 63.2 13.6 2.13 6.34
GM2206 18 0 6.8 11.8 4176  8.03 73.5 15.1 0.86 6.91
GM2207** 0 0 0.8 16.2 4044  7.20 33.2 17.9 16.26 1.32
GM2208 0 11 1.8 10.7 4280 7.98 78.2 17.5 4.03 7.51
GM2209 9 4 13.7 11.9 4549  7.99 94.9 16.9 3.57 8.95
GM2210 4 21 10.0 14.7 463.5 7.94 93.4 15.8 6.18 7.57
GM2211 0 45 2.4 16.4 447.0 8.22 175.6 18.2 3.70 17.75
Burin Peninsula Samples
BP2201 20 10 1.3 6.6 401.8 6.28 37.5 18.3 8.31 0.49
BP2202 23 1 75.5 2.9 3933 6.94 38.4 20.7 5.62 0.54
BP2203 26 4 11 5.3 392.2 6.64 43.4 235 5.42 0.75
BP2204 38 0 17.6 3.0 4005 6.81 35.9 26.0 5.64 0.81
BP2205 32 0 4.5 3.9 382.6 6.34 34.1 27.3 11.51 0.68
BP2206 0 9 1.0 34 509.5 7.68 160.5 7.7 7.94 9.40
BP2207 22 1 229 2.9 478.0 8.11 252.0 22.3 7.42 16.36
BP2208 9 3 3.0 14 349.6 6.72 64.7 18.5 9.07 1.94
BP2209 13 11 166.1 3.2 418.0 6.59 47.7 24.3 4.94 0.50
BP2210 0 26 24 5.6 385.3 6.98 57.1 25.5 8.40 2.23
BP2212 26 7 3.0 1.8 4288  7.18 68.2 23.8 10.57 2.67
Spring Waters
BI2204 460.2  7.83 142.5 7.8 2.08 5.74
GM2212 491.7 7.83 328.0 8.2 1.21 31.17
BP2211 389.5 7.18 68.2 23.8 5.93 3.37

*Difficulty in delineating sample catchment boundaries and was therefore excluded from coverage values, except where files overlapped completely and value of 100% could be used.
**Sample catchment is classified as monolithologic mafic but does not contain mafic rocks from the Bay of Island Complex and contains 100% Little Port Complex.
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Appendix 2: Field observations for all streams/rivers

Sample ID

Flow Conditions and Field Observations Bedload Observations

Western NL Sites

BI2201

BI2202
BI2203

BI2204

BI2205

BI2206

BI2207

BI2208

BI2209

GM2201

GM2202

GM2203

GM2204

GM2205

GM2206

GM2207

GM2208

GM2209

GM2210

GM2211

GM2212

Small stream draining flat, vegetative valley between mafic-ultramafic mountains, took  Pebbles to boulders but banks and low flow areas have sand to mud and more
long to filter organic-rich
Filtered easily, adjacent to dark/grey alluvium very muddy, water flowing at medium
pace, banks mostly till, grass and trees well stabilized
Gentleflow, in forest vegetation, young deciduous trees, shrub on banks Mostly pebble bedload with sand on banks
Sample spring water at a roadside point where water flows rapidly from plastic tubing at
the end of a steep rocky slope covered in moss, with trees above

Mostly pebbles to boulders with areas of sand to minor mud

NA

Large boulder load, only sand-sized sediment in small pockets of slower flow and
Relatively fast-flowing 'mountainous' stream on some banks, boulder contain many mafic rock (volc-pillows, flow-top
breccias with hematite) possible ultra-mafic, some felsic
Brook similar to BI2205, can see headwaters (waterfall) up the mountain, fast flowing  Large boulder bedload dominates with pebble/cobbles in slower-flowing areas,

stream, elevation climbs quickly, started to rain during sampling coarse sand in banks, mostly mafic boulder
Blow Me Down Brook, fast-flowing book, actively raining, filtered in car, downstream of Large boulder bedload, pebbles and rare sand-sized on some banks, many mafic-
swimming area ultramafic rocks

Fast-flowing river/brook, upstream of St. Peter's Academy, actively raining during
sampling, filtered in car, can see waterfall upstream of sampling point

Bedload similar to BI2207

Sampled day after heavy rain, relatively fast-flowing stream, can see waterfall Rounded boulders as major bedload but metamorphosed sed rocks in outcrop
upstream nearby, breaks into blocks and is in bedload near outcrop
Bedload rocky, pebbles to boulders, with finer seds in low areas with some

Trout River - river flowing at medium pace, wide but shallow .
vegetation
Very coarse bedload, large boulder to pebble, only sand sed noted in very small,
Tributary to Trout River, upstream to town, just upstream from town water supply with  bank areas, mixture of rock types in banks boulders but many ultra-mafic-mafic,
area under construction for upgrades, fast-flowing stream, shallow minor seds (cherty rocks), human-added pebble crushed construction rock in
some areas around sampling site. High bouldery bank possibly man-made

Tablelands stream, fast-flowing high elevation climb, stream fed from top of Rounded boulder bed, coarse with sand at finest, some clay coatings on banks,
tablelands, carving down valley some shrubby areas growing on more stable banks.

Rounded pebble dominated bedload, typical tablelands variably serpentinized

Fast-flowing tablelands stream, similar to GM2203 ) . R . .
ultra-mafic rock, orange-oxide-coated, sediment distribution similar to GM2203

Winterhouse Canyon Brook in Tablelands, up from board walk near stream e X
o . Bedload similar to GM2204, boulders rounded and ultra-mafic
split/juncture, fast-flowing
Large boulder bedload, very little fine sediment, lots of serpentinized rocks in
bedloads and around bank
Generally large boulder bedload but some pockets of pebbly areas and rarer
fines on banks, bedload geology is mixed in composition but mafic-ultramafic
still noticeable, high banks of boulders with shrubs and trees - more pines
upstream

Tablelands stream, fast-flowing stream downslope large boulder bedload

Fast-flowing brook, assumed to be a low-level, gentle-flow before rain on previous day
and less colored, water looks red-to-orange, some anthropogenic influence to stream
(tires, scrap metal)

Winterhouse Brook after traverse through other rock types and pine forest (much
different color of water), sampled at point just before concrete dam in area where there
is an artificial bank built with foreign rocks
Brook draining pine tree area, sampled upstream of property, relatively fast-flowing,
bouldery river, very few fine sediment in sample area, water not as organic-looking as
GM2208
Brook draining metasedimentary rock, artificial bank of massive limestone blocks, Bedload is coarse, some small ponds, along waterfall stretch and at some banks
sampled upstream from this, brook draining high elevation of bedrock/outcrop is near trees, above outcrop bank vegetation is trees (mixed deciduous and pines)
metamorphosed fine-grained siliclastic rock and shrubs
Large river in area, wider, relatively fast-flowing Observations not taken
Sampled directly from a rock groundwater spring via a pipe adjacent to a highway,
consistent to slow trickle flow

NA
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Appendix 2 cont.: Field observations for all streams/rivers

Sample ID Flow Conditions and Field Observations Bedload Observations
Burin Peninsula Sites

Sampled in very foggy weather, small - very slow flowing stream, low elevation through
BP2201 flat grassy marsh wetland area, higher up gentle banks, young pine trees, water
anticipated to be high in organics, required 2 filters

Bedload largely blocky boulders despite low stream flow, organic scum and
some small aquatic plants covering boulders

Larger stream/brook near BP2201, samples with bucket from bridge, fast-flowing
BP2202 brook, still colored water with clear organic load present, sed could have
anthropogenic influence from road/bridge grit

Granite block bedload, variably rounded but blockier than western NL samples,
banks rocky and transitioned to wetland grass/shrubs, pine on some inner banks.

Large granite boulders, organic-crud covered, banks low-lying relatively flat
granite base covered by bog/marsh
Bedload mostly cobbles to pebbles with some areas of boulders, variably
rounded to blocky, sandy sed trapped between some of the boulders, pebbles
and boulders all look pink but most is pinky-orange coating on different rock
types

BP2203 Small Stream, slow-flowing stream, took 2 filters

Larger stream draining granite, sampled ~30 m upstream of road/culvert after short
BP2204  through boggy marsh area, foggy, relatively fast-flowing stream but ponds before road
culvert, small aquatic plants in sandy areas, took 2 filters.

Small stream just near limit of St Lawrence, near Bell Aliant hut/Lions club sign, gentle
but consistent flow up to a bit of ponding at the culvert, very dark-colored water
BP2205 compared to previous samples, bit of aquatic plants life and bugs, small fish, bull frogs
in area but mostly in the ponds, wind mills in distance upstream, same pine trees in
upstream of banks, took 3 filters
Small stream draining down from fluorspar mine in St Lawrence, sampled between two
BP2206 manmade rock dams, can see biofilms, gentle but 'babbling' stream, good constant Bedload angular boulders, minimal sediment
flow, only took 1 filter

Boulder to pebble bedload, not much sand to mud, banks build of boulders but
quickly turns to flanking marsh with many still ponds

. . . . Rocky, boulder bedload, possible sand to pebbles in slower moving bank areas,
Brook under the St Lawrence miner's memorial bridge leading to Camber Cove,

BP2207 . ) X . outcrop visible under bridge but banks are coarse boulders often covered in
sampled from bridge with bucket, fast-flowing, only took 1 filter )
shrubs to pine trees

. . . . Banks are muddy and organic-y, stabilized by pine tree and moss almost right up
Small stream off Kimberley Farm, gentle but consistent flow in stream, very organic-y .
BP2208 X to the stream, stream bedload, at center bobble to pebble with some trapped
colored water, took 3 filters
sand and lesser mud

o L . . ) ’ Bedload boulders to pebbles with pebbles trapped between boulders with some
Larger brook/river in area (BP2208 drains into it), relatively fast flowing, filtered easily, , , ) .
BP2209 X ) X ) fines, green 'moss' covered boulders in some areas, banks build of rock boulders
relatively clean/pure-looking water, some aquatic plant life near banks . " )
that quickly transition to marsh and pine

o . X . N . Bedload mostly pebbles with some boulders, sand on banks but banks are
Small stream draining into a pond and intersecting walking trail, water is shallow and ) . R . X
BP2210 . manmade with grass on one side and other side more natural (pine and minor
appears relatively clear .
deciduous trees and shrubs)

Natural spring in winterland at Heritage Well site, small stream that was sampled close
BP2211  towhere it started (seemingly) in small clearing in trees, water seems to interact a bit
with pine forest soil, gentle consistent trickle, no tube or piping evident

Mostly pine but some deciduous trees in area of spring, spring moving through
grassy area over boulders.

Stream off of gravel road sampled using bucket from bridge, relatively medium-paced
BP2212  flowing stream, highly vegetated area with pine and deciduous trees, shrubs at lower Relatively coarse bedload with high banks filled with vegetation
levels
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Appendix 3: Summary of measured AQUA-1 and SLRS-6 reference material values compared to

certified and literature values.

Li(pg/g)
Be (pg/g)
Na (ng/g)
Mg (ng/g)
Al(ng/g)
Ga (pg/g)
As (pg/g)
K{(ng/g)
Ca (ng/g)
Sn (pg/g)
V(pg/g)
Cr(pg/g)
Fe (ng/g)
Mn (ng/g)
Co (pg/g)
Ni (pg/g)
Cu (pg/g)
Zn (pg/g)
Re (pg/g)
Sr(ng/g)
Rb (ng/g)
Y (pg/g)
Mo (pg/g)
Cd (pg/g)
Sb (pg/g)
Cs (pg/e)
Ba (pg/g)
La (pg/g)
Ce (pg/g)
Pr(pg/g)
Nd (pg/g)
Sm (pg/g)
Eu(pg/g)
Tb (pg/g)
Gd (pg/g)
Dy (pg/g)
Ho (pg/g)
Er (pg/g)
Tm (pg/g)
Yb (pg/g)
Lu (pg/g)
TU(pg/e)
Pb (pg/g)
Th (pg/g)
U (pg/g)

SLRS-6 SLRS-6 SLRS-6
This Study NRC-CNRC* Yeghicheyan et al. (2019)
Measured Certified Certified
Concentration sd concentration sd % Bias® concentration sd % Bias
442 17 531 25 -16.8
5.3 0.9 6.6* 2.2% -19.2 6.6 1.1 -19.2
2864 108 2770 220 3.4 2740 128 4.5
2175 79 2137 58 1.8 2135 72 1.9
32.77 1.53 33.9 2.2 -3.3 33.4 1 -1.9
16.3 2.1
567.0 16.2
651 21 652 54 -0.1 630 24 3.4
8750 293 8770 200 -0.2 8624 206 1.5
12.3 1.4
350 14 352 6 -0.5 361 14 -3.0
81 35 252 12 -68.0 247 12 -67.3
78.0 2.0 84.5 3.6 -7.7 82.2 2.7 -5.1
2.1 0.1 2.12 0.1 0.5 2.14 0.06 -0.5
50.7 2.5 53* 12* -4.4 55 3 -7.9
570 30 617 22 -7.6 609 28 -6.4
23449 966 24700 600 -5.1
1804 109 1760 120 2.5 1780 110 1.3
15.7 14
40.4 0.7 40.7 0.3 -0.7 41 1 -1.6
1.4 0.0 141 0.05 -2.5
124.3 1.8 128 6 -2.9
184 10 215 18 -14.4 196 18 -6.1
9.7 0.7 6.3 1.4 53.4 7.4 1.7 30.6
343.7 21.2 337.7 5.8 1.8 335 10 2.6
4.3 0.7 4.6 0.5 -5.8
14717 839 14300 480 2.9 14120 400 4.2
252.00 3.06 248.7 12.1 1.3
295.67 3.54 293.1 15.1 0.9
59.00 1.00 59.2 1.9 -0.3
231.33 5.25 228.1 9.4 1.4
39.00 1.91 39.5 1.7 -1.3
8.00 0.00 7.27 0.35 10.0
4.00 0.00 4.07 0.27 -1.7
31.33 0.94 31.6 2.5 -0.8
21.67 1.37 21.9 1.1 -1.1
4.00 0.00 4.3 0.3 -7.0
12.33 0.75 124 0.7 -0.5
2.00 0.00 1.79 0.18 11.7
11.00 1.00 11.2 0.7 -1.8
2.00 0.00 1.91 0.23 4.7
8.00 1.15 8.5 2.9 -5.9
163 6 170 26 -3.9 166 13 -1.6
15.7 4.5 16 7 -2.1
73.7 2.4 69.9 3.4 5.4 67 3 10.0

*National Research Council Canada
*Reference Values (not certified)

294 Bias calculated as ( Measured - Certified Value ) / Certified Value *100
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Appendix 3 cont.: Summary of measured AQUA-1 and SLRS-6 reference material values compared to
certified and literature values.

SLRS-6 SLRS-6
Babechuk et al. (2020) Dangetal. (2022)
Certified Certified
concentration sd % Bias® concentration sd % Bias®

Li (pg/g) 551 8 -19.8 490 20 9.9
Be (pg/g) 7.21 05 -26.0 7 2 23.8
Na (ng/g) 2720 140 5.3 3352 255 -14.6
Mg (ng/g) 2140 39 16 2186 125 05
Al(ng/g) 313 16 47
Ga (pg/g)

As (pg/g)

K (ng/g) 650 25 0.2 636 54 2.4
Ca (ng/g) 8750 178 0.0 8161 276 7.2
$n (pg/e)

V (pglg) 350 10 0.1
Cr(pg/g) 270 70.1
Fe (ng/g) 89 29 12.4
Mn (ng/g) 22 300 -3.2
Co (pglg) 50 5 13
Ni (pg/g) 200 10 185.0
Cu (pglg) 27400 1000 14.4
Zn (pglg) 1700 200 6.1
Re (pg/g)

Sr(ng/g) 40.45 0.91 0.0 418 1.0 33
Rb (ng/g) 1.435 0.03 42 1.45 0.1 5.2
Y (pg/g) 130.7 2.9 49 129 2 -3.6
Mo (pg/g) 198.4 55 7.3 200 10 -8.0
cd (pg/g) 55 05 75.8 30 10 -67.8
Sb (pg/g) 340 25 11 320 20 7.4
Cs (pg/g) 469 0.1 76 10 7 567
Ba (pg/g) 14300 160 29 14900 300 1.2
La (pg/g) 250.6 1.6 0.6 246 6 2.4
Ce (pglg) 300.1 2 15 291 4 16
Pr (pg/g) 60.69 0.6 28 58 1 1.7
Nd (pg/g) 230.5 24 0.4 230 10 06
Sm (pg/g) 38.61 05 1.0 38 3 26
Eu (pglg) 6.7 0.17 19.4 9 1 11
Tb (pg/g) 3.017 0.06 2.1 4 1 0.0
Gd (pg/g) 30.35 0.72 32 33 2 5.1
Dy (pg/g) 21.1 0.36 2.7 22 2 -1.5
Ho (pg/g) 4313 0.073 7.3 4.2 03 4.8
Er (pg/g) 11.91 0.18 36 12 1 2.8
Tm (pg/g) 1.721 0.035 16.2 16 03 25.0
Yb (pg/g) 11.16 0.17 1.4 10 1 10.0
Lu (pg/g) 1.756 0.024 13.9 17 03 17.6
Tl (pg/g) 7.36 0.58 8.7 17 8 -52.9
Pb (pg/g) 165 19 1.0 200 100 -18.3
Th (pg/g) 19.8 27 -20.9 26.48 2026  -40.8
U (pglg) 70.4 1.4 46 70 10 5.2

'National Research Council Canada
*Reference Values (not certified)
294 Bias calculated as ( Measured - Certified Value ) / Certified Value *100
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Appendix 3 cont.: Summary of measured AQUA-1 and SLRS-6 reference material values compared to
certified and literature values.

Li(pg/g)
Be (pg/g)
Na (ng/g)
Mg (ng/g)
Al(ng/g)
Ga (pg/g)
As (pg/g)
K(ng/g)
Ca(ng/g)
Sn (pg/g)
V(pg/g)
Cr(pg/g)
Fe (ng/g)
Mn (ng/g)
Co (pg/g)
Ni (pg/g)
Cu (pg/g)
Zn (pg/g)
Re (pg/g)
Sr(ng/g)
Rb (ng/g)
Y (pg/g)
Mo (pg/g)
Cd (pg/g)
Sb (pg/g)
Cs (pg/g)
Ba (pg/g)
La (pg/g)
Ce (pg/g)
Pr(pg/g)
Nd (pg/g)
Sm (pg/g)
Eu(pg/g)
Tb (pg/g)
Gd (pg/g)
Dy (pg/g)
Ho (pg/g)
Er (pg/g)
Tm (pg/g)
Yb (pg/g)
Lu (pg/g)
TU(pg/e)
Pb (pg/g)
Th (pg/g)
U (pg/g)

AQUA-1 AQUA-1 AQUA-1
This Study NRC-CNRC* Yeghicheyan et al 2021
Measured Certified Certified
Concentration sd concentration sd % Bias® concentration sd % Bias®
435 11.06 526* 28* -17.3 530 30 -17.9
1.3 0.9
14207 627 13710 340 3.6 14000 400 1.5
2003 78 1944 40 3.0 1900 18 5.4
52.88 1.81 54.6 -3.1 54.5 1.6 -3.0
9.0 1.0 7.1* 4.6* 26.8
212.0 7.0 222 14 -4.5 220 14 -3.6
680 19 670 1.5 670 14 1.5
8182 256 8240 -0.7 8070 80 1.4
21.0 1.9
170 4 152 8 12.1 156 4 9.2
259 210 87 8 198.1 86 4 201.6
36.7 0.8 38 -3.4 36.9 0.6 -0.5
2.4 0.0 2.42 -0.2 2.43 0.08 -0.6
24.0 1.2 27.1 2.8 -11.4 26.9 0.8 -10.8
409.3 13.8 447 30 -8.4 443 16 -7.6
6712.3 277.2 7460 120 -10.0 7470 160 -10.1
648.0 61.3 970 80 -33.2 980 20 -33.9
12.0 0.0 10.7* 1.6* 12.1
35.3 0.2 36.02 0.48 -2.1 35.4 1 -0.4
1.3 0.0 1.34 0.06 -3.9 1.36 0.03 -5.3
29.0 1.0 30.7 1.2 -5.5 31 1 -6.5
179 4 189 8 -5.3 193 8 -7.3
5.3 0.9 4.3 14 24.0 5.4 0.8 -1.2
58.0 4.9 68.2 5.6 -15.0 71 2 -18.3
4.0 0.0 3.2* 0.4* 25.0 3.2 0.2 25.0
12175 372 11890* 360* 2.4 11900 200 2.3
60.67 0.94 60* 2.6* 1.1 60.0 20.0 1.1
59.33 0.94 60* 3* -1.1 61.0 2.0 -2.7
12.67 1.49 12.4* 0.6* 2.2 12.6 0.4 0.5
48.67 0.94 48.2* 2.4* 1.0 48.7 1.8 -0.1
7.00 1.00 7.12* 0.44* -1.7 7.2 0.4 -2.8
2.00 0 1.46* 0.36* 37.0 1.5 0.2 33.3
0.33 0.75 0.62* 0.08* -46.2 0.64 0.05 -47.9
5.67 0.75 5.9* 0.4* -4.0 5.8 0.2 -2.3
4.00 0.00 3.59* 0.24* 11.4 3.71 1.24 7.8
0.67 1.49 0.76* 0.06* -12.3 0.79 0.02 -15.6
2.00 0 2.52* 0.16* -20.6 2.51 0.1 -20.3
0.377* 0.04* 0.39 0.06
2.00 0 2.41* 0.16* -17.0 25 0.2 -20.0
0.439* 0.06* 0.43 0.02
4.67 0.94 5.6* 3* -16.7
1322 49 1364 34 -3.1 1380 60 -4.2
2.0 0.0
8.0 0.0 6.95 0.52 15.1 6.9 0.4 15.9

*National Research Council Canada
*Reference Values (not certified)

294 Bias calculated as ( Measured - Certified Value ) / Certified Value *100
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Appendix 4: Compiled major and trace element compositions for bedrock within the study sites.

Sio2 Tio2 Al203 Fe203 FeO Mno Mgo Ca0 Na20 K20 P205 ign Ni Co Cr Li Rb Cs Th u
SamplelD  RockType Category _Reference Wit Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% % ppm ppm ppm ppm ppm ppm ppm ppm
V1271 Lherzolites from Table Mtn Ultramafic Malpas, 1976 37.70 0.00 1.63 151 5.07 0.12 37.70 1.02 0.04 0.00 0.00 13.46 3300 1900 9
V1371 Lherzolites from Table Mtn Ultramafic Malpas, 1976 38.34 0.21 4.50 1.70 8.13 0.10 31.20 4.00 0.21 0.60 0.05 11.30 2100 1200 15
V1471 Lherzolites from Table Mtn Ultramafic Malpas, 1976 42.49 0.30 3.14 1.73 5.89 0.11 34.80 3.00 0.10 0.00 0.05 9.00 2800 1700 1
V1571 Lherzolites from Table Mtn Ultramafic Malpas, 1976 38.89 0.00 221 1.80 5.84 0.11 36.00 2.06 0.13 0.03 0.00 11.02 2900 1800 12
V1671 Lherzolites from Table Mtn Ultramafic Malpas, 1976 39.25 0.31 2.40 1.90 5.39 0.11 37.76 270 0.09 0.00 0.05 10.20 3000 1700 1
JM115 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 35.76 0.40 0.38 215 4.30 0.10 37.50 0.80 0.01 0.00 0.10 16.91 3600 1600 10
JM120 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 40.00 0.39 0.38 3.04 5.73 0.10 39.00 0.80 0.01 0.00 0.15 11.37 3600 1700 1
M122 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 56.47 0.08 0.49 1.10 4.10 0.06 27.20 1.00 0.01 0.00 0.05 9.80 3400 1900 10
M124 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 39.53 0.11 0.60 3.10 4.80 0.10 38.40 1.30 0.02 0.00 0.05 12.10 3500 1800 12
JM181 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 34.20 0.02 0.20 3.13 4.22 0.11 41.50 0.00 0.00 0.02 0.00 14.54 3400 5100 7
M182 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 38.20 0.04 0.60 293 4.80 0.12 40.80 0.70 0.00 0.02 0.03 11.30 3200 2300 15
JM183 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 35.33 0.07 0.40 261 5.01 0.11 41.50 0.00 0.00 0.02 0.00 13.53 3300 1800 6
M184 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 36.83 0.02 0.60 2.30 5.49 0.10 40.80 0.70 0.00 0.02 0.01 11.30 4200 1500 6
JM185 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 37.54 0.07 0.60 3.01 4.56 0.11 41.03 0.60 0.00 0.02 0.00 11.84 3100 2400 5
JM186 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 36.74 0.02 0.40 251 4.56 0.12 30.43 0.30 0.00 0.02 0.04 13.94 3300 2200 16
M187 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 37.93 0.07 0.60 3.61 3.91 0.11 42.53 0.60 0.00 0.02 0.00 10.76 3300 2500 2
JM188 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 37.33 0.07 0.40 2.96 4.62 0.12 41.03 0.50 0.00 0.02 0.00 13.37 3300 2100 13
JM189 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 37.69 0.09 0.40 241 5.17 0.11 41.50 0.60 0.00 0.02 0.05 13.09 3100 2500 13
JM190 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 36.13 0.02 0.30 225 4.92 0.11 43.45 0.30 0.00 0.02 0.00 13.74 3100 1900 10
JM191 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 33.78 0.07 0.20 2.00 5.33 0.10 41.83 0.30 0.00 0.02 0.00 16.27 3700 3900 16
M192 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 34.77 0.02 0.50 244 5.21 0.11 40.45 0.30 0.00 0.02 0.00 14.62 4200 3700 7
JM193 Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 32.77 0.04 0.20 2.04 5.57 0.12 41.73 0.00 0.00 0.02 0.01 15.65 3200 4700 7
JMEN-V Harzburgites from Bay of Islands Complex Ultramafic Malpas, 1976 45.30 0.00 2.00 1.89 4.26 0.00 20.10 19.05 0.00 0.00 0.00 7.30
M271 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 41.06 0.37 23.20 0.96 4.20 0.08 9.40 14.80 0.27 0.00 0.10 5.40 800 38 3700 5
M272 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 37.43 0.10 0.22 3.10 3.62 0.10 41.20 0.50 0.01 0.00 0.05 13.89 2400 108 5300 2
IM274 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 35.76 0.81 0.18 3.84 3.48 0.10 41.50 0.60 0.01 0.00 0.05 13.63 2100 115 4200
IM275 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 37.15 0.40 0.22 1.73 5.50 0.10 40.00 0.50 0.01 0.00 0.05 13.73 2200 110 4200 1
M276 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 37.81 0.12 0.21 3.69 3.81 0.12 40.09 0.60 0.00 0.01 0.01 1291 2400 107 4500
19472 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 34.88 0.02 0.20 5.18 264 0.12 42.63 0.30 0.00 0.02 0.00 14.68 2900 4300 8
19572 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 32.28 0.12 0.20 5.88 214 0.11 43.43 0.30 0.00 0.02 0.00 15.41 3700 3900 6
19672 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 34.39 0.02 0.20 6.27 3.64 0.15 40.23 0.30 0.00 0.02 0.00 12.53 3200 3900 13
E2 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 35.24 0.00 246 2.53 4.70 0.11 39.30 1.40 0.40 0.00 0.00 12.42 1900 113 4100 2
E4 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 46.12 0.48 15.38 0.94 5.55 0.12 10.99 14.52 1.32 0.17 0.00 2.80 90 41 390 7
E5 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 46.64 0.39 15.50 1.04 3.92 0.10 10.55 17.50 111 0.04 0.00 4.00 210 33 830 8
E8 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 44.71 0.23 11.64 0.87 6.57 0.12 14.30 14.72 0.70 0.04 0.00 4.20 300 48 750 8
T™C1 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 36.79 0.40 4.98 3.13 4.69 0.11 34.10 3.21 0.10 0.01 0.01 12.50 1900 158 3100 10
T™C2 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 34.61 0.32 4.76 4.00 4.10 0.12 36.07 213 0.10 0.00 0.01 12.78 2300 140 4600 5
T™C3 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 33.90 0.10 4.80 3.80 4.00 0.11 36.01 2.60 0.10 0.00 0.02 13.63 2100 150 5800 5
T™C4 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 40.81 0.07 14.10 2.30 4.70 0.10 18.01 8.76 0.60 0.01 0.00 9.89 140 320 10
TMC5 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 35.30 0.08 7.10 298 4.43 0.11 34.10 2.46 0.15 0.01 0.01 13.30 1600 53 4700 5
T™C6 Dunites and Critical Zone Rocks Ultramafic Malpas, 1976 48.90 0.10 5.10 1.01 4.38 0.10 18.16 14.30 0.19 0.00 0.00 7.58 310 3700 8
19872 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 45.07 0.72 19.30 1.45 4.03 0.08 13.03 10.43 1.42 nd. 0.01 3.62 548 94 9
19972 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 46.73 nd. 22.20 0.11 5.03 0.09 8.30 10.95 257 0.10 0.03 3.38 154 130 1
20072 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 47.32 0.07 24.60 0.70 233 0.05 5.52 12.69 243 0.09 nd. 2.00 169 103 7
20172 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 47.77 nd. 17.80 2.04 3.65 0.10 10.23 16.62 1.04 nd. nd. 1.19 139 252 12
20272 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 47.77 0.78 17.60 0.12 4.48 0.09 9.01 13.62 157 nd. 0.03 293 256 668 1
20372 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 50.03 n.d. 19.30 1.51 4.03 0.10 7.77 11.81 2.52 n.d. n.d. 2.31 120 151 9

n.d.: not detected
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Appendix 4 cont.: Compiled major and trace element compositions for bedrock within the study sites.

Sio2 Tio2 Al1203 Fe203 FeO Mno Mgo Ca0 Na20 K20 P205 ign Ni Co Cr Li Rb Cs Th u

SamplelD  RockType Category _Reference Wit Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt% % ppm ppm ppm ppm ppm ppm ppm ppm
20572 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 46.73 0.47 19.70 0.33 5.10 0.08 9.35 13.67 1.85 0.03 nd. 2.90 205 524 5

206A72 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 45.79 nd. 21.80 0.10 4.94 0.08 10.25 12.46 1.50 0.23 0.01 1.88 355 244 9

206872 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 45.97 0.47 22.00 0.12 4.01 0.08 9.60 13.18 157 0.09 0.03 3.45 290 163 6

20772 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 42.37 0.20 22.50 0.52 2.50 0.05 11.18 12.69 1.29 nd. 0.06 5.36 520 212 6

28571 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 45.22 0.31 22.20 1.05 4.10 0.09 8.50 13.60 0.75 nd. nd. 4.05 112 36 391 4

JM289 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 47.69 0.17 15.00 1.79 5.67 0.13 5.00 15.40 1.16 0.02 0.21 7.30 63 63 189 6

301A71 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 48.15 0.76 16.06 0.84 5.51 0.12 8.94 13.22 244 0.06 0.08 1.23 57 53 111 5

301C71 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 48.40 0.40 16.10 0.97 4.78 0.10 8.70 13.60 2.50 0.10 nd. 2.30 71 73 138

31271 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 47.40 0.90 20.30 2.07 4.07 0.10 6.80 11.90 3.20 0.50 0.10 1.90 90 40 178 5

312A71 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 47.70 0.79 20.91 231 3.98 0.10 6.73 11.49 322 0.48 0.10 2.30 110 41 203

E672 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 47.29 0.20 22.37 0.51 5.04 0.09 8.66 11.97 2.10 0.08 nd. 1.46 134 42 243 5

E772 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 47.93 0.13 22.99 0.84 4.13 0.08 7.97 7.72 3.76 0.59 nd. 4.00 143 40 205 17

E972 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 47.10 0.06 24.62 0.51 157 0.04 5.00 13.70 1.15 0.20 0.05 7.30 93 21 137 6

E1272 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 44.40 0.20 18.90 0.35 287 0.07 9.52 16.00 1.44 0.12 nd. 4.90 212 29 833 12

E1672 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 43.83 0.08 23.18 0.13 0.39 0.01 7.20 15.70 0.49 0.26 0.05 8.00 126 17 85 10

E1772 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 47.70 0.16 18.15 0.61 2.80 0.06 10.82 15.22 1.60 0.07 nd. 241 137 41 731

E1872 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 49.72 0.10 20.58 0.21 1.32 0.02 9.08 14.88 121 0.43 nd. 173 160 16 549 9

12671 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 47.17 0.37 16.40 2.03 4.80 0.10 8.50 14.20 1.07 nd. 0.05 191 93 229 13

24471 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 48.04 191 16.16 5.01 6.58 0.13 5.47 11.15 3.65 0.11 0.12 1.40 45 84 151 6

24971 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 48.29 0.84 15.06 0.93 6.87 0.14 8.97 12.93 252 0.08 nd. 0.92 84 47 222 6

25871 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 48.52 0.74 19.88 0.84 5.68 0.12 6.19 12.12 265 0.12 0.16 260 60 40 152 4

28271 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 42.50 0.26 23.84 111 5.12 0.10 10.50 12.69 1.72 nd. 0.09 2.30 208 46 163 3

28471 Gabbros, Bay of Islands Complex Mafic Malpas, 1976 47.57 1.43 16.87 1.69 6.73 0.14 6.20 13.08 249 0.00 0.14 1.30 55 60 186 7

WF11071 Diabases, Bay of Islands Complex Mafic Malpas, 1976 49.40 0.80 14.60 0.80 7.90 0.20 8.50 9.70 2.90 0.10 0.10 2.90 120 41 408 6

WF112B71 Diabases, Bay of Islands Complex Mafic Malpas, 1976 46.90 0.70 19.10 1.10 5.50 0.10 7.50 9.00 2.90 1.80 0.10 4.40 79 33 243 10

WF12371 Diabases, Bay of Islands Complex Mafic Malpas, 1976 49.70 1.00 14.10 2.80 7.20 0.20 7.40 8.60 3.40 0.10 0.10 3.30 42 32 164 5

WF123A71 Diabases, Bay of Islands Complex Mafic Malpas, 1976 51.60 1.30 12.10 220 8.20 0.20 7.30 8.90 4.20 0.10 0.10 3.20 52 42 204 4

21172 Diabases, Bay of Islands Complex Mafic Malpas, 1976 51.37 1.37 14.90 0.20 10.39 0.19 4.80 711 4.78 0.38 nd. 1.53 28 70 14

21772 Diabases, Bay of Islands Complex Mafic Malpas, 1976 46.82 0.60 15.50 229 7.09 0.18 8.58 10.45 244 1.04 0.10 2.89 112 192 17

22172 Diabases, Bay of Islands Complex Mafic Malpas, 1976 50.48 0.90 16.10 1.74 6.49 0.16 8.58 10.48 244 0.16 0.05 210 208 213 13

22472 Diabases, Bay of Islands Complex Mafic Malpas, 1976 47.27 0.96 16.40 0.42 8.76 0.16 9.32 9.00 281 1.05 nd. 3.42 158 183 17

22572 Diabases, Bay of Islands Complex Mafic Malpas, 1976 45.45 0.90 18.80 1.50 5.37 0.13 8.20 10.51 225 1.46 0.10 372 191 238 18

294B71 Diabases, Bay of Islands Complex Mafic Malpas, 1976 49.57 131 16.08 2.04 6.70 0.16 9.00 11.50 1.35 0.63 0.10 1.70 95 43 295 8

294C71 Diabases, Bay of Islands Complex Mafic Malpas, 1976 46.89 1.20 14.60 3.80 8.04 0.20 7.00 10.50 1.76 0.22 0.10 4.78 95 41 301 8

294E71 Diabases, Bay of Islands Complex Mafic Malpas, 1976 49.38 161 15.26 1.50 6.25 0.13 8.20 11.50 0.93 0.60 0.10 4.10 121 40 212 8

301B71 Diabases, Bay of Islands Complex Mafic Malpas, 1976 47.64 1.36 15.88 2.84 6.52 0.14 8.49 12.34 270 0.20 0.18 0.68 88 47 204 6

Avolc Volcanic Rocks, Bay of Islands Complex Mafic Malpas, 1976 45.97 0.70 15.00 4.74 4.61 0.51 6.13 12.00 3.35 0.18 0.10 5.08 49 109 12

Bvolc Volcanic Rocks, Bay of Islands Complex Mafic Malpas, 1976 47.77 133 13.60 5.66 4.05 0.14 5.55 11.27 2.90 0.12 nd. 4.95 115 216 15

Cvolc Volcanic Rocks, Bay of Islands Complex Mafic Malpas, 1976 49.13 1.36 15.00 5.53 3.84 0.16 5.95 10.82 2.81 0.08 0.05 3.63 58 137 1

Dvolc Volcanic Rocks, Bay of Islands Complex Mafic Malpas, 1976 49.01 1.01 14.10 1.90 9.10 0.30 8.53 8.70 4.60 0.01 0.15 2.80 121 41 123 6

Evolc Volcanic Rocks, Bay of Islands Complex Mafic Malpas, 1976 48.65 1.50 13.93 2.96 6.30 0.20 8.78 5.60 4.90 0.10 0.20 4.76 63 40 24 4

Gvolc Volcanic Rocks, Bay of Islands Complex Mafic Malpas, 1976 47.10 1.00 12.91 271 4.97 0.15 8.10 10.91 3.12 0.00 0.10 7.80 110 36 151 6

18ZM437A01  St. Lawrence Granite, E Lobe Granite Magyarosi, 2022 76.90 0.11 10.63 0.44 1.28 0.05 0.01 0.17 3.44 4.91 0.00 0.41 3 3 3 52.9 285 3.4 24.6 5.7
18ZM438A01  St. Lawrence Granite, E Lobe Granite Magyarosi, 2022 77.30 0.12 10.80 0.73 1.54 0.05 0.01 0.14 4.04 4.58 0.00 0.58 4 3 1 145.1 358 41 25.6 71
17ZM407A01  St. Lawrence Granite, E Lobe Granite Magyarosi, 2022 76.67 0.14 10.87 1.56 0.77 0.01 0.01 0.10 317 5.08 0.00 0.45 4 5 4 215 269 15 21 71
18ZM423A01  St. Lawrence Granite, W Lobe Granite Magyarosi, 2022 76.17 0.07 11.31 0.75 1.05 0.01 0.03 0.22 4.04 4.19 0.00 0.45 3 2 1 336 403 6.2 36.9 8.6
18ZM424A01  St. Lawrence Granite, W Lobe Granite Magyarosi, 2022 77.00 0.07 11.83 0.18 1.35 0.01 0.01 0.28 422 4.42 0.00 0.48 4 2 3 41.2 416 4.3 34.1 10.9
18ZM463A01 St. Lawrence Granite, Winterland Porphyry Granite Magyarosi, 2022 67.70 0.57 12.64 3.95 1.87 0.25 0.74 1.12 3.15 6.47 0.13 1.36 9 3 4 28.8 247 5.2 12.5 4.0

n.d.: not detected
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Appendix 5: Full geochemical data for all streams/rivers

Element Li Be Na Mg Al K ca cr Mn Fe Co Ni Cu Zn v Ga Rb Sr
Unit  pg/lL Hg/L Hg/L ug/lL Hg/L Mg/l Hg/L Hg/lL Hg/L Mg/l Hg/L Hg/lL Hg/L Hg/lL Hg/L Hg/lL Hg/L Hg/lL
BEC Values 0.00043 0 6.09 0.1 0.3 1.5 0.6 0.1 0.01 0.4 0.0004 0.006 0.02 0.1 0.001 0.0002  8.72E-05 0
Major Rivers
MR2201 (Terra Nova) 0.5215  0.0098 1733 354.4 61.22 273.6 1125 B.D. 18.26 106.3 0.0311  0.1593  0.2659 2.645 0.0941  0.0075  0.8738 5.017
MR2202 (Gander) 0.2999  0.0088 1908 602.5 86.36 192.6 1386 B.D. 3.299 41.46 0.0162  0.4957  0.4605 1.498 0.0357  0.0093  0.5687 6.430
MR2203 (Humber) 0.1443  0.0069 2608 807.9 55.01 494.1 3901 B.D. 1.530 63.53 0.0118  0.2697  0.8931 16.53 0.1250  0.0110  0.6012 17.84
MR2204 (Exploits) 0.0940  0.0083 1603 413.6 59.81 147.3 2241 B.D. 4.968 37.49 0.0111  0.1149 1.093 7.595 0.0516  0.0080  0.3134 7.360
MR2205 (Garnish) 0.2889  0.0062 4566 582.2 142.3 191.2 1957 B.D. 7.462 140.9 0.0194  0.0927 1171 2.142 0.1583  0.0139  0.2103 7.938
MR2206 (Piper's Hole) 0.4822  0.0051 2210 369.7 18.43 209.2 1837 B.D. 7.610 98.83 0.0159  0.0581  0.0880 1.442 0.0724  0.0049  0.6765 8.223
Western NL
BI2201 0.3226  0.0047 19987 4532 46.96 684.8 10581 B.D. 7.483 109.9 0.0546  0.9707 1.325 1.100 0.4731  0.0160  0.3909 40.87
BI2202 0.3837  0.0023 14299 6689 35.02 687.8 12945 1.122 4.054 62.66 0.0432 2.450 1.152 0.7535  0.3967  0.0117  0.4045 42.06
BI2203 0.8974  0.0002 14003 9352 21.43 614.7 22027 1.926 0.2950 7.066 0.0195 0.2163 0.1975 0.7888  1.2679  0.0102  0.4280 48.81
BI2205 0.0530  0.0003 6637 2353 29.69 2457 11076 B.D. 0.2287 5.372 0.0123  0.0760  0.5650  0.4133  0.8152  0.0101  0.1604 19.86
BI2206 0.0721  0.0007 2813 962.5 60.52 133.6 1532 B.D. 0.4686 14.67 0.0238  0.5708  0.3337  0.5387 0.4826  0.0052  0.1083 6.268
BI2207 0.2681  0.0003 3908 9466 5.384 192.6 1952 B.D. 0.2634 3.225 0.0200 2.398 0.1664  0.3929  0.0433  0.0009  0.1554 11.19
BI2208 0.6398  0.0022 4539 8160 21.85 251.6 5868 0.9869  0.9385 30.86 0.0237 3.208 0.4729  0.4829  0.0696  0.0061  0.2620 30.25
BI2209 0.3595  0.0016 4019 2232 13.86 272.1 31888 B.D. 0.9371 42.96 0.0198  0.2228  0.3470  0.6592  0.0475  0.0037  0.2901 90.17
GM2201 0.2620  0.0029 3830 3014 42.23 226.2 3816 0.5080 1.053 39.53 0.0160 1.632 0.5563  0.5568  0.0977  0.0075  0.1596 14.80
GM2202 0.1184  0.0010 3878 6107 25.93 152.6 2059 0.8887  0.8600 52.68 0.0426 5.636 0.7153 1.065 0.1772  0.0054  0.1305 8.888
GM2203 0.0735  0.0002 2023 7321 2.986 98.8 548.0 1.938 0.1829 16.19 0.0337 5.770 0.1503  0.4647  0.0402 B.D. 0.0702 2.890
GM2204 0.0648  0.0001 1810 6375 2.238 91.5 383.2 1.677 0.1856 11.99 0.0288 5.053 0.1234  0.4045  0.0323 B.D. 0.0855 2.084
GM2205 0.0702  0.0002 1664 6495 2.434 78.4 371.3 1.671 0.2318 41.59 0.0349 8.005 0.0831  0.7684  0.0379  0.0008  0.0683 2.088
GM2206 0.0808 B.D. 2224 6796 3.186 105.4 801.0 0.9465  0.1281 10.04 0.0169 2.412 B.D. 0.5090  0.0252 B.D. 0.0686 2.419
GM2207 0.0821  0.0044 3211 1352 255.6 116.4 1993 1.102 2.050 196.6 0.0708 3.096 1.491 2.210 0.5967  0.0212  0.1231 7.906
GM2208 0.1969  0.0023 3194 6833 18.65 188.4 2060 1.440 0.8799 52.99 0.0459 8.177 0.4795 2.054 0.1229  0.0037  0.1896 10.71
GM2209 0.2381  0.0007 3153 8602 13.95 239.8 1841 1.177 0.5445 40.62 0.0427 9.937 0.4402 7.083 0.0706  0.0030  0.3015 13.88
GM2210 0.7152  0.0053 5129 2831 29.13 645.8 8573 0.4509 1.408 32.82 0.0335 1.963 1.044 0.7799  0.1078  0.0107  0.4790 33.34
GM2211 0.2104  0.0016 3621 5439 24.73 312.3 23682 B.D. 2.027 13.97 0.0103  0.1054  0.1607 0.3700  0.0652  0.0051  0.3395 41.96
Burin P
BP2201 1.0212  0.1544 4871 505.5 198.9 99.4 1096 B.D. 19.11 281.0 0.0411  0.1283  0.3360 4.064 0.1518  0.0525  0.4541 7.134
BP2202 1.0229  0.0225 4947 501.6 61.97 164.8 1445 B.D. 16.26 160.4 0.0126  0.0476  0.1554 1.679 0.0592  0.0102  0.3930 12.20
BP2203 0.7172  0.0672 5855 684.8 88.86 126.0 1381 B.D. 36.61 121.4 0.0419  0.0971  0.4292 4.209 0.0674  0.0276  0.6216 9.327
BP2204 1.0642  0.0593 4228 454.6 52.07 129.7 1512 B.D. 16.85 235.8 0.0159  0.0451  0.3548 1.519 0.0672  0.0126  0.3886 10.27
BP2205 0.6014  0.0221 4636 552.5 87.73 134.2 1524 B.D. 24.29 372.8 0.0285  0.0852  0.1558 1.302 0.0898  0.0137  0.3019 8.113
BP2206 27770  0.1959 10723 1353 149.0 578.8 19289 B.D. 96.30 162.7 0.0356  0.1737 1.379 3.914 0.1453  0.0649 1.853 34.96
BP2207 9.6436  0.1183 45255 1065 190.6 3394.9 7164 B.D. 55.83 360.5 0.1652  0.2883 1.109 2.431 0.2436  0.2022 6.388 35.82
BP2208 1.4681  0.0516 7372 1175 63.41 346.5 3181 B.D. 658.16 478.9 0.1054  0.0939  0.1972 1.329 0.0872  0.0243 1.273 15.31
BP2209 0.7975  0.0163 5979 706.6 70.49 266.5 1646 B.D. 5.411 70.75 0.0072  0.0390  0.2094 09199  0.0514  0.0164  0.5357 11.79
BP2210 0.5345  0.0104 6333 1129 62.67 289.9 3165 B.D. 45.97 247.8 0.0312  0.0506 0.1545 0.6132 0.1856  0.0124  0.4339 18.19
BP2212 2.2462  0.0435 7003 1389 45.09 256.5 3670 B.D. 292.7 560.9 0.0499  0.0943  0.1898 1.477 0.1085  0.0196  0.9772 20.84
Spring Waters
BI2204 0.0091 B.D. 13276 3026 4.687 190.6 8534 1.853 0.0667 4.008 0.0345  0.8697 0.9622  0.4848 2.419 0.0130  0.0432 29.27
GM2212 0.4412  0.0005 6947 4042 2.355 711.2 57288 B.D. 0.0297 0.6726  0.0084  0.0355  0.1215 3.935 0.0049  0.0012  0.2121 218.3
BP2211 0.7819  0.1174 12571 1777 187.1 661.8 5506 0.1292 52.86 420.4 0.0567  0.2459  0.1864 7.900 0.1432  0.0531 2.072 17.43

B.D: below detection, set at 3 times the background equivalent concentration (BEC)
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Appendix 5 cont: Full geochemical data for all streams/rivers

Element As Y cd Sn Mo Cs Ba Sb La Ce Pr Nd Sm Eu Gd T
Unit  pg/L ug/lL ug/lL Hg/L ug/lL Hg/L Hg/lL Hg/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L
BEC Values  0.001 2.942E-05 0 0 0.007  2.11E-05 0.005 0.001 0.40108 2.78E-02 4.41E-03 3.70E-02 1.57E-02 0 8.69E-02 0
Major Rivers
MR2201 (Terra Nova) 0.3132 0.0623 0.0027  0.0632 0.1561  0.0449  0.9986  0.0157 88.21 146.5 19.58 76.99 14.50 2.876 13.29 1.850
MR2202 (Gander) 0.3380 0.0884 0.0020  0.3628  0.0531  0.0230 1.278 0.3450 95.92 139.6 24.98 103.6 23.66 4.678 21.31 3.368
MR2203 (Humber) 0.1184 0.1532 0.0050  0.1175  0.0629  0.0021 7.941 0.0275 190.4 233.3 44.86 194.8 40.51 8.554 36.34 5.114
MR2204 (Exploits) 0.1816 0.1027 0.0287  0.0353  0.0677  0.0041 33.70 0.0195 89.15 114.2 21.71 94.34 18.84 5.126 19.94 2.768
MR2205 (Garnish) 0.1242 0.1689 0.0052  0.0433  0.0247  0.0114 4.243 0.0235 137.9 232.9 38.14 165.4 35.39 9.188 36.00 5.222
MR2206 (Piper's Hole) ~ 0.0909 0.0407 0.0017  0.0248  0.0536  0.0260 1.370 0.0155 38.67 53.31 8.988 36.91 7.604 1.628 7.364 1.162
Western NL
BI2201 0.2886 0.1502 0.0027  0.1356  0.1208  0.0026 6.482 0.0553 98.13 126.0 27.65 122.0 27.54 7.948 31.82 4.836
BI2202 0.2079 0.1419 0.0030  0.0523  0.3897  0.0025 8.462 0.0257 63.82 68.10 19.04 81.88 21.77 6.004 24.58 3.768
BI2203 0.4864 0.0092 0.0016 ~ 0.0222  0.0663  0.0015 16.66 0.0071 9.958 14.28 1.074 5.008 1.492 1.452 1.784 0.4560
BI2205 0.0888 0.0379 0.0017  0.0072  0.0794  0.0017 2.073 0.0178 7.604 7.432 2.448 13.60 3.454 1.382 5.070 0.9520
BI2206 0.0749 0.0331 0.0031  0.0091 B.D. 0.0013 1.669 0.0121 12.60 22.04 4.006 18.70 4.656 2.168 6.228 1.164
BI2207 0.0415 0.0034 0.0005  0.0087 B.D. 0.0020 3.167 0.0057 2.476 2.254 0.7740 2.702 0.5520  0.3220  0.5980  0.2320
BI2208 0.1470 0.0400 0.0026  0.0138  0.1025  0.0052 3.385 0.0163 18.63 22.00 5.706 25.99 8.134 2.384 9.434 1.334
BI2209 0.0984 0.0365 0.0024  0.0165  0.0919  0.0043 5.160 0.0171 17.37 17.05 4.434 20.16 5.860 2.182 5.930 1.024
GM2201 0.1055 0.0923 0.0022  0.0280 0.0366  0.0014 5.256 0.0188 55.53 82.47 18.19 81.75 20.05 5.806 22.41 3.236
GM2202 0.0913 0.0328 0.0019  0.0208 B.D. 0.0012 2.912 0.0110 19.54 20.41 5.324 22.80 6.170 1.684 6.358 1.106
GM2203 0.1212 0.0049 0.0009  0.0260 B.D. 0.0005  0.2253  0.0099 4.012 2.844 1.468 4.838 0.8540  0.2540 1.286 0.2500
GM2204 0.0397 0.0038 0.0005  0.0198 B.D. 0.0007  0.1591  0.0175 2.676 2.782 0.9120 3.834 0.8920  0.1640  0.9240  0.2100
GM2205 0.0438 0.0052 0.0009  0.0194 B.D. 0.0005 0.1634  0.0121 3.484 7.482 1.126 4.992 1.068 0.2300  0.9600  0.2160
GM2206 0.0250 0.0015 0.0006  0.0115 B.D. 0.0008  0.0970  0.0103 B.D. 7.770 0.2000 0.9740  0.1020  0.0740 B.D. 0.1340
GM2207 0.1896 0.1738 0.0128  0.0340  0.0263  0.0013  0.9374  0.0299 72.90 145.7 23.63 104.7 27.04 8.436 32.79 4.784
GM2208 0.1094 0.0751 0.0015  0.0297 B.D. 0.0023 5.675 0.0101 29.80 42.02 10.31 51.44 13.26 4.290 15.73 2.462
GM2209 0.1213 0.0258 0.0015  0.0238 B.D. 0.0027 3.215 0.0149 19.87 22.28 5.152 23.86 4.470 1.480 4.910 0.8000
GM2210 0.2162 0.1565 0.0020  0.0175  0.1186  0.0065 22.41 0.0159 90.61 71.63 28.01 125.5 32.12 9.668 35.90 4.856
GM2211 0.0906 0.0420 0.0013  0.0112  0.1131  0.0009 9.346 0.0093 33.41 32.85 9.440 37.16 8.930 1.970 7.664 1.192
Burin Peninsula Samples
BP2201 0.1694 2.370 0.0189  0.0360  0.1445  0.1235 8.774 0.0298 531.1 1286 168.466  690.3 203.9 9.044 264.3 51.58
BP2202 0.1149 0.4505 0.0050  0.0172  0.0372  0.0501 6.271 0.0188 156.5 249.2 40.228 163.9 37.02 4.178 45.62 8.410
BP2203 0.1375 1.546 0.0164  0.0603  0.1131  0.1095 26.84 0.0197 394.2 666.1 101.484  395.3 103.9 4.332 135.7 24.77
BP2204 0.1228 0.3207 0.0131  0.0642  0.0904  0.0637 12.99 0.0199 207.1 318.3 51.574 205.2 42.62 5.356 48.19 7.084
BP2205 0.6107 0.2609 0.0059  0.0824  0.1034  0.0289 12.23 0.0405 205.3 401.3 50.744 223.4 43.54 6.866 45.73 6.236
BP2206 0.3084 2.091 0.0420  0.0887  0.4393  0.1745 146.6 0.0648 724.0 1255 203.928  837.0 219.9 16.78 260.9 42.03
BP2207 2.636 1.747 0.0947  0.0748 70.01 0.3724 36.62 2.603 648.5 1505 186.1 766.7 201.0 16.10 246.7 38.91
BP2208 1.429 0.2983 0.0093  0.0531  0.4904  0.1656 47.15 0.0186 239.2 554.6 70.282 323.7 71.79 15.39 69.98 9.012
BP2209 0.1175 0.1896 0.0034  0.0251  0.0680  0.0253 11.59 0.0118 208.0 387.0 58.178 237.8 44.78 8.840 46.87 5.894
BP2210 0.5264 0.1605 0.0019  0.0329  0.0416  0.0046 13.87 0.0155 87.86 154.3 30.51 144.6 38.03 10.82 40.99 5.228
BP2212 0.6633 0.4149 0.0062  0.0401 1.284 0.0933 12.11 0.0231 235.1 565.2 68.132 302.9 70.64 10.35 73.61 10.55
Spring Waters
BI2204 0.0393 0.0070 0.0003  0.0151  0.0969  0.0012 1.634 0.0136  0.9080 0.6060 0.174 0.9040  0.3740 0.386 0.5220  0.2080
GM2212 0.0299 0.0869 0.0008  0.0108  0.1423  0.0108 38.14 B.D. 19.08 1.230 4.094 19.32 5.018 7.058 7.434 1.158
BP2211 0.4107 0.3020 0.1155  0.0673  0.0767  0.4351 59.99 0.0253 365.5 689.5 108.384  463.6 96.39 17.276 85.61 10.56

B.D: below detection, set at 3 times the background equivalent concentration (BEC)
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Appendix 5 cont: Full geochemical data for all streams/rivers

Element Dy Ho Er Tm Yb Lu Re T Pb Th u
Unit  ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L
BEC Values 0 0 0 0 1.49E-02 0 6.72E-03  0.2069 1.063 0 1.31E-02
Major Rivers
MR2201 (Terra Nova) 11.092 2.160 6.632 0.9520 5.748 0.8500  0.7560 2.526 26.36 26.19 140.1
MR2202 (Gander) 18.568 3.570 9.662 1.202 7.594 1.388 0.6180 1.660 21.76 16.72 77.28
MR2203 (Humber) 28.008 5.884 14.92 2.042 12.65 1.952 0.8980 2.798 86.87 18.08 54.33
MR2204 (Exploits) 17.2 3.708 10.16 1.176 7.598 1.330 0.8880 10.74 358.2 9.5672 42.12
MR2205 (Garnish) 28.298 5.596 15.66 1.996 12.39 1.914 0.7020 1.566 42.50 14.61 19.33
MR2206 (Piper's Hole) ~ 5.974 1.334 4.452 0.7540 3.842 0.6220  0.7520 1.942 13.34 11.61 80.91
Western NL
BI2201 28.13 5.354 16.51 2.336 14.08 2.420 1.054 3.760 92.29 11.43 18.55
BI2202 22.24 4.894 15.11 1.440 13.19 2.136 2.110 3.774 100.2 10.72 73.64
BI2203 2.198 0.4560 1.418 0.2400 1.594 0.4260 1.254 1.498 7.498 0.9000 22.73
BI2205 5.498 1.168 3.662 0.6020 3.368 0.6300  0.9000 2722 6.104 0.9360 6.252
BI2206 5.914 1.236 3.190 0.5140 3.118 0.4720  0.7400 1.224 25.37 1.750 2.266
BI2207 0.5720  0.1800  0.3940  0.1380  0.2620  0.0500  0.8360 0.944 5.828 4.936 0.6600
BI2208 7.990 1.352 3.952 0.3800 3.462 0.5820 1.070 2174 20.80 4.330 20.27
BI2209 4.994 1.180 3.300 0.3800 3.288 0.5020 1.022 1.882 9.970 4.566 75.99
GM2201 17.04 3.206 8.258 1.252 6.760 1.010 0.9720 1.308 26.79 8.692 12.26
GM2202 4.922 1.166 2.980 0.4660 2.718 0.4540  0.9780 1.072 30.79 2.562 2.642
GM2203 0.8520  0.2000  0.4720  0.0560  0.4160  0.0940  0.7780 B.D. 9.262 0.7060  0.5720
GM2204 0.6120  0.0760  0.1860  0.0160  0.5940  0.0260 1.176 2.338 8.656 0.6700  0.4600
GM2205 0.6080  0.1600  0.4000  0.0700  0.4920  0.0320  0.6960 B.D. 27.58 0.8120  0.8120
GM2206 0.2520  0.0480  0.1560  0.0140  0.0720  0.0160  0.4720 B.D. 7.738 0.4180  0.7620
GM2207 28.99 6.086 16.84 2.524 14.15 2.386 0.9380 1.916 235.1 7.998 5.778
GM2208 11.57 2.416 6.650 1.002 5.218 0.6600  0.6660 1.212 46.70 2.440 6.200
GM2209 4.288 0.8400 2.160 0.2240 2.410 0.2740  0.6820  0.8240 40.09 2.452 4.224
GM2210 26.85 5.126 13.48 1.776 14.37 2.052 0.5380 2918 38.31 7.734 26.27
GM2211 7.352 1.426 4.124 0.6800 3.670 0.5140  0.6780 2.556 B.D. 4.560 122.7
Burin Peninsula Samples
BP2201 337.3 71.13 199.0 25.15 159.5 22.62 0.6960 3.450 267.6 140.6 618.7
BP2202 49.21 11.42 33.22 5.008 30.83 4.558 0.6520 1.964 65.84 24.17 107.2
BP2203 172.3 40.39 124.3 16.66 121.5 18.80 0.6100 3.568 53.64 79.50 193.8
BP2204 42.60 8.932 25.53 3.660 23.99 3.420 0.4360 1.474 148.6 23.22 226.0
BP2205 35.64 7.220 19.84 2.816 18.06 2.750 0.8040 2.124 74.68 18.73 61.35
BP2206 255.5 50.44 140.7 19.20 137.5 23.60 1.102 7.176 1136 75.53 1038
BP2207 231.6 45.39 123.1 16.38 113.2 18.58 3.536 38.12 799.7 83.21 4272
BP2208 50.55 9.318 24.09 3.206 19.70 3.178 0.6820 4.580 123.2 11.30 10.30
BP2209 31.70 5.620 15.24 2.240 11.61 1.714 0.6300 1.300 23.37 12.62 47.42
BP2210 28.02 5.630 13.33 1.486 10.39 1.662 0.4300 1.326 27.13 9.664 10.45
BP2212 60.53 12.70 36.18 4.908 30.72 4.708 0.7360 2.148 40.86 12.06 32.88
Spring Waters
BI2204 0.8200  0.1800 0.574 0.1260 0.742 0.0880 2.034 1.054 B.D. 0.6420 1.132
GM2212 6.004 1.492 4.802 0.5720 4.518 0.8540 0.342 1.118 15.63 0.4880 281.2
BP2211 55.45 10.85 27.384 2.948 21.162 3.078 0.778 9.560 94.69 10.51 8.396

B.D: below detection, set at 3 times the background equivalent concentration (BEC)
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