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Abstract 13 

The accurate use of Mo isotope mass balance modelling of ancient oceans relies on the assumption that 14 

the δ98Mo of modern riverine inputs represents a reasonable estimate of the past. A growing number of 15 

studies of global rivers have demonstrated significant variation in δ98Mo from the bedrock sources of 16 

Mo. The Ottawa River, Canada, was previously identified as having an anomalously heavy Mo isotope 17 

composition, with a δ98Mo signature close to seawater (2.3‰), for a seemingly pristine natural river. 18 

To further explore this unusual signature, we collected and filtered 29 water samples from the Ottawa 19 

River, tributaries, and small lakes, and analysed them for Mo isotopes as well as major and trace 20 

elements. Here, we fully document heavy δ98Mo signatures throughout the Ottawa River and its absence 21 

in surrounding areas of the wider Ottawa River basin (ORB).  Our results reveal a progressive upstream 22 

increase in both Mo concentration and δ98Mo signatures in the Ottawa River towards values even 23 

heavier than seawater, up to 3.13‰ – the heaviest Mo isotopic signature of river water measured to 24 

date. In contrast, the tributaries and lakes display far lighter and more consistent δ98Mo signatures within 25 

the range previously found in other rivers. Weathering of an isotopically heavy bedrock source, 26 

fractionation during weathering and retention of light isotopes in soils have all been proposed as sources 27 

of heavy δ98Mo in rivers; however, none of these mechanisms can satisfactorily explain our new 28 

observations. Colloidal and particulate processes that remove elements downstream, as inferred from 29 

some trace element proxies, also cannot explain the decreasing δ98Mo, since the preferential removal of 30 
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light Mo isotopes is predicted from these processes. Similarly, the downstream trends show no apparent 31 

relationships with constructed dams or known potential industrial sources. Therefore, our findings from 32 

the Ottawa River are best explained as the dilution of a yet unidentified point source of heavy Mo 33 

upstream of sampling, or a significant permanent sink for light isotopes existing only in the upper 34 

reaches of the catchment. In both cases, anthropogenic contribution from a large mining district in the 35 

headwaters of the river must be considered and should be explored further. Fractionation of Mo in waste 36 

rock storage facilities have been previously identified and may provide an unnatural sink for isotopically 37 

light Mo through the Rayleigh-type fractionation of dissolved Mo on oxyhydr(oxide) mineral surfaces. 38 

The implied anthropogenic alteration of the natural Mo cycle highlights the significant and wide-39 

reaching effects of unnatural point sources of Mo on the cumulative δ98Mo signatures of the catchment, 40 

and emphasises the necessity for detailed geochemical screening of anomalous river water isotope 41 

signatures before natural isotope compositions are inferred.  42 

1. Introduction 43 

In recent decades, the importance of molybdenum (Mo) as a bioessential nutrient and its efficacy as a 44 

redox tracer has propelled the refinement of our understanding of the modern Mo surface cycle (e.g. 45 

Barling et al., 2001; Kendall et al., 2017; Miller et al., 2011; Scott et al., 2008; Siebert et al., 2003). 46 

Molybdenum is the most abundant and homogenously distributed transition metal in the modern ocean 47 

(Collier, 1985) at ~0.11μM, where it is present mainly as the highly soluble molybdate oxyanion MoO4
2- 48 

(Erickson and Helz, 2000). The highly conservative nature of this species in oxic waters results in a 49 

long residence time of between ~450Ka (Miller et al., 2011) and ~800Ka (Collier, 1985; Lutfi Firdaus 50 

et al., 2008). Oceanic molybdate is sourced primarily from the oxic weathering of Mo-rich minerals in 51 

the continental crust (Arnórsson and Óskarsson, 2007; Greaney et al., 2018) and delivered via riverine 52 

runoff (McManus et al., 2002; McManus et al., 2006; Morford and Emerson, 1999), with a less 53 

significant source from hydrothermal fluids (1-13% that of the riverine flux, Wheat et al., 2002). 54 

Removal of Mo from ocean water either by co-precipitation with ferromanganese oxides or by variable 55 

scavenging by organic matter in suboxic to anoxic or weakly euxinic environments produces significant 56 

fractionation effects favouring the light isotopes (Barling and Anbar, 2004; Barling et al., 2001; Neubert 57 

et al., 2008; Siebert et al., 2003; Scott and Lyons, 2012), contributing to a homogenous heavy δ98Mo 58 

signature of ocean water of +2.3‰ (Siebert et al., 2003; Nakagawa et al., 2012; relative to NIST SRM 59 

3134 = +0.25‰, following Nägler et al., 2014). In strongly euxinic environments, thiomolybdate ions 60 

are quasi-quantitatively scavenged, resulting in minimal net fractionation of Mo isotopes (Erickson and 61 

Helz, 2000; Helz et al., 1996; Nägler et al., 2005, Neubert et al., 2008). 62 

Sedimentary rocks recording Mo sinks in each of the aforementioned redox environments (e.g. 63 

black shale, iron formation) are routinely used as archives of past ocean isotope composition and are 64 
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studied with the aim of reconstructing the timing and nature of ocean-atmosphere oxygenation (Arnold 65 

et al., 2004; Baldwin et al., 2013; Kurzweil et al., 2015a; Kurzweil et al., 2015b; Siebert et al., 2003; 66 

Voegelin et al., 2010; Wille et al., 2007). However, in order to extract global-scale inferences of ocean-67 

atmosphere oxygenation, a box-model approach is required (Arnold et al., 2004; Cheng et al., 2015; 68 

Lehmann et al., 2007; Lu et al., 2017; McManus et al., 2006; Pearce et al., 2008; Siebert et al., 2003; 69 

Wille et al., 2008). A record of the Mo isotope composition of contemporaneous seawater can be 70 

obtained from black shale and other marine archives (Baldwin et al., 2013; Erickson and Helz, 2000; 71 

Helz et al., 1996; Kurzweil et al., 2015a; Kurzweil et al., 2015b; Nägler et al., 2005; Nägler et al., 2011; 72 

Thoby et al., 2019; Voegelin et al., 2009; Voegelin et al., 2010; Wen et al., 2011; Wille et al., 2007; 73 

Xu et al., 2012; Zhou et al., 2015), but models require an assumption of the isotope composition of Mo 74 

inputs into the ocean. The assumed δ98Mo of inputs in early mass balance models was ~0‰, close to 75 

that of molybdenites and crustal igneous rocks (e.g. Barling et al., 2001; Siebert et al., 2003). However, 76 

this value was later assumed to be slightly heavier at ~+0.7 - +0.8‰ based on average values calculated 77 

from major rivers across the globe that are inferred to be influenced only by naturally occurring process, 78 

i.e., free of major anthropogenic disturbance (Archer and Vance, 2008). 79 

The average global riverine Mo isotope signature has become progressively better characterised 80 

throughout the last decade (Archer and Vance, 2008; Horan et al., 2020; King and Pett-Ridge, 2018; 81 

Neely et al., 2018; Neubert et al., 2011; Pearce et al., 2010; Voegelin et al., 2012). At present, perhaps 82 

the most comprehensive compilation of published river water δ98Mo and annual Mo discharge data is 83 

provided by King and Pett-Ridge (2018). The weighted average of this compiled data gives an estimate 84 

of the global continental δ98Mo signature of +0.8‰ (excluding groundwater data), which is similar to 85 

previous estimates (e.g. +0.7‰ proposed by Archer and Vance, 2008). These compilations and 86 

estimates include the anomalously heavy δ98Mo composition (~+2.3‰) of the Ottawa River, Canada, 87 

derived from the certified reference material SLRS-4 analysed by Archer and Vance (2008). This δ98Mo 88 

value for the Ottawa River was assumed by Archer and Vance (2008) to be a “pristine” record of natural 89 

processes, such as removal of isotopically light Mo on soil particle surfaces, due to the large size of the 90 

Ottawa River basin (ORB) relative to its minimal anthropogenic footprint. However, even after a 91 

subsequent decade of additional Mo isotope work on rivers, the Ottawa River value remains isotopically 92 

heavier than any other river water analysed to date. Since the publication of the SLRS-4 values by 93 

Archer and Vance (2008), there have been no follow-up reports on the Mo isotope composition of 94 

SLRS-5 and SLRS-6, the two subsequent generations of the SLRS CRM from the Ottawa River. 95 

Accordingly, there are no constraints on how repeatable and widespread the unusual Mo isotope 96 

composition is within the ORB.   97 

The objective of this study is to revisit the unusually heavy Mo isotope composition in the 98 

dissolved load of the Ottawa River to better constrain the origin of heavy Mo isotope enrichment. This 99 

study reports new δ98Mo values from SLRS-6 as well as 29 new samples of a ~300km transect of the 100 
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Ottawa River between Temiscaming and Chenaux and selected tributaries and ponds/lakes. The results 101 

offer new insights into ORB Mo isotope geochemistry that explore the relative roles of natural 102 

catchment-scale processes and various potential direct or indirect anthropogenic sources (e.g. damming 103 

of river water, inputs from localized industries, and point sources related to base metal mining in 104 

northern areas of the ORB). This study has important implications for the assessment of riverine δ98Mo 105 

compositions within large river catchments and the effect that cryptic anthropogenic influences may 106 

have on estimates of global riverine Mo input signatures. 107 

1.1 Mo cycling and isotope fractionation in continental environments 108 

Relative to most igneous crustal rocks with a comparatively limited range of bulk δ98Mo from  109 

~-0.5 - +0.8‰ (Greber et al., 2014; Greber et al., 2015; Horan et al., 2020; Liu et al., 2020; Pearce et 110 

al., 2010; Siebert et al., 2003; Voegelin et al., 2014; Willbold et al., 2016; Zhao et al., 2016), rivers 111 

from across the globe have highly variable and generally heavy δ98Mo signatures from ~-0.2 to +2.3‰ 112 

(Archer and Vance, 2008; King and Pett-Ridge, 2018; Neely et al., 2018; Neubert et al., 2011; Pearce 113 

et al., 2010; Rahaman et al., 2014; Voegelin et al., 2012; Wang et al., 2015). The primary driver of the 114 

variability in riverine Mo isotope composition has been the subject of a largely two-sided debate 115 

between Mo source and Mo sink controls.  116 

Those in favour of a Mo source-origin argue that the composition of many rivers reflect that of 117 

the underlying bedrock from which the Mo is derived, including isotopically heavy sedimentary rocks 118 

such as marine evaporates and black shales (Neely et al., 2018; Neubert et al., 2011; Pearce et al., 2010; 119 

Lehmann et al., 2007; Wang et al., 2015). Experimental leaching of bulk granites and sulfides indicate 120 

minimal fractionation directly associated with the mobilisation and release of Mo from the host material 121 

(Siebert et al., 2003; Skierszkan et al., 2016), whereas incongruent leaching of Mo-rich, isotopically 122 

heavy components of igneous rocks relative to bulk composition leads to the enrichment of the fluids 123 

to the same extent of the leachates (Voegelin et al., 2012). 124 

Conversely, those in favour of a Mo sink-origin argue for the preferential retention of light 125 

isotopes in the weathering profile and soils during oxic weathering (Archer and Vance, 2008; Horan et 126 

al., 2020; Kashiwabara et al., 2011; Liermann et al., 2011; Wang et al., 2018; Wang et al., 2020). 127 

Adsorption of mobilised molybdate to Fe-, Mn-, Ti- and Al- (oxyhydr)oxides and clay minerals has 128 

been shown to occur through inner sphere complexation of MoO4
2- via ligand exchange with surface 129 

hydroxyl ions and is highly pH dependent, with maximum adsorption occurring at pH 4, decreasing 130 

with increasing pH (Goldberg et al., 1996; Kashiwabara et al., 2011). Though the precise mechanism 131 

of fractionation upon adsorption has so far not been confirmed, possible mechanisms favouring the light 132 

isotopes include kinetic affects during complexation, differing bond strengths and coordination changes 133 

(e.g. Goldberg et al., 2009; Malinovsky et al., 2007). Secondary minerals such as Fe(oxyhydr)oxides 134 

and organic matter in soils and weathering profiles have been repeatedly (though not universally) found 135 

to host isotopically light Mo relative to the unweathered bedrock (Goldberg et al., 2009; Horan et al., 136 
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2020; King et al., 2018; King et al., 2016; Marks et al., 2015; Wang et al., 2015; Wang et al., 2018; 137 

Wang et al., 2020), supporting the notion that the release of isotopically heavy residual porewaters into 138 

rivers following Mo adsorption  exerts a significant control on the river water δ98Mo signatures.   139 

Although retention of Mo appears to generally favour light isotopes in comparison to typical 140 

crustal values (global bulk soil δ98Mo data ranging from ~-1.5 to +0.5‰, Horan et al., 2020; Wang et 141 

al., 2020), a simple relationship between soil and river water Mo isotope data via soil processes is not 142 

always apparent. For example, a riverine δ98Mo controlled primarily by secondary oxide minerals in 143 

weathering profiles is at odds with Amazon basin river data with δ98Mo signatures close to crustal 144 

compositions (+0.57 - +0.63‰; Archer and Vance, 2008), despite the deeply weathered underlying 145 

lateritic soils. The re-release of adsorbed Mo within soils by downward leaching of light Mo in shallow 146 

soils and subsequent re-adsorption within deeper horizons has also been observed (Wang et al., 2018), 147 

bringing to question the irreversibility of Mo retention within soils as they should eventually reach 148 

steady state over geological timescales (Neubert et al., 2011; Zeng et al., 2019). The effect of changing 149 

soil pH (e.g. during seasonal changes in precipitation, Slessarev et al., 2016), redox conditions (Siebert 150 

et al., 2015; Wang et al., 2020), and seasonal fluctuations in oxide formation in soils (Rondeau et al., 151 

2005; and references therein) are so far not confirmed. In summary, it is not always clear or traceable 152 

at a catchment scale that soils form a stable and steady state reservoir of light Mo isotopes, especially 153 

since few studies measure different reservoirs in parallel. Further, the relative importance of 154 

precipitation and biological cycling has been a topic of some studies, though so far their effect on the 155 

isotope composition in soils and stream water is inconclusive (e.g. Marks et al., 2015; Nägler et al., 156 

2020; Wang et al., 2020).  157 

An additional factor that is emerging as a potential influence on the Mo surface cycle is that of 158 

anthropogenic Mo input (King et al., 2016; Neubert et al., 2011), most notably in settings adjacent to 159 

human activities such as smelters and mine waste rock storage facilities, providing point sources of 160 

anthropogenically altered Mo to rivers with potentially far-reaching effects (Chappaz et al., 2008; 161 

Chappaz et al., 2012; Skierszkan et al., 2016; Skierszkan et al., 2017; Skierszkan et al., 2019). Most 162 

significant to the study of factors contributing to heavy isotope signatures in river basins is the 163 

observation of Mo isotope fractionation associated with acid mine drainage emitted from waste rock 164 

storage facilities within molybdenite mines (Skierszkan et al., 2016; Skierszkan et al., 2017; Skierszkan 165 

et al., 2019). Although these studies have so far focused on isotope fractionation specific to flow paths 166 

within the mining settings, it provides a basis for the study of the transfer of these anthropogenic 167 

dissolved Mo signatures enriched in heavy Mo isotopes in waters throughout the wider scale of a 168 

hydrological catchment. 169 
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2. Background and sampling locations 170 

2.1 The Ottawa River 171 

2.1.1 Drainage Basin, hydrology and bedrock geology 172 

A major tributary of the St. Lawrence River basin, the Ottawa River originates in Lac des Outaouais 173 

and Lac Capimitchigama, Quebec, approximately 240 km North of Ottawa City, where it flows 174 

westwards through a series of complex lake systems until it drains into Lake Timiskaming. Here the 175 

river turns south towards Mattawa and then eastwards through the cities of Ottawa and Montreál, where 176 

it enters the St. Lawrence River that ultimately flows north-eastwards into the Atlantic Ocean (Figure 177 

1). The river is over 1,271 km long and drains an area of 146,334 km2 (Ventura et al., 2005), with a 178 

mean annual discharge of 1,965 m3 s-1 (average of annual means at Carillon from January 1964 to March 179 

2019, Ottawa River Regulation Planning Board, 2011; retrieved 05.11.2019). The Ottawa River 180 

contributes approximately 0.2% of the total global riverine freshwater discharge to the oceans 181 

(calculated using estimated global riverine discharge from Dai and Trenberth, 2002). Peak discharge 182 

occurs from March-May with an annual low discharge during July and August. Peak discharge in 2018 183 

occurred in the month of May with an average discharge of 4,467 m3 s-1, with the lowest average 184 

discharge of 1,104 m3 s-1 occurring in August. Numerous tributaries and streams flow into the Ottawa 185 

River, the largest of which are the Montreal, Noire, Petawawa and Coulonge Rivers, each over 200 km 186 

in length, and the shorter Mattawa River that drains from Lake Trout in the west.  187 

Soil cover in the ORB is relatively thin, apart from a large glaciolacustrine clay belt stretching 188 

from the Cochrane District, Ontario to Abitibi County, Quebec. Upper basin soil cover consists of a 189 

mixture of well drained organic mesisols and podzols with silt and sand deposits from the Champlain 190 

Sea, whereas in lower sections consist of well-drained podzols with some poorly-drained melanic 191 

brunisols near the confluence with the St. Lawrence River (Thorp et al., 2005). The river is in the 192 

Temperate Deciduous and Boreal Forest biomes, and marshes and swamps are a common occurrence 193 

in the floodlands surrounding the river. Flooding is frequent during the seasonal release of meltwater 194 

from March to May (Thorp et al., 2005). Soils of the region of Quebec and Southeast Ontario are 195 

generally mildly to moderately acidic (IGBP-DIS Global Soils Dataset, 1998) 196 

The underlying bedrock of the ORB is silicate-dominated in the central to northern areas and 197 

more carbonate and siliciclastic sedimentary rock-dominated in the southern areas (Figure 1). Overall, 198 

the Ottawa River and many of its tributaries originate in felsic Archean-Proterozoic granitoids or 199 

metamorphosed equivalents and only flow over younger Phanerozoic bedrock and/or Quaternary 200 

sediments in the southern ORB. More specifically, metamorphosed mafic to felsic volcanic rocks of the 201 

Abitibi greenstone belt and Proterozoic low-grade metamorphic sedimentary rocks of the Huronian 202 
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Supergroup dominate the north to northwest of the catchment where the headwaters of the Ottawa River 203 

originate. In its entirety, the Archaean Abitibi Greenstone belt is the longest greenstone belt in the 204 

Superior Province of the Canadian Shield, consisting of diverse assemblages of basaltic to dacitic 205 

volcanic rocks with minor komatiites, and tonalitic to granodioritic intrusions, overlain by supracrustal 206 

sedimentary sequences. The greenstone belt hosts substantial volcanogenic massive sulfide (VMS) 207 

deposits (Percival et al., 2012). From the central to southern areas of the catchment, the Ottawa River 208 

flows over the Proterozoic Grenville Province, composed of a series of accreted terranes consisting of 209 

high-grade paragneisses with minor amphibolites, granitic to granodioritic intrusions and volcanic rocks 210 

(e.g. Corriveau and Clark, 2005). The southernmost reaches of the ORB, where the Ottawa River flows 211 

from near Ottawa to Montreal before joining the St. Lawrence River, are dominated by Ordovician to 212 

Silurian sedimentary sequences of the St. Lawrence Platform (Sanford, 1993). Minor outcrops of the 213 

latter sequence are also present on the northern side of Lake Timiskaming.  214 

Finally, there are also thick, unconsolidated sequences of marine clays and silts in the southern 215 

reaches of the ORB that were deposited as the former Champlain Sea drained back towards the Atlantic 216 

Ocean in response to isostatic rebound (Brydon and Patry, 1961). During the last deglaciation between 217 

12 and 10 Ka, rising sea levels caused the Atlantic Ocean to extend inland from the Gulf of St. Lawrence 218 

along the St. Lawrence River, flooding the isostatically depressed St. Lawrence and Champlain Valleys 219 

as far as Deep River, Ontario. The inundation occurred between 13 and 9 Ka after the retreat of the 220 

Laurentide Ice Sheet (e.g. Parent and Occhietti, 1988; Cronin et al., 2008) and was fed by drainage of 221 

glacial Lake Algonquin.  222 

2.1.2 Anthropogenic activity (Dams, Industry, Mining, Urban areas) 223 

The ORB catchment is host to a number of ore deposits and associated mining activity and a number of 224 

industries such as pulp and paper mills, urban centres, and the Ottawa River has been modified by a 225 

number of human-made dams along its course. All of these factors have the potential to 226 

anthropogenically modify natural geochemical signatures in the ORB, but their overall imprint on 227 

catchment-wide aquatic and soil geochemical signatures is very poorly defined. 228 

The Abitibi greenstone belt and surrounding rocks host some of the largest Au and Cu-Zn 229 

deposits in the world. Currently there are 7 active mines between Rouyn-Noranda and Val D’Or 230 

(Madore and Caron, 2019), and there are over 100 abandoned mines in the Abitibi-Témiscamingue 231 

region, previously producing Au, Cu and Zn with minor amounts of Mo, Bi, Ag, Sb, Cd and U (MERN, 232 

2017). Remediation work has been and is currently being carried out on a large number of these mining 233 

sites by the Ministère de l’Énergie et des Ressources Naturelles (MERN) reclamation initiative, which 234 

aims to reduce the environmental impact of abandoned mines, quarries, and acid mine drainage from 235 

tailing ponds and spoil heaps. Although molybdenite mining has not been prominent in the region, Mo 236 
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is primarily extracted as a by-product of the processing of Cu- and Au-porphyry ore deposits (Seo et 237 

al., 2012); a report by SIDEX (2007) highlighted 225 deposits and closed mines for which Mo occurs 238 

or did occur in significant amounts, 103 of which produced Mo as a by-product, many of which occurred 239 

within the vicinity of Val D’Or. 240 

In addition to mining, the Ottawa River is also affected by major industrial activity, and 241 

construction which disrupts the natural state of the river (Figure 1), the most noteworthy being Chalk 242 

River Laboratories, a nuclear research laboratory operated by Canadian Nuclear Laboratories (formerly 243 

Atomic Energy of Canada Ltd.). This laboratory was for many decades the world’s leading producer of 244 
99Tc, a radioactive isotope used in medical imaging. Contamination of regions within the facility such 245 

as soil and groundwater has been detected following repeated incidents of radioactive waste leakage 246 

(e.g. Johnson et al., 2015), though remediation works are taking place.  247 

Paper and pulp factories, such as the one in Temiscaming, use a significant amount of water 248 

from the river and utilize chemicals such as NaOH, NaS2, H2SO4 and HSO3
-, and inorganic compounds 249 

such as ClO3
- and various organo-chlorine compounds. According to a 2015 report by the Direction 250 

Générale des Politiques de l’Eau, each mill discharges between 0.3 and 0.54×106 m3 of effluent per year, 251 

and from the two landfills containing waste from these mills, 75,000 and 971,000 m3 of leachate is 252 

discharged annually. A growing demand for chlorine-free pulps have called for alternative bleaching 253 

methods including a molybdenum-activated hydrogen peroxide stage (Azevedo et al., 2011), although 254 

it is not known whether such methods are practised within the factories of the ORB.  255 

Currently there are over 50 major dams and hydroelectric generators throughout the Ottawa 256 

River and its tributaries, with 13 reservoirs containing more than 200 m3 of water storage. The stagnancy 257 

of water within lakes and artificial reservoirs have the potential to create stratified water columns with 258 

sub-oxic to anoxic conditions in deeper regions. The build-up of organic matter within these oxygen-259 

depleted zones may increase the potential scavenging of Mo from the water column and/or the 260 

precipitation of reduced Mo species (Malinovsky et al., 2007). 261 

2.2 Samples 262 

Twenty-nine water samples were collected, following five sampling criteria. 1) At the site location of 263 

SLRS-4 from the reservoir at Chenaux, primarily to test the consistency of the Mo isotope signature 264 

over time at the same location (i.e., to allow comparison of new data to the SLRS-4 Mo isotope values 265 

obtained by Archer and Vance (2008)). This was the furthest downstream sample collected from the 266 

Ottawa River. 2) From different sections of hydroelectric dams, taken from the reservoir as well as 267 

directly below the dam and from a section upstream of the reservoir to evaluate any possible effects of 268 

deoxygenation within the reservoir and re-oxygenation in the turbulent waters below the dam. 3) From 269 

4 major tributaries to the main Ottawa River: the River Noire, which is largely uncontrolled by 270 
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damming; the River Coulonge; the Petawawa River, which flows through the town of Petawawa and its 271 

industrial area including an open quarry site; and the Mattawa River, which flows out of Lake Trout 272 

near North Bay on the banks of Lake Nippissing. These samples record the contributions of some of 273 

the drainage systems to the main Ottawa River. 4) At and below the dam that exists directly at the pulp 274 

and paper mill in Temiscaming, as well as ca. 5 km upriver of any potential industrial influence from 275 

this industry. The latter sample is the furthest upstream sample collected from the Ottawa River. 5) 276 

From the main Ottawa River at several points between Chenaux and Temiscaming, including slow- and 277 

fast-flowing sections, to characterise the evolution of the water signal along the river’s course before 278 

and after the addition of major tributaries and effects of industry and urban areas. Figure 1 shows all of 279 

the sampling locations within the ORB, and a further description of the sample localities can be found 280 

in Table 1.  281 

 282 

3. Methods 283 

3.1 Sample collection 284 

Field work was carried out over 10 continuous days across July and August 2018, the driest months of 285 

the year based on the lowest average monthly discharge previously measured at Carillon of 1133 m3 s-286 
1 (Ottawa River Regulation Planning Board, 2011). No extreme or unusual weather events were 287 

observed during this time, and discharge for the year followed the typical pattern observed throughout 288 

the previous decades. 289 

3.1.1 Equipment and preparation 290 

All 500 mL LDPE bottles used to collect filtered field samples for trace element and Mo isotope 291 

analyses were cleaned before use. This involved leaching the bottles in 0.5 M HNO3 for 2 weeks, 292 

followed by rinsing and leaching with ultrapure MilliQ® for a further week. The bottles were again 293 

rinsed, closed with Parafilm® and sealed into two re-sealable plastic bags. Samples for major ion 294 

analysis were collected in separate 100 mL HDPE bottles cleaned in the same way. 295 

3.1.2 Collection, filtration, and acidification 296 

All field equipment was flushed with sample water before each sample collection and rinsed after 297 

sampling with deionized water. Collection was carried out via complete submersion of a designated 298 

collection bottle to limit floating particulates such as pollen or fluids from vehicles and other machinery. 299 

Samples were taken upstream of any platforms or boats from which samples were taken and bottom 300 

sediments that were disturbed were allowed to settle before collection began. Where direct filling of the 301 
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collection bottle was not practical, water was collected in a large pre-rinsed 10 L plastic bucket, from 302 

which the water sample was taken in the same manner. Water was filtered through a 0.45 μm pore 303 

diameter Nylon membrane using a hand pump, or electric pump for samples with a high suspended 304 

particle content. The filtered sample at each site was split into 2 separate 500 mL LDPE bottles labelled 305 

“A” and “B” for trace element and isotope analysis, as well as the 2 100 mL HDPE bottles for major 306 

ion analysis. In-situ analysis of river water pH, Eh, temperature and EC was carried out at each sample 307 

site.  308 

Samples were shipped to the University of Bern immediately after field sampling. Bottle A for 309 

each sample was acidified within 2 weeks of arrival to ~0.5 M with HNO3. Bottle B was acidified the 310 

same way ca. 6 months after field collection. Slight discolouration of the sample water appeared in 311 

Bottle B over time, but disappeared shortly after acidification. In both cases, acidification was done 312 

several weeks before sample preparation for analysis began to ensure chemical equilibrium at a low pH 313 

was reached. An aliquot of Bottle A was used for ultra-trace element analysis, as described in Babechuk 314 

et al. (2020); this work revealed no chemical effects from the 2-week delay in acidification. Adsorption 315 

of elements to PTFE surfaces is a possibility during long-term storage, though improbable for Mo due 316 

to its speciation primarily as a soluble oxyanion. All samples for Mo isotope analysis in this study were 317 

firstly undertaken from Bottle A (n=29), but 3 samples were selected for repeated analysis from Bottle 318 

B to confirm whether the different time period before acidification produced any change in the sample 319 

Mo isotope ratio (Table S1). 320 

3.2 Sample preparation and analysis 321 

3.2.1 Mo isotopes 322 

All sample preparation and analysis for Mo isotopes were undertaken at the University of Bern. All 323 

acids used were triple-distilled in-house. Between 200 and 500 mL of water was evaporated in 60 mL 324 

screw-top Teflon® jars at 90°C, by repeated addition and drying of the sample in 40 mL segments to 325 

produce 30-50 ng of Mo. The samples were spiked with a 1:1 97Mo-100Mo double-spike at this time and 326 

evaporated to homogenise the sample (Siebert et al., 2001). Organic matter was oxidised by boiling the 327 

sample in 2 mL of 14 M HNO3 at 130°C for 24 hours. The samples were then dissolved in 6 mL 4 M 328 

HCl + 0.1% Suprapur® H2O2 to keep Mo in its oxidised Mo(VI) state. Purification of Mo followed the 329 

method of Siebert et al. (2003) and Voegelin et al. (2009). Samples were first loaded onto pre-cleaned 330 

anion exchange columns (1.5 cm3 Dowex 1x8 resin, 200-400 mesh). The samples were then passed over 331 

a cation exchange column (2 cm3 Dowex 50x8 resin, 200-400 mesh) to remove Fe. Following 332 

evaporation of the Mo cut, remaining organic matter was oxidised by attacking and drying down twice 333 

with 100 μL of a 4:1 mixture of concentrated HNO3 and H2O2. The river water certified reference 334 

material (CRM) SLRS-6 from the National Research Council Canada (NRC) and two procedural blanks 335 
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were prepared along with each batch of river water samples. Typical yields of this ion exchange 336 

procedure is >90%, owing to the very low matrix of the water samples. Typical procedural blanks 337 

contributed to ~1-3% of individual samples' total Mo, with higher contributions corresponding to lower 338 

total-Mo samples.  The SLRS-6 bottles used were the same measured for ultra-trace elements in the 339 

study of Babechuk et al. (2020). 340 

Molybdenum isotope data were obtained on a Thermo Scientific Neptune™ Plus Multicollector 341 

ICP-MS using a CETAC Aridus II™ desolvating nebuliser following the measurement procedure and 342 

data correction modified after Kurzweil et al. (2015a). Sample measurements were punctuated by the 343 

repeated measurement of a Johnson Matthey Mo ICP-MS calibration standard (JMCBern, LOT no. 344 

602332B) for instrumental mass bias correction, and U.S. National Institute of Standards and 345 

Technology (NIST) reference material SRM 3134 (LOT no. 891307). Results of reference materials 346 

and samples are reported as the per mil deviation from NIST SRM 3134 = +0.25‰ scale, in which 347 

JMCBern is the δ98Mo = 0‰ reference point (Nägler et al., 2014): 348 

 𝛿𝛿98𝑀𝑀𝑀𝑀 = ��
 98𝑀𝑀𝑀𝑀
 95𝑀𝑀𝑀𝑀  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

  
98𝑀𝑀𝑀𝑀
 95𝑀𝑀𝑀𝑀𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 3134 = +0.25‰

� − 1� × 1000 349 

Continuous analysis of NIST SRM 3134 over 1 year gave a mean difference to JMCBern of 350 

+0.27 ± 0.04‰ (2σ, n=23). A 2σ uncertainty of 0.11‰ calculated from repeated measurement of SLRS-351 

6 (n=4) is the adopted uncertainty for sample unknowns; each measurement involved complete 352 

procedural preparation and SLRS-6 is closest in composition to the samples of this study. All 353 

uncertainties are reported as the 2 standard deviation (2σ) or 2 standard error for individual data points 354 

(2σx̅). Possible interferences on masses 98 and 100 due to the presence of Ru was monitored by 355 

measurement of both 99Ru and 101Ru (Table S3; Figure S1). For 23 of the 37 measurements, interference 356 

correction of δ98Mo signatures exceeded the 2σ value (Table S3). In this case no correction was applied, 357 

since uncorrected δ98Mo signatures of standards analysed within the same sample run reproduced within 358 

uncertainty. 359 

3.2.2 Major anions, cations and neutral species 360 

Analysis of major cations and anions, total organic carbon (TOC), and alkalinity was carried out at the 361 

University of Bern. For major cations and anions, undiluted and unacidified samples were measured 362 

using a Metrohm 850 Professional Ion Chromatograph with an 858 Professional Sample Processor and 363 

fitted with Metrosep C4-150/4.0 columns. Calibration of the high and low peak areas was performed 364 

before sample analysis with in-house calibration solutions of  365 

1-10 mg/L and 0.1-1 mg/L concentrations, respectively. Cation reference materials used were Sigma-366 

Aldrich Multianion standard solution Nr. 89316 and two dilutions (1:20 and 1:100) of Multi Cation 367 
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Standard 2 for IC Nr. 93159. Cations were eluted with a mixture of 0.7 mM dipicolinic acid and 1.7 368 

mM HNO3 at a rate of 0.9 mL/min, for a total of 35 minutes at 45°C. Anion reference materials used 369 

were the Sigma-Aldrich multianion standard solution Nr. 89886 and two dilutions (1:200 and 1:2500) 370 

of the Romil PrimAg® IC Calibration mix A5, Art. M1014. Anions were eluted with 3.6 mM Na2CO3 371 

at a flow rate of 0.7 mL/min for a total of 42 minutes at 45°C. A total of 50 μl of sample was introduced. 372 

Reference materials were analysed after 20 samples. Total OC was measured on a Multi N/C 2100S 373 

(Analytik Jena AG). Samples were acidified to a pH of <2 with  374 

2 M HCl. The reference material Art. TOC1000-100 ML from Fluka was run alongside the samples. 375 

The samples were injected in 400 μl aliquots with an oven temperature of 750°C. Total alkalinity was 376 

measured with a Metrohm OMNIS Titrator with OMNIS titration software. 377 

4. Results 378 

All data pertaining to field measurements are displayed in Table 2, major ion data are shown in Table 379 

3, and Mo isotope data are displayed in Table 4 along with selected trace element data from Babechuk 380 

et al. (2020). Data for several of the trace elements are converted to moles/volume (M) concentrations 381 

from the mass/mass concentrations originally reported in Babechuk et al. (2020). Major ion data are 382 

converted to meq/L for ease of comparison with global river data (Gaillardet et al., 1999). Such 383 

conversions are shown in Table S2. 384 

4.1 Field measurements and total dissolved solids 385 

Surface water temperatures ranged from 19.7 to 28.2°C with an average of 24.7°C. The pH of river 386 

water samples are quasi-neutral to slightly alkaline from 7.1 to 8.3, excluding only one sample from the 387 

River Coulonge with a slightly acidic pH of 6.3. The four lakes are the most alkaline of all of the samples 388 

with pH ranging from 8.0 to 9.6. The highest measured pH was from a small, slightly upland lake fed 389 

only by rainwater. Specific conductance (SpC) is low in the tributaries, ranging from 23.6 to 45.2 390 

μS/cm, and higher in the main river ranging from 50.8 to 64.7 μS/cm, and highest in the lakes from 47.5 391 

to 93.9 μS/cm. Dissolved oxygen levels range from 3.5 to  392 

15.7 mg/L, and Eh measurements range from 202.0 to 303.5 mV.  393 

4.2 Mo concentration and isotope composition 394 

4.2.1 SLRS-6 and repeatability 395 

The average Mo concentration for SLRS-6 measured in this study was 2.06 ± 0.42 nM (n=4), which is 396 

identical within uncertainty to the certified concentration of 2.24 ± 0.18 nM 397 

(https://doi.org/10.4224/crm.2015.slrs-6) and the average of 2.06 ± 0.07 nM reported from 63 398 

measurements from 7 separate SLRS-6 bottles by Babechuk et al. (2020), including the same bottles 399 

https://doi.org/10.4224/crm.2015.slrs-6
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measured here. The average concentration of SLRS-6 reported here is also identical within uncertainty 400 

to certified and compiled values of SLRS-4 (e.g. 2.17 ± 0.21 nM; Yeghicheyan et al., 2001), including 401 

the 2 values reported by Archer and Vance (2008) of 2.00-2.17 nM. The Mo isotope composition of the 402 

SLRS-6 CRM has so far not been published. Our repeated analysis of SLRS-6 yielded an average δ98Mo 403 

of +2.03 ± 0.11‰ (n=4, Figure 2; Table S4). Thus, the Mo isotope ratio of SLRS-6 is lighter than its 404 

precursor SLRS-4 with a δ98Mo of +2.33‰ as reported by Archer and Vance (2008). This original value 405 

for SLRS-4 was normalised to a CPI Mo ICPMS standard and renormalisation to that used here (NIST 406 

SRM = +0.25‰) based on the comparisons of normalisation standards by Goldberg et al., (2013), 407 

Greber et al., (2012) and Nakagawa et al., (2012). The uncertainty involved is below ±0.2‰. It is noted 408 

that SLRS-6 was taken downstream of SLRS-4 in the Ottawa River, i.e., near the city of Ottawa rather 409 

than Chenaux (see Babechuk et al. (2020) Figure 1 for locations of SLRS-4 and -6), and at a different 410 

point in time. Besides possible temporal variations, the difference between the two standards mimics 411 

the general downstream trend of decreasing δ98Mo values.  412 

The minimal variation in δ98Mo between samples from bottles acidified after 2 weeks (Bottle 413 

A) and after 6 months (Bottle B) indicates that acidification at a later stage produced no significant Mo 414 

isotope fractionation effects (<+0.2‰; Table S1) even if any Mo did adsorb to the inner surface of 415 

storage bottles prior to acidification. The small variations observed are instead more likely attributed to 416 

inter-experiment differences (e.g. different standard batches, acids, instrument tuning). As such, the 417 

observed trends in the Ottawa River cannot be explained by inadequate sample storage effects. 418 

4.2.2 Samples 419 

The concentration of Mo [Mo] in all ORB samples is very low, with an average of 2.06 ± 2.61 nM 420 

(n=37, including repeated measurements) across the studied catchment area (Figure 4), compared to 421 

rivers analysed in other studies (e.g. the global compilation data in King and Pett-Ridge (2018) with an 422 

average of 28.7 ± 169.8 nM). These lower concentrations are comparable to some other major river 423 

systems, such as the Amazon (~4.3 nM; Archer and Vance, 2008), the Narmada (4.3 nM; Rahaman et 424 

al., 2014) Icelandic rivers (~3.2 nM; Pearce et al., 2010) as well as smaller river systems such as the 425 

Entlebuch, Switzerland (~1.9 nM; Neubert et al., 2011)), or the Séjallières and Malaval stream waters 426 

of the French Massif Central (~2 nM; Voegelin et al., 2012). The wide range of characteristics of these 427 

rivers with a low Mo content (e.g. bedrock, climate, weathering intensity, human activity) makes it 428 

challenging to distinguish a common control on Mo concentration.  429 

The Ottawa River generally has a higher concentration than its tributaries and surrounding lakes 430 

with [Mo] ranging from 2.07 to 3.31 nM and decreasing downstream, with an average of 2.64 ± 0.63 431 

nM (n=18). The tributaries Petawawa, Mattawa, Noire and Coulonge have a much lower average [Mo] 432 

of 0.90 ± 0.12 nM (n=3), 1.14 ± 0.33 nM (n=4), 0.58 ± 0.09 nM (n=4) and 0.80 ± 0.08 nM (n=2), 433 
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respectively. The 4 lakes studied here have a much wider range of concentrations ranging from 0.87 to 434 

6.25 nM, giving an average of 2.94 ± 4.85 nM (n=6). 435 

Molybdenum isotope compositions follow a similar pattern as [Mo], in that the Ottawa River 436 

is isotopically heavier than the tributaries and lakes, and becomes isotopically lighter downstream 437 

(Figure 3, 4). The δ98Mo of the Ottawa River ranges from +2.02 to +3.13‰ with an average of +2.57 ± 438 

0.84‰ (n=18), whereas each tributary is largely invariable in isotope composition with average δ98Mo 439 

values of +1.06 ± 0.09‰ (Petawawa, n=3), +0.88 ± 0.15‰ (Mattawa, n=4), +1.20 ± 0.27‰ (Noire, 440 

n=4) and +1.09 ± 0.08‰ (Coulonge, n=2). Lake waters studied have similar isotope compositions to 441 

the tributaries with an average of +1.21 ± 0.29‰ (n=6), albeit with more variation. 442 

4.3 Major elements, total organic carbon and alkalinity 443 

Major ion concentrations are relatively low in all samples and many species were below the detection 444 

limit of the ion chromatograph. In such cases, and if available, the elemental data reported in Babechuk 445 

et al. (2020) from the same samples were used instead. Dissolved Ca2+ ranges from 129.2 to 176.0 μM 446 

in the main river and is lower in the tributaries, between 56.6 and 82.8 μM. Magnesium is also lower in 447 

the tributaries than in the main river, with concentrations between 22.1 and 48.6 μM and 56.1 and 75.6 448 

μM, respectively. Dissolved Cl- ranges in all samples between 5.5 and 76.9 μM, while SO4
2- ranges from 449 

44.7 to 62.2 μM in the main river, and is lower in the tributaries with values between 27.3 and 62.2 μM. 450 

Total organic carbon (TOC) is also relatively low in all samples ranging from 5.6 to 10.2 mg/L, 451 

including lake samples. Alkalinity as measured by HCO3
-
 ranges from 23 to 32 mM in the main river 452 

and is lower in the tributaries, between 12 and 18 mM. 453 

5. Discussion 454 

5.1 Unusually isotopically heavy Mo isotope signatures in the ORB 455 

The δ98Mo of SLRS-4 (+2.33‰) reported by Archer and Vance (2008) remains one of the most 456 

isotopically heavy signatures measured across all global rivers to date (e.g. King and Pett-Ridge, 2018). 457 

The δ98Mo values of samples collected at and immediately upstream of the SLRS-4 collection site 458 

(SBB01, PDF01, RRR01 and CBM01) are very similar with values of +2.02 to +2.15‰ (Table 4). The 459 

δ98Mo value for SLRS-6, taken downstream of the latter samples is also similar at +2.03±0.11‰. This 460 

study has revealed that δ98Mo values in the Ottawa River reach even heavier isotope compositions 461 

upstream, with the heaviest sample here (TMD01) at +3.13‰. Thus, not only is the earlier report from 462 

Archer and Vance (2008) confirmed, but it now demonstrates that the unusually high δ98Mo in the 463 

Ottawa River is a widespread and consistent feature of the river. 464 
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Although the dissolved δ98Mo signature of rivers across the globe are highly variable in 465 

comparison to one another and have been observed to display seasonal variation (Zeng et al., 2019), the 466 

composition within single rivers and streams do not appear to vary significantly (i.e., within the range 467 

of 1‰) at any one time (e.g. King and Pett-Ridge, 2018; Nägler et al., 2020; Pearce et al., 2010). 468 

Individual streams within a catchment may display slightly different chemical signatures, an 469 

observation generally attributed to having different local sources of Mo (e.g. Voegelin et al., 2012). 470 

However, it can be expected (e.g. Torres et al., 2017), that the Mo content and isotope composition of 471 

the main river of a catchment would equal the sum of the composition of its tributaries and groundwater 472 

inputs (although it has been noted that tributaries with vastly differing solute concentrations may retain 473 

a heterogeneous chemical signature for several 10's of kilometres; Bouchez et al., 2010). The δ98Mo of 474 

the four tributaries in the ORB studied here fall within a narrow range between +0.82 and +1.29‰, 475 

values that are closer to other rivers measured globally. These individual tributaries are not observed to 476 

vary significantly downstream up to the point of emptying into the Ottawa River, and thus it is clear 477 

that they cannot explain the values up to 2.31‰ heavier in the latter (Table 4; Figure 3, 4). It then 478 

appears that either an additional process must be affecting the isotope composition of Mo exclusively 479 

in the main trunk of the catchment but not the tributaries, or an additional source of Mo must exist 480 

upstream of the measured tributaries that does not affect the rest of the catchment. More specifically, 481 

there must be a Mo source to the Ottawa River somewhere further north in the catchment that is 482 

isotopically heavier than the samples, either as a direct source or arising from the localized removal of 483 

light isotopes to generate a heavily-fractionated residual fluid.  484 

Another unusual feature of the Ottawa River is that the Mo isotope composition becomes 485 

progressively lighter downstream, with a difference of over 1‰ between the uppermost and lowermost 486 

samples. This is in contrast to other studies demonstrating a uniform δ98Mo composition along the 487 

course of the river with limited variation, or a composition that becomes progressively heavier 488 

downstream (Neubert et al., 2011; Pearce et al., 2010; Zeng et al., 2019). The decrease in Mo 489 

concentration downstream could indicate the progressive removal of dissolved Mo from the water. 490 

However, most processes removing Mo (e.g. adsorption onto particulate surfaces) would be expected 491 

to favour the removal of light isotopes, driving the remaining dissolved Mo budget towards heavier 492 

isotope enrichment (e.g. Pearce et al., 2010) – the opposite of what is observed. 493 

Here, the potential causes of the unusually heavy isotopes of the river and downstream trend 494 

towards lighter compositions are evaluated in terms of potential inputs of Mo to, and outputs from, the 495 

ORB, and the possible processes driving catchment-scale isotope fractionation. 496 

 497 
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5.2 Dominant element sources in the ORB and relationship with Mo 498 

The dissolved major element geochemistry (K+, Mg2+, Ca2+, Na+, SO4
2-. HCO-, Cl-) of global river water 499 

is predominantly controlled by oxidative weathering, reflecting variable release of ions from the 500 

prevailing lithology of the drainage area, with additional minor contributions from atmospheric input. 501 

Modelling the contribution of the major ions derived from atmospheric input such as marine aerosols, 502 

delivered to the catchment by rainwater, is normally based on the molar Z+/-/Cl- content of the river 503 

water samples (where Z+/- is the desired cation or anion; assuming Cl- derives exclusively from 504 

atmospheric input; Gaillardet et al., 1999; Millot et al., 2002). The Cl- content of the Ottawa River as 505 

well as the Mattawa River and the lowermost sample of the Petawawa River (PWL01, sampled 506 

downstream of the town of Petawawa), is higher than predicted by precipitation and runoff models by 507 

Millot et al., (2002) for other major tributaries of the St. Lawrence River (15 µM). However, all samples 508 

are still generally low in Cl- content compared to global large rivers (e.g. compilation in Gaillardet et 509 

al., 1999) including the St. Lawrence River. Elevated Cl- contents in rivers have been attributed to 510 

enhanced marine aerosol input, weathering of evaporites and saline groundwaters in granitic areas, as 511 

well as input from industry (including in the bleaching process of pulp and paper production) and urban 512 

areas where there is frequent road salting in the winter months (Gaillardet et al., 1999; Yang et al., 513 

1996). The relatively low Cl/Na of all ORB samples in this study (<1) preclude the first three of these 514 

factors, which are characterised by Cl/Na of ~1.15, ~1 and ≫1, respectively (Gaillardet et al., 1999). 515 

The slight excess Cl- of the ORB (in comparison to other rivers) is therefore most likely attributed to 516 

minor urban and/or industrial inputs. Atmospheric Cl- input is therefore set at a maximum of  517 

15 µM, and this is used to correct for marine aerosol input to the major ion chemistry. 518 

Initial impressions given by the generally low sum of dissolved major cations (TZ+ (meq/L) = 519 

Ca2+ + Na+ + K+ + Mg2+) throughout the basin (0.23-0.63 meq/L; Table S2) indicate the dominant 520 

control of weathering-resistant silicate bedrock. Gaillardet et al. (1999) discriminated between the 521 

geochemistry of global river waters in terms of their dominant lithological sources, namely silicates, 522 

carbonates and evaporites, via the co-variation of their molar Ca/Na, Mg/Na and HCO3/Na ratios. As 523 

shown in Figure 5, the Ottawa River fits well within the context of global river waters, with good 524 

correlations between Ca/Na and Mg/Na, and HCO/Na, representing a mixture of river waters draining 525 

silicate- and carbonate-dominated lithologies. The relatively high Ca2+ content as a percentage of TZ+ 526 

in both the Ottawa River and the tributaries (34-51%) points towards the influence of a Ca-rich 527 

lithological source. Telmer and Veizer (1999) conclude that the Ca2+ and Mg2+ content of the Ottawa 528 

River change from silicate-derived sources upstream from Lake Timiskaming to increasingly 529 

carbonate-derived sources downstream of the confluence with the River Noire as the proportion of 530 

Silurian-Ordovician rocks increase. However, some of the Ca2+ in upstream samples may derive from 531 

small pockets of carbonate on the north shore of Lake Timiskaming (Figure 1). 532 
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Although no Mo data is available for the specific rocks underlying the ORB, upper continental 533 

crustal composites such as post-Archaean Australian shale (PAAS), upper continental crust (UCC) or 534 

Mud from Queensland (MUQ) indicate that the concentration of Mo in continental rocks is on the order 535 

of 0.5-1.5 μg g-1 (e.g. Taylor and McLennan, 1985; Marx and Kamber, 2010). Carbonate rocks, on the 536 

other hand, have a much lower Mo content on the order of <100 ng g-1 (e.g. Eroglu et al., 2015; 537 

Romaniello et al., 2016; Voegelin et al., 2009; Voegelin et al., 2010), though are more susceptible to 538 

chemical weathering. Figure 6A-D shows the variation in Cl-normalised molar contents of major 539 

cations K+, Mg2+ and Ca2+, representing the contributions from felsic igneous rocks and carbonates, 540 

respectively, and the anion SO4
2-, representing the contribution from sulfides, against Mo content (Wang 541 

et al., 2015; Zeng et al., 2019). The strong correlation between each of these elements and Mo in the 542 

tributaries inhibits the discrimination among clear dominant silicate-, carbonate- or sulfide-derived Mo 543 

using these relationships. Notably, however, the tributaries do not drain carbonate and the common 544 

correlation between K+ and Ca2+ could be consistent with the Mo source being from igneous rocks rather 545 

than carbonates, with Ca2+ deriving from Ca-bearing minerals such as plagioclase in the igneous and 546 

metamorphic rocks of the area (Feng and Kerrich, 1992). In this case, the Mo could be released from 547 

its trace concentration in these minerals or from Ti-bearing minerals also common to these rock types. 548 

Notably, the ultra-trace element study of Babechuk et al. (2020) on the same samples indicated that 549 

several of the other trace elements signatures (e.g. REE+Y and HFSE) are best explained by a 550 

pervasively silicate-dominated source upstream of sampling. A silicate-dominated source of Mo is also 551 

agreeable with the conclusions of Telmer and Veizer (1999).  552 

The Ottawa River samples do not plot on the same mixing line between silicate- and carbonate 553 

or Ca-rich igneous Mo sources as the tributaries, in terms of SO4
- and K+, and show no clear correlations, 554 

indicating a different dominant source upstream in the catchment. This change in dominant source 555 

becomes clear when the Mo is compared to the percentage contribution of K+, [Mg2+ + Ca2+] and SO4
2- 556 

to the ORB (Figure 6E-G). The differing relationship between the relative proportions of major ions, 557 

especially K+ and [Mg2+ + Ca2+], and Mo content indicates a different source of Mo in the tributaries 558 

than in the Ottawa River, where Mo correlates more strongly with K+ in the tributaries, and with [Mg2+ 559 

+ Ca2+] in the Ottawa River. It then appears that the upstream Mo content is more closely associated 560 

with Ca and Mg in the Ottawa River, but, as will be argued based on the unusual Mo isotopic data, not 561 

necessarily indicating that the Mo is sourced from Ca-Mg-rich igneous rocks or the minor outcrops of 562 

carbonates.  563 

 564 

5.3 Initial constraints on the upstream source of heavy Mo 565 

In recent years, the low Mo concentration and heavy δ98Mo signatures of many large rivers including 566 

the Ottawa River have been attributed to the retention of light isotopes in the weathering profile via 567 
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adsorption onto soil Fe, Mn and Al oxides, and subsequent release of isotopically heavy residual fluid 568 

(Archer and Vance, 2008; Goldberg et al., 2009; Horan et al., 2020; King et al., 2018; King et al., 2016; 569 

Marks et al., 2015; Pearce et al., 2010; Siebert et al., 2015; Wang et al., 2015; Wang et al., 2018). 570 

Assuming equilibrium fractionation with calculated fractionation factors (α) of between 1.0008 and 571 

1.0022 (Goldberg et al., 2009), it is reasonable to attribute the Mo isotope composition of the tributaries 572 

(+0.82 - +1.29‰) to soil mechanisms either exclusively or in combination with bedrock influence, 573 

changing the signature of the Mo released from an assumed bedrock composition of between -0.5 and 574 

+0.8‰ (the average of igneous rocks; Greber et al., 2014; Greber et al., 2015; Horan et al., 2020; Liu 575 

et al., 2020; Pearce et al., 2010; Siebert et al., 2003; Voegelin et al., 2014; Willbold et al., 2016; Zhao 576 

et al., 2016). This interpretation of the tributary δ98Mo values is consistent with that of Babechuk et al. 577 

(2020) where redox-sensitive Ce anomalies and variations in the ratios of Mo, W, Th and U were 578 

attributed primarily to natural oxidative weathering processes in the ORB.  579 

Conversely, the heavier Mo isotopic signature of the Ottawa River relative to the tributaries is 580 

difficult to reconcile with only natural processes operating in soils that retain isotopically light Mo, 581 

since factors such as soil types and climate are similar across the sampled areas of the ORB. Extreme 582 

variations in soil characteristics such as pH, organic content, and redox conditions have also not been 583 

shown to produce Mo isotope variations to the extent captured in the Ottawa River samples (Wang et 584 

al., 2018; Siebert et al., 2015), and even rivers such as the Amazon which drain Fe- and Al-oxide-rich 585 

laterites can have isotope compositions close to that of continental crust (Archer and Vance, 2008).  586 

So far, the δ98Mo signatures of the specific rocks underlying the ORB are not known. However, 587 

the anomalously heavy δ98Mo signatures of the Ottawa River up to +3.13‰ exceed the known range of 588 

values for magmatic sulfides (-1.6 - +2.3‰; Breillat et al., 2016; Greber et al., 2011; Hannah et al., 589 

2007; Wieser and de Laeter, 2003), igneous rocks (-0.5-+0.8‰; Greber et al., 2014; Greber et al., 2015; 590 

Liu et al., 2020; Pearce et al., 2010; Siebert et al., 2003; Voegelin et al., 2014; Willbold et al., 2016; 591 

Zhao et al., 2016), and carbonates (up to ~+2.3‰; Czaja et al., 2012; Eroglu et al., 2015; Lu et al., 592 

2017; Thoby et al., 2019; Voegelin et al., 2009; Voegelin et al., 2010; Wen et al., 2011; Zhou et al., 593 

2011; Zhou et al., 2015). Several experiments and field observations characterising the behaviour of 594 

Mo isotopes upon release from igneous and sulfide phases reported little to no fractionation (Neely et 595 

al., 2018; Siebert et al., 2003; Siebert et al., 2015; Skierszkan et al., 2016; Voegelin et al., 2012), ruling 596 

out the preferential release of heavy isotopes from the source bedrock as a driver of these signatures. 597 

Thus, within the current knowledge of different continental bedrock signatures and soil processes, it is 598 

unlikely that the signatures of the Ottawa River are a reflection of bedrock and/or natural weathering 599 

processes alone.  600 
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5.4 Binary mixing in the Ottawa River 601 

It is reemphasized that a large magnitude of downstream isotopic variation is not a ubiquitous feature 602 

of rivers (e.g. Neubert et al., 2011; Neely et al., 2018) and that the progressive downstream decrease in 603 

δ98Mo accompanied by a decrease in [Mo] observed here in the Ottawa River is opposed to observations 604 

from other rivers. Although downstream Mo isotopic variation has been observed in rivers in Iceland 605 

(Pearce et al., 2010) and China (Zeng et al., 2019), and has been attributed to particle reactivity and 606 

removal of Mo onto colloids (Pearce et al., 2010), these studies document a progressive downstream 607 

increase in δ98Mo signatures. This latter trend is the expected response to preferentially adsorbing light 608 

Mo isotopes and producing a progressively heavier riverine isotope composition (Pearce et al., 2010). 609 

Regardless, it has been suggested that Mo adsorption to riverine colloids does not represent an important 610 

sink for Mo nor contribute significantly to the overall Mo budget (Neubert et al., 2011; Pearce et al., 611 

2010). This study finds excellent correlations between the downstream δ98Mo signatures and the 612 

variations in HFSE and REE+Y concentrations and selected ratios (Nb/Ta, Zr/Hf, Th/U, Ce/Ce*) 613 

reported in Babechuk et al. (2020) (Figure 7). Although the latter elemental systematics were interpreted 614 

as indicators of downstream reactivity of dissolved species with colloids/fine particulates by Babechuk 615 

et al. (2020), the downstream progression towards light δ98Mo signatures is counterintuitive to Mo 616 

removal from solution. Thus, we instead interpret these correlations without a causal relationship; the 617 

particle reactivity of the elemental tracers occurs progressively downstream as the trunk water of the 618 

Ottawa River is diluted by tributary inputs with a lower δ98Mo. Accordingly, the downstream variations 619 

in [Mo] and δ98Mo would record a binary mixing between the composition of the tributaries and an 620 

upstream source with higher [Mo] and higher δ98Mo. 621 

 Here, we further explore and quantify the strong positive correlation between [Mo] and δ98Mo 622 

of the main Ottawa River, and the progressive and consistent decrease in both parameters downstream, 623 

as a binary mixture between an unknown upstream source (further upstream of the uppermost sample 624 

taken near Temiscaming) with a very heavy Mo isotope signature  (Source B) and tributaries (inc. small 625 

streams and groundwater) with lower [Mo] and δ98Mo (Source A) that serves to progressively dilute 626 

upstream Source B during flow through the ORB (Figure 8). Considering that all samples (n=11) from 627 

the four tributaries analysed in this study are largely homogenous in terms of [Mo] (average 0.86 ± 0.50 628 

nM) and δ98Mo signatures (average +1.05 ± 0.31‰), the average tributary composition is taken as 629 

representative of Source A, the diluent. The exact composition of upstream Source B is more difficult 630 

to constrain, and all that can be said with certainty is that the [Mo] is greater than 2.88 nM and the 631 

δ98Mo is greater than +3.1‰, the composition of sample TMU01 (Figure 8). 632 

As is evident in Figure 8, downstream mixing/dilution in the Ottawa River is not uniform, and 633 

the data are divisible into two groups (Figures 4, 8), with a tight clustering of compositions in the upper 634 

part of the river from Temiscaming to Mattawa (Group 1), and a slight change in slope and greater 635 
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variation downstream of Mattawa (Group 2). The change between the groups occurs downstream of the 636 

confluence with the Mattawa River, the second of 16 major tributaries that flow into the Ottawa River 637 

(with only the Kipawa River upstream from this point). It is proposed that the slower rate of change in 638 

[Mo] and δ98Mo in Group 1 reflects the less voluminous input of Mo to Lake Timiskaming and in the 639 

upper part of the Ottawa River via minor tributaries, streams, and groundwater, whereas the increased 640 

rate of mixing/dilution in Group 2 records the increased volume of these diluent sources (potentially 641 

with variable Mo compositions) being dispensed into the Ottawa River. Samples of Group 2 can be 642 

considered to fall on a mixing line constructed between Source A and the uppermost sample of Group 643 

2 (KLR01, see supplementary information), whereas the samples of Group 1 do not, demonstrating this 644 

effect of increased dilution after the confluence of the Mattawa River.  645 

Considering the vast area covered by the headwaters of the Ottawa River, which consists of an 646 

extensive network of streams and waterways interspersed with lakes and swamps, it is not only difficult 647 

to constrain a more specific composition, but also difficult to pinpoint an exact location of Source B. 648 

Nevertheless, one possible approximation is derived by extrapolation from the coupled trajectory of 649 

[Mo] and δ98Mo in the Group 1 samples. In this approximation, we consider Source B as the 650 

northernmost point of Lake Timiskaming, the furthest upstream point of a similar discharge that is most 651 

clearly traceable (Figure 1). This point is ~100 km upstream of TMU01, and using the rate of change 652 

in [Mo] and δ98Mo observed in Group 1 corresponds to a composition with [Mo] of ~3.2 nM and δ98Mo 653 

of ~+3.5‰ (Figure 8).  654 

The binary mixing model presented in Figure 8 is undoubtedly simplified from the natural 655 

complexities of the ORB and includes a wide range of potential compositions and locations of Source 656 

B. Nonetheless, the unusual Source B Mo isotope composition, which has yet to be identified in the 657 

ORB and is beyond the values resulting from natural fractionation processes in other catchments, 658 

remains a requirement. This observation invited the consideration of other potential non-natural sources 659 

of Mo to the Ottawa River, or otherwise any potential processes affecting the natural Mo cycle. 660 

5.5 Anthropogenic processes or sources of Mo 661 

An increasingly appreciated component of the Mo surface cycle is that of anthropogenic Mo input or 662 

artificially induced/enhanced fractionation of Mo in "human-made" environments. Here, we consider 663 

all possible disruptions to the natural Mo cycle in the ORB, starting with those situated in the sampled 664 

areas of the catchment. The sampling strategy of this study was partly motivated by the potential 665 

influence of industry and infrastructure such as hydroelectric dams on the δ98Mo signature of the Ottawa 666 

River in comparison to tributaries that are not modified and are further away from industry. The 667 

downstream trend seen in the δ98Mo signature of the Ottawa River does not correspond with any of the 668 

dams nor the industrial regions of the river. The nuclear research laboratory at Chalk River (Figure 1) 669 

is also noteworthy since the production of 99Tc is linked to 99Mo, which would form an isobaric 670 
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interference with 99Ru that is potentially relevant to corrections to the MC-ICP-MS data (Section 3.2.1); 671 

mass 99 is used to correct the Mo isotope masses assuming all of the mass is Ru and it has a natural 672 

ratio to 101Ru. This interference correction showed no indication of an influence from non-natural mass 673 

99 isotopes traceable to sampling location (Figure S1; Table S3), and correction using mass 101 in place 674 

of mass 99 produced identical δ98Mo values within 0.02‰.  675 

The heaviest δ98Mo signatures found in the Ottawa River are ~180 km upstream of Chalk River 676 

and also upstream of the pulp and paper factory at Temiscaming. Thus, the unusually heavy Mo isotope 677 

signature of Source B in the binary mixing model of the Ottawa River data (Section 5.4) must originate 678 

in the northern reaches of the ORB, where mining activity in the regions of Rouyn-Noranda and Val 679 

D’Or stand out as plausible options. Consequently there is growing precedent to evaluate the influence 680 

of mining activity on the surface Mo cycle of the ORB. 681 

Acid mine drainage from molybdenite mines extremely enriched in Mo has so far been 682 

identifiable in rivers by unusually high Mo content of the river water, such as that of Antamina and 683 

Thompson Creek Mines (Skierszkan et al., 2016; Skierszkan et al., 2017; Skierszkan et al., 2019) with 684 

Mo contents of mine runoff and drainage waters on the order of >>3000nM.  The molybdenite mining-685 

affected Clear Creek river, Colorado, with Mo concentrations of around 500 nM (Archer and Vance, 686 

2008), is the most Mo-enriched river included in the global river water compilation of King and Pett-687 

Ridge (2018), 3 to 4 times higher than the next most concentrated rivers, namely the Sikkim, India (up 688 

to 139 nM) and the Huanghe, China (up to 123 nM). However, even with highly elevated [Mo], most 689 

mine drainage and clearly mining-affected river water are typically characterised by a Mo isotope 690 

composition within the range of continental crustal signatures. Therefore, the δ98Mo alone does not 691 

directly fingerprint an anthropogenic source of Mo linked to mining, and, at first glance, the overall low 692 

[Mo] of the Ottawa River does not directly support a mining influence in the ORB, as per the 693 

conclusions of Archer & Vance (2008). 694 

Anthropogenic disturbance to the natural lake sediment δ98Mo signatures of two lakes in 695 

Quebec (Figure 1) has previously been linked to aerosol emissions from a large smelter in Rouyn-696 

Noranda active in the 20th Century (Chappaz et al., 2008; Chappaz et al., 2012) about 80 km northeast 697 

of Lake Timiskaming, in which a distinctive anthropogenic δ98Mo signature in the uppermost layers of 698 

lake sediments of Lac Tantare was linked to the above-mentioned smelter, ~200 km away from Rouyn-699 

Noranda. Fractionation of Mo during the smelting process was not inferred from the lake sediment data, 700 

which was found to be within the range of previously-analysed molybdenite ores from the region 701 

(~+0.2‰; Breillat et al., 2016). Although neither widespread aerosol emissions nor direct input of mine 702 

discharge can directly account for the Source B signature inferred from the Ottawa River data, the study 703 

of the smelter emissions at Rouyn-Noranda nonetheless demonstrate the wide-reaching effects of this 704 

localised anthropogenic source that could include an indirect influence on the ORB.  705 
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To explain both the low [Mo] and unusually heavy δ98Mo of Source B, our preferred 706 

interpretation involves the convergence of both a Mo source, possibly linked to mine wastes, and 707 

unnatural levels of Mo removal with Rayleigh-type fractionation generating high δ98Mo values. Recent 708 

studies carried out by Skierszkan et al. (2016), Skierszkan et al. (2017) and Skierszkan et al. (2019) 709 

demonstrated a systematic offset between the composition of pond water draining from waste rock 710 

storage facilities relative to the host waste rock material and the molybdenite ore in two molybdenite 711 

mines in the USA (Thompson Creek Mine, Idaho) and Peru. The δ98Mo values of the oxic pond waters 712 

reached +2.6‰, up to 1.6‰ heavier than the original source rock. These authors attribute most of the 713 

isotopic fractionation to the human-made waste rock environments, in which the precipitation of Fe-714 

(oxyhydr)oxides in oxic drainage ponds following the discharge of anoxic, Fe(II)-rich seepage from 715 

mine tailings resulted in enhanced adsorption of isotopically light Mo(VI). Further fractionation 716 

between the source of Mo (molybdenite) and the drainage water was also attributed to further adsorption 717 

of Mo onto pyrite and other minerals stable in anoxic zones of the waste rock storage facility prior to 718 

release, as well as the repeated reductive dissolution of oxides. Skierszkan et al. (2019) calculated a 719 

fractionation of 1‰ between the aqueous Mo phase and the bedrock source of Mo due to adsorption 720 

primarily onto ferrihydrite minerals, which is close to the experimentally-determined fractionation of 721 

1.1‰ by Goldberg et al. (2009). Here, we advocate for a similar sequence of processes developing the 722 

composition of Source B in the upstream regions of the ORB, which require a net Δ98Mooxide-aqueous of at 723 

least ~2‰ δ98Mo from the natural background of the tributaries (+1.1‰) to reach the minimum isotopic 724 

composition of the unknown Source B (+3.1‰). 725 

Starting with different assumed Mo source compositions, similar to that of Thompson Creek 726 

([Mo]=3554 nM, δ98Mo=0.69‰; Skierszkan et al. (2019)), Clear Creek ([Mo]=508 nM, δ98Mo=0.24‰; 727 

Skierszkan et al. (2019)), or the Don Rouyn molybdenite ore (assumed theoretical [Mo]=100 nM; 728 

measured δ98Mo=0.2‰; Breillat et al., 2016), Rayleigh fractionation lines for aqueous Mo after removal 729 

of Mo(VI) by oxides are shown in Figure 8. These modelled fractionation pathways are derived from: 730 

𝛿𝛿𝐵𝐵 = [(𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 1000)𝑓𝑓𝛼𝛼−1] − 1000 731 

where δB denotes the δ98Mo composition of the remaining aqueous Mo (evolving to produce Source B), 732 

δinit denotes the initial δ98Mo composition of aqueous Mo, f denotes the fraction of Mo remaining in the 733 

water and α is the fractionation factor between the water and the adsorbent phase (Skierszkan et al., 734 

2016; Weiss et al., 2008) here assumed to be 1‰ as per Skierszkan et al. (2019). We envisage the 735 

fractionation being facilitated by oxic waters related to uncontained acid mine drainage or oxic areas of 736 

the numerous sulfide tailing ponds within the Abitibi mining region (Benzaazoua et al., 2000; specific 737 

locations and names of mines withheld). Additionally, adsorption of Mo onto pyrite and other stable 738 

sulfides within anoxic tailing ponds with a fractionation of up to 2.9‰ for pyrite (Bostick et al., 2003) 739 

may induce even greater fractionation of the Mo source and retention prior to discharge into oxic waters.  740 
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Waters processed through the Rayleigh-type fractionation of Mo isotopes with removal of >96 741 

% of the initial aqueous Mo, as is possible in mine influenced environments, can develop the low [Mo] 742 

and high δ98Mo signatures needed for Source B (Figure 8). Assuming the binary mixing model 743 

involving further downstream dilution of Source B by natural Mo sources in the ORB (represented by 744 

the tributaries; Source A) is valid, the Rayleigh fractionation step can also further constrain a probable 745 

range of Source B compositions in terms of [Mo] and δ98Mo (Figure 8). These results are consistent 746 

with Babechuk et al. (2020) noting that Mo/W ratios in the same Ottawa River samples imply 747 

fractionation of the ratio from crustal source values with W>Mo retained on (oxyhyr)oxides in soils or 748 

throughout upstream riverine systems. However, this inference of mining activities playing a role in 749 

anthropogenic disruption to the Mo geochemistry of the Ottawa River should be substantiated with 750 

further work. Such work should target the upper reaches of the catchment, ideally at potential sinks for 751 

Mo in, and adjacent to, mining waste rock sites, as well as aim to further delineate the riverine signatures 752 

across the headwater network.  753 

5.6 Implications for the modern global Mo riverine flux and its application 754 

in paleoredox studies 755 

The most up-to-date modern average riverine δ98Mo composition calculated from the literature data 756 

compiled by King and Pett-Ridge (2018; Figure 4) currently stands at +0.8‰. This, and all previous 757 

estimates since the initial work by Archer and Vance (2008), include the anomalously heavy Mo isotope 758 

signature of the Ottawa River under the assumption that it reflects natural Mo removal processes in the 759 

weathering environment (Archer and Vance, 2008). This study confirms the anomalous δ98Mo signature 760 

of the Ottawa River, but more clearly documents that the signature is decoupled from natural weathering 761 

processes. The data and modelling of this study suggest that the Ottawa River is influenced by an as of 762 

yet unknown point source (or sources) producing the unusually heavy Mo isotopes signatures that is 763 

apparently capable of surviving through downstream dilution. The relatively low [Mo] of waters in the 764 

ORB likely render them considerably more susceptible to overprinting of their natural isotope 765 

signatures by even a small influx of an unnatural component.  766 

Assuming our inference of an unnatural component in the northern reaches of the ORB is 767 

correct, the spatial extent of the effect from this source throughout the ORB is striking, with residual 768 

unusually heavy Mo isotope signatures sustained for at least ~350 km downstream. Other metal 769 

abundances in the Ottawa River (e.g. the concentrations in SLRS-6) do not reveal an obvious imprint 770 

from mine wastes in the northern reaches of the catchment, but could reflect their particle-reactive 771 

nature and sequestration in particulates in northern areas of the ORB. As such, the results would indicate 772 

that non-natural fractionation mechanisms could be a cryptic, yet integrated component of the modern 773 

Mo cycle. An important consequence of this interpretation is the potential wide-reaching effects of 774 

unnatural Mo sources in other river catchments. It is known that a large number of rivers worldwide are 775 
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affected directly by mining activities and heavy metal pollution (e.g. Malm et al., 1990; Pagnanelli et 776 

al., 2004; Silva et al., 2013; Smolders et al., 2003; Solongo et al., 2018), and the more wide-reaching, 777 

catchment-scale effects from anthropogenic aerosols such as that from smelters has already been shown 778 

(Chappaz et al., 2008; Chappaz et al., 2012). In terms of Mo geochemistry, however, recognition of 779 

anthropogenically influenced rivers has, to date, relied on screening for unusually high [Mo]. Further, 780 

studies of acid mine drainage-related, artificially-induced Mo isotope fractionation has largely focused 781 

on localised effects within the specific mine environment (i.e., within waste rock storage facilities, 782 

drainage water and drainage ponds; Skierszkan et al., 2016; Skierszkan et al., 2017; Skierszkan et al., 783 

2019). The catchment-scale disruption to δ98Mo in the ORB inferred in this study suggests further work 784 

is needed in catchment areas downstream from well-characterized point sources of heavy Mo isotopes 785 

to better understand how pervasive such signatures can be prior to buffering by natural δ98Mo 786 

signatures. 787 

The inclusion of potential non-natural signatures in the global modern river average δ98Mo 788 

signature may become important in the context of paleoredox studies, specifically in the use of the 789 

modern Mo flux to the ocean in mass balance models as an analogue for that of the past. Estimates of 790 

past Mo delivery to the ocean are modelled on the modern global average riverine Mo flux and δ98Mo 791 

composition (e.g. Kendall et al., 2011) under the assumption that the modern riverine Mo flux is 792 

“pristine” and reflects that of the past. However, this study challenges assumptions that major river 793 

systems are recording pristine δ98Mo signatures when based on inferences from Mo content, other trace 794 

metal data, or distance from potential anthropogenic sources. It is noted that the Ottawa River is only 795 

one large river constituting 0.2% of the global riverine input of freshwater to the ocean, and that the 796 

removal of Ottawa River data does not significantly alter the average global δ98Mo signature calculated 797 

from the literature data in Figure 4. Nevertheless, the Ottawa River exemplifies that until further study 798 

has been conducted to verify purely natural riverine processes, some major rivers may be unsuitable for 799 

inclusion in future estimates of the global average Mo riverine flux, if the average is to be applied for 800 

paleoredox modelling. Based on the results of this study, it is proposed that the Ottawa River values 801 

should be excluded and that a compilation and averaging of smaller, more remote catchments without 802 

direct influence of human activity may provide a more reliable estimate. 803 

6. Conclusion 804 

This study documents the first catchment-scale δ98Mo characterisation of the ORB in Canada. The 805 

Ottawa River, the trunk stream of the catchment, was previously identified as having a globally 806 

anomalous heavy Mo isotope signature via the certified reference material series SLRS from National 807 

Research Council Canada (Archer and Vance, 2008). The new data reported here confirm the unusually 808 

high δ98Mo of the Ottawa River and extend this up to a maximum of +3.13‰, the heaviest river water 809 
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signature reported to date. The Ottawa River values stand in contrast to four major tributaries in the 810 

central area of the catchment with isotope compositions characterised by δ98Mo more typical of global 811 

rivers. Furthermore, the δ98Mo signature of the Ottawa River becomes progressively lighter downstream 812 

accompanied by a decreasing Mo content, a behaviour which is not observed in ORB tributaries and so 813 

far not been documented in any other river. The unique behaviour of the Ottawa River δ98Mo signatures 814 

cannot be readily explained by underlying bedrock signatures, fractionation mechanisms related to 815 

weathering and soil processes, or downstream particle reactivity. Instead, trends are more consistent 816 

with the mixing/dilution of an even isotopically heavier source of Mo in the upper reaches of the Ottawa 817 

River with the natural bedrock- and/or weathering-controlled river water Mo source represented by the 818 

tributaries. It is proposed here that the unusually heavy Mo isotope signature upstream of sampling is 819 

indirectly related to the diverse mining district of the Abitibi-Temiscaming region in the headwaters of 820 

the Ottawa River. Mine wastes and tailings would provide a possible mechanism for developing an 821 

extreme, unnatural Mo isotopic fractionation signal, similar to what has been previously shown to occur 822 

in waste rock storage facilities in molybdenite mines. This proposal of an anthropogenic source of the 823 

unusually heavy Mo isotopic composition of the Ottawa River invites further work in the upper reaches 824 

of the ORB to better define Mo sources and isotopic fractionation processes. Further, the far-reaching 825 

downstream distribution of the anthropogenic signature (>350 km) was a surprising finding that may 826 

also be relevant to other catchments. This study illustrates that the Ottawa River should not be included 827 

in future compilations of global riverine δ98Mo when it is to be applied for paleo-redox modelling and, 828 

similarly, that seemingly pristine river waters must be interpreted with caution until unnatural Mo 829 

sources or controls on isotope signatures can be refuted. 830 
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Figure 1. Simplified hydrological map of the Ottawa River basin showing the Ottawa River, major 
tributaries and lakes, sampling locations and a selection of active and abandoned mines and mining 
districts, and industrial areas. Only tributaries sampled in this study are named (Noire, Coulonge, 
Mattawa, Petawawa). Black squares show locations of two lakes (Lac Vose and Lac Tantare) studied 
by Chappaz et al. (2012). Yellow circle with cross shows the uppermost traceable point of the Ottawa 
River, used in upstream extrapolation of δ98Mo values (see section 5.5). Mo isotope values of uppermost 
and lowermost samples of the Ottawa River are shown for reference.  

 

Figure 2. Plot of repeated measurements of reference material SLRS-6 (filled circles) and two 
measurements of SLRS-4 (open circles) as reported in Archer and Vance (2008). All data is normalised 
to reference material NIST 3134. Literature data is re-normalised for comparison with the current data. 
Dashed line indicates the average δ98Mo of SLRS-6 of 2.03‰ as measured in this study. Grey shaded 
area represents 2σ reproducibility of ±0.11‰. Individual measurement 2σx̅ uncertainties are smaller 
than symbol size. 

 

Figure 3. Variation in δ98Mo between the Ottawa River, tributaries, and lakes. The data points for rivers 
are arranged from downstream (top) to upstream (bottom) to emphasize spatial variations. Dashed line 
represents the average seawater δ98Mo composition (e.g., Nakagawa et al., 2012). Grey shaded area 
indicates range of reported continental crust values (Greber et al., 2014; Greber et al., 2015; Horan et 
al., 2020; Liu et al., 2020; Pearce et al., 2010; Siebert et al., 2003; Voegelin et al., 2014; Willbold et 
al., 2016; Zhao et al., 2016). Blue circles - Ottawa River; green squares - Petawawa River; purple 
triangles - Mattawa River; red diamonds - River Noire; blue crosses - Coulonge River; orange crosses 
- lakes. Symbols connected by black lines represent repeated measurements of the same sample (order 
in sequence for repeats does not represent order of analysis). 2σ external reproducibility is 0.11‰. 2σx̅ 
of individual measurements are smaller than symbols. 

 

Figure 4. Plot of inverse Mo concentration and δ98Mo data for 29 samples from the Ottawa River, 
tributaries and lakes (37 measurements including the 8 additional repeated measurements), and a 
compilation of other river water data as per King and Pett-Ridge (2018). The global average river water 
signature reported here is based on the weighted average of all literature data plotted (black circles). 
Dashed trend line and r2 value refer to Ottawa River samples only. 2σ external reproducibility is 
±0.11‰. 2σx̅ of individual measurements are smaller than symbols. Dashed line represents the average 
seawater δ98Mo composition (e.g., Nakagawa et al., 2012). Grey shaded area indicates range of 
continental crust values (e.g., Siebert et al., 2003). 

 

Figure 5. Plot of Na-normalised molar ratios of Mg and Ca (top) and HCO3 and Ca (bottom) (after 
Gaillardet et al., 1999) showing that the Ottawa River and its tributaries fall on a linear trend line 
between the composition expected for carbonate- and silicate-dominated river waters. For comparison 
is the composition of the Ottawa River at its mouth (Telmer and Veizer, 1999; yellow cross), an average 
compiled value of the St. Lawrence River (Gaillardet et al. 1999; black diamond), and other selected 
global river data (Gaillardet et al. 1999; grey circles). The r2 values pertain to the Ottawa River + 
tributary data only. All sample data are corrected for marine aerosol input using Cl (see text for details). 
Silicate, carbonate and evaporite end member data from Gaillardet et al., (1999). All other symbols 
outlined in Figure 3. 

 



Figure 6. A-D: Plots comparing Mo content to selected major cations and anions indicative of 
weathering source. All elements are normalised to Cl- to account for differing fluvial discharge (see text 
for details). Dashed line is a regression (with r2 values) through the tributary data, whereas the dotted 
line is a regression (with r2 values) through only the Ottawa River data. E-G: Mo content compared to 
contribution of major ions as a percentage of the sum of the four ions K+, Mg2+, Ca2+ and SO4

2-. Dashed 
line is a regression (with r2 value) through all Ottawa River + tributary data. Symbols are outlined in 
Figure 3. 

 

Figure 7. Plots comparing δ98Mo with selected molar HFSE ratios (Zr/Hf, Nb/Ta, Th/U) and the Ce 
anomaly (Ce/Ce*). All trace element data reported originally in Babechuk et al. (2020). Ce/Ce* 
calculated from upper crustal-normalized mass ratios using the geometric mean equations outlined in 
Lawrence et al. (2006) as per Babechuk et al. (2020). Dashed line is a regression (with r2 value) through 
only the Ottawa River data. Symbols are outlined in Figure 3. 

 

Figure 8. A: Interpreted model to explain the correlated downstream decrease in [Mo] and δ98Mo in 
the Ottawa River (blue circles) that involves the progressive dilution of unknown Mo Source B (high 
[Mo] and δ98Mo) with Mo Source A (low [Mo] and δ98Mo). The Ottawa River samples are divided into 
two groups (Group 1 and Group 2) based on change in slope/trend interpreted to be related to a change 
in catchment tributary dilution. Black stars represent four points used to construct the downstream 
dilution model: 1) average tributary composition from this study (Source A); 2) furthest upstream 
sample of Group 2; 3) furthest upstream sample of Group 1 (furthest upstream measured in this study); 
4) estimated composition of the furthest upstream point of the Ottawa River at top of Lake Timiskaming 
(see text). Dilution lines are calculated as binary mixtures between Source A and either Black Star 2 or 
Black Star 4, with fractions indicating the amount of Ottawa River water in the calculated mixture. The 
latter mixing lines are extended upstream to demonstrate the inferred composition of Source B assuming 
uniform mixing with Source A. The light grey shaded section indicates the entire range of possible 
compositions of Source B in terms of δ98Mo and Mo concentration assuming the furthest upstream 
sample is a minimum composition. The darker grey shaded section indicates probable range of source 
B compositions constrained by the mixing models. Coloured lines indicate theoretical progression of 
mine drainage water δ98Mo compositions assuming progressive Rayleigh fractionation upon adsorption 
to Fe-oxides (using fraction factor of 1.0010 from Skierszkan et al., 2019). Assumed initial mine 
drainage water composition taken as: Thompson Creek (3554nM, 0.6‰; Skierszkan et al., 2019; red 
line); Clear Creek (508nM, 0.2‰; Archer and Vance, 2008; green line); Mo content 5 times lower than 
that of Clear Creek, with δ98Mo equal to reported molybdenite ore from Don Rouyn (100nM, 0.2‰; 
Breillat et al., 2016; purple line). Percentages indicate % removal of Mo from river or mine drainage 
water onto oxides generated by Rayleigh fractionation, with the minimum percent removal required to 
result in the δ98Mo composition estimated for Source B. The stippled line at δ98Mo of 0.8‰ is the global 
river water weighed average δ98Mo calculated from the annual Mo discharge and Mo isotope 
compilation data of King and Pett-Ridge (2018). B: Graphic illustration of the dilution model in A. 
Bubble inset shows close-up of envisioned fractionation process within a mining region in the 
headwaters of the Ottawa River following the model described by Skierszkan et al. (2019; see text). 
Blue dashed line represents yet undefined flow path for Source B between mining region and Lake 
Timiskaming. Exact locations of mining regions and Source B input are not yet determined and are 
placed here for illustrative purposes. Black stars represent same points used in dilution models in A.   



Table 1. Sample descriptions and locations
Sample ID River Location Coordinates Type

Latitude Longitude
RRR01A Ottawa Foresters Falls 45°43'09.1'' 76°43'17.1'' Open river above dam
PDF01A Ottawa Portage du Fort 45°35'33.6'' 76°40'06.07'' Reservoir
SBB01A Ottawa Steamboat Bay 45°34’32.6’’ 76°40’13.5’’ Below dam
CBM01A Ottawa Campbell's Bay 45°44'02.5'' 76°36'14.5'' Open river above dam
RJR01A Ottawa Rolphton 46°11'17.1'' 77°42'10.3'' Reservoir  - centre of reservoir
RJR02A Ottawa Rolphton 46°11'20.1'' 77°42'02.7'' Reservoir  - lakeside
RJL01A Ottawa Rolphton 46°11'31.6'' 77°41'02.8'' Below dam
KLR01A Ottawa Klock 46°17'30.9'' 78°29'32.1'' Open river, open and narrow
BCR01A Ottawa Bissett Creek 46°13'35.6'' 78°03'55.7'' Open river, in embayment
MAC01A Ottawa Mattawa Adventure Camp 46°19'15.4'' 78°38'04.8'' Open river
OAR01B Ottawa Antoine Park 46°21'13.6'' 78°43'37.5'' Open river below dam
TML01A Ottawa Temiscaming 46°42'00.42'' 79°05'55.1'' River below industry/dam
TMU01A Ottawa Temiscaming 46°46'23.50" 79°08'02.7'' River above dam/industry
TMD01A Ottawa Temiscaming 46°42'39.95'' 79°06'20.14''

Tributaries
BRU01A Noire Waltham 45°59'01.6'' 76°50'08.9'' Open river above dam
BRR01A Noire Waltham 45°55'14.1'' 76°55'11.6'' Reservoir - above dam
BRU02A Noire Waltham 45°56'27.6'' 76°52'47.2'' Open river above dam
BRL01A Noire Waltham 45°54'45.40" 76°56'2.80" Open river below dam
CRU01A Coulonge Fort Coulonge 45°54'38.3'' 76°40'10.6'' Open river
CRL01A Coulonge Fort Coulonge 45°51'40.0'' 76°44'29.3'' Open river
PWM01A Petawawa Outside Petawawa 45°53'11.7'' 77°18'47.1'' Open river
PWL01A Petawawa Centennial Park 45°54'12.8'' 77°16'45.6'' Open river/urban/quarry influence
PWU01A Petawawa Black Bay 45°52'54.4'' 77°22'36.6'' River - slow flow, labelled as lake
MWL01A Mattawa Mattawa 46°18'57.4'' 78°42'31.5'' Open river above estuary
MWU01A Mattawa Samuel de Champlain 

 
46°18'01.09'' 78°52'20.51'' Open river

Lakes
CTL01A Chemin Truite - 45°56'05.4'' 76°45'46.1'' Natural lake
PPL01A Unnamed lake Uphill from Lake Sauriol 45°58'34.4'' 76°49'25.2'' Pond/precipitation catchment
CGL01A Lac Vert - 46°03'09.7'' 76°52'00.3'' Natural lake
SLL01A Lacs Sauriol - 45°58'39.8'' 76°49'11.0'' Natural lake

Dam/reservoir west side branch, at paper 
mill

Ottawa River



Table 2. Field parameter data

Sample ID River Tempa Ehb pHc SpC DO
°C mV μS/cm mg/L

Ottawa Main
RRR01A Ottawa 24.8 - 7.6 51.2 3.5
PDF01A Ottawa 26.2 - 7.6 54.2 7.0
SBB01A Ottawa 24.7 - 7.4 50.8 4.6
CBM01A Ottawa 24.3 - 7.5 52.1 4.3
RJR01A Ottawa 27.7 212.5 8.1 64.3 8.3
RJR02A Ottawa 28.2 202.0 8.3 57.4 15.5
RJL01A Ottawa 19.7 262.5 7.3 50.8 14.2
Repeat 21.7 - 7.4 59.2 12.9
KLR01A Ottawa 23.1 241.0 7.4 61.9 13.8
BCR01A Ottawa 24.9 227.0 8.1 64.7 15.7
MAC01A Ottawa 22.0 - 7.3 64.4 14.7
OAR01B Ottawa 21.4 - 7.4 64.3 14.9
TML01A Ottawa 22.0 - 7.5 57.5 15.0
TMU01A Ottawa 23.9 - 7.4 59.6 14.8
TMD01A Ottawa 24.0 - 7.6 59.9 14.6

Tributaries
BRU01A Noire 21.9 289.5 7.1 23.6 5.5
BRR01A Noire 26.0 281.0 7.1 25.8 13.6
BRU02A Noire 24.2 259.0 7.0 24.8 12.4
BRL01A Noire 24.4 284.0 7.0 25.0 13.0
CRU01A Coulonge 25.8 303.5 7.1 23.6 14.4
CRL01A Coulonge 25.2 266.0 6.3 24.9 8.9
PWM01A Petawawa 25.6 301.0 7.3 36.2 14.0
PWL01A Petawawa 26.2 274.0 7.6 38.5 14.6
PWU01A Petawawa 25.7 296.5 7.4 36.0 13.8
MWL01A Mattawa 25.4 - 7.3 44.1 14.4
MWU01A Mattawa 26.7 - 7.5 45.2 14.4

Lakes
CTL01A Chemin Truite 25.9 231.0 8.2 93.9 13.1
PPL01A Unnamed lake 26.7 157.0 9.6 71.8 10.5
CGL01A Lac Vert 27.8 177.0 9.1 81.8 10.6
SLL01A Lake Sauriol 26.2 224.0 8.0 47.5 7.4
a Average of 4 measurements
b Average of two measurements with two separate instruments
c Instrument reading fluctuated max. ± 0.3



Table 3 Major ion and total organic carbon (TOC) data

Sample ID River Na+ K+ Ca2+ Mg2+ Cl- SO4
2- HCO3

- TOC
μM μM μM μM μM μM mM mg/L

Ottawa Main
SBB01A Ottawa 89.30 14.63 129.2 56.07 43.64 45.83 0.38 7.05
PDF01A Ottawa 88.04 14.96 132.4 58.82 44.96 46.27 0.39 7.07
RRR01A Ottawa 89.00 14.65 133.7 56.60 44.65 46.40 0.39 6.66
CBM01A Ottawa 101.7 14.53 129.9 56.85 56.08 46.04 0.39 6.85
RJL01A Ottawa 95.69 15.12 147.7 64.29 39.61 49.30 0.50 7.95
RJR01A Ottawa 90.87 14.50 137.4 60.18 36.84 47.52 0.47 7.21
RJR02A Ottawa 92.35 15.32 138.0 59.69 37.57 47.65 0.52 7.43
BCR01A Ottawa 125.1 15.93 163.5 70.71 50.24 54.26 0.41 7.58
KLR01A Ottawa 150.2 17.37 151.9 68.00 63.16 56.80 0.42 7.97
MAC01A Ottawa 151.2 17.26 171.6 74.04 48.86 60.85 0.43 8.17
OAR01B Ottawa 149.5 16.85 176.0 75.07 47.33 62.23 0.53 8.43
TML01A Ottawa 78.69 15.65 173.8 75.61 44.01 44.73 0.48 7.85
TMD01A Ottawa 89.21 16.09 170.1 74.00 43.53 45.04 0.49 7.58
TMU01A Ottawa 81.73 17.26 170.8 74.33 44.34 45.13 0.49 7.97

Tributaries
PWL01A Petawawa 50.98 15.58 79.35 48.33 29.65 39.63 0.20 5.65
PWM01A Petawawa 56.94 14.91 77.58 46.94 15.68 39.01 0.20 5.84
PWU01A Petawawa 63.85 15.78 78.43 46.73 14.64 38.68 0.21 5.65
MWL01A Mattawa 102.6 19.26 80.32 46.61 76.87 36.50 0.20 6.19
MWU01A Mattawa 105.3 18.36 82.82 48.58 68.94 39.82 0.20 5.61
BRL01A Noire 41.80 14.73 57.61 25.46 11.59 32.79 0.18 5.76
BRR01A Noire 41.11 11.53 57.88 25.26 6.714 32.52 0.29 5.90
BRU01A Noire 46.50 11.59 59.33 25.67 6.996 33.09 0.29 7.46
BRU02A Noire 39.89 11.76 58.98 25.50 7.447 32.85 0.28 6.48
CRL01A Coulonge 38.10 10.46 62.24 23.49 8.519 28.10 0.29 8.10
CRU01A Coulonge 35.80 10.08 56.61 22.09 5.529 27.26 0.29 7.54

Lakes
CTL01A Lake 50.28 15.83 333.1 75.65 21.58 50.39 0.40 4.45
SLL01A Lake 29.80 11.23 154.9 32.29 11.76 39.11 0.72 6.92
PPL01A Lake 31.06 11.13 226.9 41.51 9.760 63.13 0.85 10.2
CGL01A Lake 28.71 13.73 298.5 42.20 8.434 38.50 0.51 4.26



Table 4. Mo concentration, Mo isotope and selected trace element data
Sample ID δ98Mo 2 σx̅ Moa Mob Srb Zrb Nbb Hfb Tab Wb Thb Ub Ce/Ce* b,c

‰ nM nM μM nM pM pM pM pM pM pM
SLRS-6d 2.03 0.11e 2.06
Ottawa River
SBB01A 2.039 0.015 2.074 1.835 0.3034 358 24.9 6.42 0.418 49.56 57.2 219 0.545
PDF01A 2.024 0.012 2.277 1.832 0.3001 272 19.6 5.35 0.356 50.58 37.0 217 0.545
RRR01A 2.151 0.013 2.225 1.793 0.2843 338 20.9 5.73 0.446 54.11 39.6 201 0.552
CBM01A 1.849 0.017 2.395 2.004 0.3167 366 24.9 5.72 0.454 67.26 55.9 272 0.572
RJL01A 2.410 0.012 2.446 2.199 0.2663 642 40.4 10.6 0.735 90.73 59.4 255 0.595
(Repeat) 2.418 0.019 2.961
RJR01A 2.411 0.013 2.564 2.060 0.2595 562 30.3 8.96 0.536 89.83 70.1 246 0.568
RJR02A 2.389 0.014 2.601 2.057 0.2606 520 27.4 7.79 0.500 86.92 66.3 243 0.567
BCR01A 2.425 0.017 2.537 2.589 0.2883 608 27.2 9.01 0.503 89.52 55.5 290 0.561
KLR01A 2.537 0.035 2.668 2.372 0.3016 812 49.6 12.9 1.10 63.93 88.0 273 0.607
(Repeat) 2.354 0.013 2.432
MAC01A 2.899 0.014 2.575 2.677 0.2478 1110 37.7 16.6 0.967 73.06 107 286 0.609
OAR01B 2.968 0.019 2.850 2.781 0.2531 1200 54.7 17.3 1.19 74.61 106 291 0.629
TML01A 3.178 0.014 2.889 2.793 0.2905 1040 88.3 15.8 2.27 67.48 117 320 0.715
(Repeat) 2.824 0.013 3.306
TMD01A 3.117 0.013 2.750 2.911 0.2851 958 63.0 13.8 1.56 67.26 123 323 0.683
(Repeat) 3.063 0.013 3.058
TMU01A 3.126 0.014 2.882 2.882 0.2880 902 61.5 13.8 1.58 64.12 106 322 0.680
a This study
b Trace element and Ce/Ce* data from Babechuk et al. (2020), converted to molar concentrations
c Calculated according to geometric equations of Lawrence et al. (2006)
d Average of 4 measurements
e 2σ external reproducibility, n=4



Table 4. Continued

Sample ID River δ98Mo 2 σx̅ Mo Mob Srb Zrb Nbb Hfb Tab Wa Thb Ub Ce/Ce* b

‰ nM nM μM nM pM pM pM pM pM pM
Tributaries
PWL01A Petawawa 1.087 0.013 0.914 0.8883 0.3230 62.7 8.57 1.93 0.055 6.221 33.4 80.3 0.443
PWM01A Petawawa 1.086 0.013 0.946 0.8489 0.3223 62.7 9.22 1.72 0.120 4.134 27.0 81.9 0.477
PWU01A Petawawa 1.006 0.015 0.834 0.9104 0.3212 70.8 9.45 1.82 0.024 4.552 26.3 85.0 0.455
MWL01A Mattawa 0.8475 0.017 1.026 1.063 0.3010 96.7 13.6 2.36 0.196 7.714 22.9 93.4 0.473
(Repeat) 0.8221 0.016 1.018
MWU01A Mattawa 0.8603 0.016 1.157 1.169 0.3037 92.4 16.8 2.17 0.253 11.26 20.4 91.0 0.569
(Repeat) 0.9934 0.016 1.376
BRL01A Noire 1.262 0.018 0.588 0.6081 0.2625 74.8 14.8 2.74 0.201 5.189 77.4 80.4 0.544
BRR01A Noire 1.000 0.019 0.624 0.5932 0.2635 77.0 10.5 2.19 0.176 5.256 60.8 80.0 0.532
BRU01A Noire 1.291 0.017 0.511 0.5877 0.2659 109 15.4 2.94 0.176 5.939 86.0 87.1 0.524
BRU02A Noire 1.256 0.016 0.580 0.5983 0.2669 98.9 15.0 2.86 0.209 5.151 83.2 87.6 0.536
CRL01A Coulonge 1.064 0.016 0.822 0.7345 0.3006 140 23.0 3.38 0.403 8.787 83.2 105 0.604
CRU01A Coulonge 1.118 0.013 0.767 0.6506 0.2829 126 21.9 3.55 0.340 5.398 84.2 97.0 0.060

Lakes
CTL01A Lake 1.350 0.014 5.748 5.610 0.7330 12.7 b.d.l. b.d.l. b.d.l. 14.6 1.96 104 -
(Repeat) 1.120 0.017 6.252
SLL01A Lake 1.395 0.016 0.871 0.9360 0.5502 18.0 b.d.l. b.d.l. b.d.l. 6.66 7.81 39.3 -
(Repeat) 1.235 0.018 1.103
PPL01A Lake 1.066 0.012 1.347 1.256 1.168 32.0 b.d.l. b.d.l. b.d.l. 12.7 7.94 92.9 -
CGL01A Lake 1.071 0.018 2.320 1.736 0.8841 6.2 b.d.l. b.d.l. b.d.l. 10.5 1.73 180 -
a This study
b Trace element and Ce/Ce* data from Babechuk et al. (2020), converted to molar concentrations
c Calculated according to geometric equations of Lawrence et al. (2006)
d Average of 4 measurements
e 2σ external reproducibility, n=4
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1. Binary mixing model calculations (Section 5.4; Figure 8)

The samples of groups 1 and 2 of the Ottawa River samples fall on two of three mixing lines constructed 
among four points within the ORB:  1) average tributary composition from this study (Source A); 2) 
furthest upstream sample of Group 2; 3) furthest upstream sample of Group 1 (furthest upstream 
measured in this study); 4) estimated composition of the furthest upstream point of the Ottawa River at 
top of Lake Timiskaming (see below). In the following calculations, each of these points are assumed 
to represent theoretical "end members" where F=1. Note that these models do not depict a binary mixing 
between two true end members per se, but the progressive downstream dilution of Source B by Source 
A.  

1. Binary mixing models

The inverse Mo concentration 1/[Mo] of a series of theoretical mixtures (mix) at different points along 
the mixing line where F=0.1 to 0.9 is calculated as 

1/[𝑀𝑀𝑀𝑀]𝑚𝑚𝑚𝑚𝑚𝑚 =  1/([𝑀𝑀𝑀𝑀]𝑚𝑚𝐹𝐹𝑚𝑚 + (1 − 𝐹𝐹𝑚𝑚)[𝑀𝑀𝑀𝑀]𝑗𝑗) 

where F denotes the fraction of each "end member" in the mixture, and i and j represent the two chosen 
points out of 1-4 above. The isotope composition (δ) is then defined for each of these intermediate 
points as 

𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚 =
[𝑀𝑀𝑀𝑀]𝑚𝑚𝐹𝐹𝑚𝑚𝛿𝛿𝑚𝑚 + (1 − 𝐹𝐹𝑚𝑚)[𝑀𝑀𝑀𝑀]𝑗𝑗𝛿𝛿𝑗𝑗

[𝑀𝑀𝑀𝑀]𝑚𝑚𝑚𝑚𝑚𝑚

Solving the equation of the line where x=0 allows the estimation of a theoretical point where the line 
crosses the y axis at 1/[Mo]=0, to extrapolate the composition of Ottawa River water upstream of these 
known points. 

2. Estimation of composition of point 4 (furthest upstream point of the Ottawa River at top of
Lake Timiskaming)

The average rate of change in δ98Mo and [Mo] in group 1 was used to estimate the composition of the 
Ottawa River water at the top of Lake Timiskaming. Approximate distances between samples along the 
river measured using Google Earth and changes in Mo concentration and isotope composition with 
distance are as follows: 



Sample 

Distance 
from 
previous 
sample 

Cumulative 
distance [Mo] δ98Mo Δ [Mo] Δ δ98Mo 

km km nM ‰ nM/km ‰/km 
TMU01 0 0 2.88 3.13 0.003984 -0.00125
TMD01 7.28 7.28 2.91 3.12 -0.08801 -0.04297
TML01 1.34 8.62 2.79 3.06 -0.00024 -0.00178
OAR01 51.3 59.92 2.78 2.97 -0.01066 -0.00712
MAC01 9.73 69.65 2.68 2.90 -0.02656 -0.03151

As the change in Mo concentration and isotope composition between each individual sample is 
somewhat irregular, the difference between the uppermost and lowermost samples (TMU01 and 
MAC01, respectively) were used to calculate an overall change in [Mo] of -0.21 nM and δ98Mo of 
-0.23‰ over a distance of 69.65 km, resulting in a rate of change of 0.003 nM/km and 0.003‰/km for 
group 1 samples. The distance between the uppermost sample TMU01 and the top of Lake 
Timiskaming (Figure 1) measured on Google Earth is approximately 100 km. We predict an overall 
change of 0.30 nM Mo and 0.33‰ over that distance, resulting in an estimated [Mo] and δ98Mo 
composition of point 4 of 3.18 nM and 3.45‰, respectively.



2. Supplementary Tables 

 

Table S1. Mo isotope composition of samples repeated from bottles A (acidified within 2 
weeks) and B (acidified after 6 months) 

Sample ID MWL01  MWU01  SLL01 
Bottle  A B  A B  A B 
Mo (nM) 1.026 1.018  1.157 1.376  0.871 1.103 
δ98Mo (‰) 0.847 0.822  0.860 0.993  1.395 1.235 
2σx̅ 0.015 0.016  0.016 0.017  0.015 0.024 
ΔA-B 0.025   0.133   0.159 

 

 

  



Table S2. Unit conversion of major cations from μM to meq/L 
Sample ID River Na+ K+ Ca2+ Mg2+ 
    μM meq/L μM meq/L μM meq/L μM meq/L 

          
Ottawa Main         
SBB01A Ottawa 89.3 0.0824 14.6 0.0142 129 0.272 56.1 0.126 
PDF01A Ottawa 88.0 0.0831 15.0 0.0142 132 0.275 58.8 0.129 
RRR01A Ottawa 89.0 0.0826 14.7 0.0142 134 0.270 56.6 0.126 
CBM01A Ottawa 102 0.0975 14.5 0.0148 130 0.275 56.8 0.129 
RJL01A Ottawa 95.7 0.0900 15.1 0.0141 148 0.310 64.3 0.141 
RJR01A Ottawa 90.9 0.0866 14.5 0.0139 137 0.292 60.2 0.134 
RJR02A Ottawa 92.3 0.0869 15.3 0.0147 138 0.291 59.7 0.134 
BCR01A Ottawa 125 0.118 15.9 0.0153 164 0.342 70.7 0.152 
KLR01A Ottawa 150 0.141 17.4 0.0162 152 0.318 68.0 0.149 
MAC01A Ottawa 151 0.121 17.3 0.0132 172 0.301 74.0 0.139 
OAR01B Ottawa 150 0.124 16.9 0.0134 176 0.319 75.1 0.143 
TML01A Ottawa 78.7 0.0749 15.7 0.0153 174 0.361 75.6 0.157 
TMD01A Ottawa 89.2 0.0735 16.1 0.0152 170 0.354 74.0 0.159 
TMU01A Ottawa 81.7 0.0752 17.3 0.0159 171 0.358 74.3 0.160 

          
Tributaries          
PWL01A Petawawa 51.0 0.0609 15.6 0.0149 79.4 0.177 48.3 0.113 
PWM01A Petawawa 56.9 0.0513 14.9 0.0146 77.6 0.174 46.9 0.112 
PWU01A Petawawa 63.9 0.0510 15.8 0.0153 78.4 0.174 46.7 0.112 
MWL01A Mattawa 103 0.100 19.3 0.0182 80.3 0.181 46.6 0.112 
MWU01A Mattawa 105 0.0967 18.4 0.0179 82.8 0.185 48.6 0.115 
BRL01A Noire 41.8 0.0388 14.7 0.0109 57.6 0.131 25.5 0.0676 
BRR01A Noire 41.1 0.0379 11.5 0.0137 57.9 0.131 25.3 0.0680 
BRU01A Noire 46.5 0.0397 11.6 0.0112 59.3 0.134 25.7 0.0677 
BRU02A Noire 39.9 0.0392 11.8 0.0113 59.0 0.135 25.5 0.0675 
CRL01A Coulonge 38.1 0.0364 10.5 0.0102 62.2 0.140 23.5 0.0612 
CRU01A Coulonge 35.8 0.0339 10.1 0.0100 56.6 0.131 22.1 0.0508 

          
Lakes          
CTL01A Lake 50.3 0.0410 15.8 0.0132 333 0.628 75.6 0.144 
SLL01A Lake 29.8 0.0292 11.2 0.0110 155 0.335 32.3 0.0787 
PPL01A Lake 31.1 0.0301 11.1 0.0111 227 0.470 41.5 0.0980 
CGL01A Lake 28.7 0.0280 13.7 0.0133 299 0.637 42.2 0.0982 



 

Table S3. Comparison of isobaric interference-correction of δ98Mo values using 99/95 or 101/95 mass ratios    

Sample 99/101 99/95 Corrected?a 101/95 Corrected?a δ98Mo* 
 

            Mass 99 2SE Mass 101 2SE Uncorrected 2SE  

      ‰  ‰  ‰   

Ottawa            
 

SBB01 0.709 0.0010 Yes 0.0013 Yes 2.199 0.014 2.192 0.014 2.039 0.015  

PDF01 0.709 0.0009 Yes 0.0013 Yes 2.211 0.011 2.205 0.011 2.024 0.012  

RRR01 0.713 0.0009 Yes 0.0013 Yes 2.324 0.011 2.317 0.011 2.151 0.013 Downstream 
Chalk River CBM01 0.687 0.0010 Yes 0.0014 Yes 2.349 0.017 2.048 0.017 1.849 0.029 

RJL01 0.708 0.0009 Yes 0.0013 Yes 2.603 0.011 2.596 0.011 2.410 0.012 Upstream 
Chalk River 

(Repeat) 0.676 0.0001 No 0.0001 Yes 2.418 0.019 2.446 0.015 2.418 0.019 
RJR01 0.704 0.0010 Yes 0.0014 Yes 2.572 0.013 2.566 0.013 2.411 0.013  

RJR02 0.710 0.0009 Yes 0.0013 Yes 2.565 0.013 2.558 0.013 2.389 0.014  

BCR01 0.849 0.0016 Yes 0.0022 Yes 2.700 0.016 2.685 0.057 2.425 0.017  

KLR01 0.681 0.0010 Yes 0.0015 Yes 2.736 0.018 2.728 0.016 2.537 0.035  

(Repeat) 0.723 0.0014 Yes 0.0020 Yes 2.623 0.011 2.609 0.011 2.354 0.013  

MAC01 0.730 0.0007 Yes 0.0009 Yes 3.026 0.013 3.019 0.013 2.899 0.014  

OAR01 0.726 0.0008 Yes 0.0011 Yes 3.117 0.018 3.108 0.018 2.968 0.019  

TML01 0.735 0.0007 Yes 0.0009 Yes 3.185 0.013 3.178 0.013 3.059 0.014  

(Repeat) 0.734 0.0010 Yes 0.0013 Yes 2.960 0.012 2.948 0.012 2.824 0.013  

TMD01 0.736 0.0007 Yes 0.0009 Yes 3.229 0.012 3.221 0.012 3.117 0.013 Downstream 
Temiscaming (Repeat) 0.889 0.0001 Yes 0.0001 Yes 3.063 0.021 3.059 0.021 3.008 0.013 

TMU01 0.727 0.0007 Yes 0.0009 Yes 3.254 0.013 3.246 0.013 3.126 0.014 Upstream 
Temiscaming 
                         

a Corrected if 99/95 or 101/95 >0.0001         
 

*Corrected for isobaric interferences         
 

       
 

 



 

Table S3. Continued 

Sample Δ98Mo*99-101 Δ98Mo*99-Uncorr Δ98Mo*101-Uncorr  
                

 ‰  ‰  ‰   
Ottawa        
SBB01 0.007  0.161  0.154   
PDF01 0.006  0.187  0.180   
RRR01 0.007  0.173  0.166 Downstream 

Chalk River CBM01 0.302   0.500   0.198 

RJL01 0.006  0.193  0.187 Upstream Chalk 
River (Repeat) -0.028  -  0.028 

RJR01 0.006  0.161  0.155   
RJR02 0.007  0.176  0.169   
BCR01 0.015  0.275  0.260   
KLR01 0.008  0.199  0.191   
(Repeat) 0.014  0.269  0.255   
MAC01 0.008  0.128  0.120   
OAR01 0.008  0.149  0.140   
TML01 0.007  0.126  0.119   
(Repeat) 0.011  0.136  0.124   
TMD01 0.008  0.112  0.104 Downstream 

Temiscaming (Repeat) 0.004   0.054   0.050 

TMU01 0.007   0.128   0.121 Upstream 
Temiscaming 

            
a Corrected if 99/95 or 101/95 >0.0001                
*Corrected for isobaric interferences                

 

 



Table S3. Continued                   

Sample 99/101 99/95 Corrected?a 101/95 Corrected?a δ98Mo* 
            Mass 99 2SE Mass 101 2SE Uncorrected 2SE 

      ‰  ‰  ‰  
Tributaries           
BRL01 0.743 0.0001 No 0.0001 No 1.262 0.018 1.262 0.018 1.262 0.018 
BRR01 0.717 0.0015 Yes 0.0021 Yes 1.242 0.019 1.229 0.019 1.000 0.019 
BRU01 0.726 0.0001 No 0.0001 Yes 1.290 0.017 1.302 0.017 1.290 0.017 
BRU02 0.727 0.0001 No 0.0001 No 1.256 0.016 1.256 0.016 1.256 0.016 

            
PWL01 0.668 0.0015 Yes 0.0021 Yes 1.349 0.013 1.334 0.025 1.087 0.013 
PWM01 0.696 0.0015 Yes 0.0021 Yes 1.356 0.012 1.342 0.048 1.086 0.013 
PWU01 0.721 0.0017 Yes 0.0024 Yes 1.304 0.012 1.288 0.013 1.006 0.015 

            
MWL01 0.669 0.0016 Yes 0.0022 Yes 1.105 0.016 1.091 0.089 0.847 0.017 
(Repeat) 0.764 0.0001 No 0.0001 No 0.822 0.016 0.822 0.016 0.822 0.016 
MWU01 0.696 0.0016 Yes 0.0021 Yes 1.111 0.015 1.087 0.031 0.860 0.016 
(Repeat) 0.593 0.0001 No 0.0001 Yes 0.993 0.016 1.005 0.017 0.993 0.016 

            
CRL01 0.760 0.0001 No 0.0001 No 1.064 0.016 1.064 0.016 1.064 0.016 
CRU01 0.698 0.0001 No 0.0001 No 1.118 0.013 1.118 0.012 1.118 0.013 

            
Lakes            
CGL01 0.717 0.0010 Yes 0.0014 Yes 1.237 0.016 1.229 0.016 1.071 0.018 
CTL01 0.738 0.0007 Yes 0.0010 Yes 1.359 0.013 1.350 0.013 1.252 0.014 
(Repeat) 0.914 0.0002 Yes 0.0003 Yes 1.120 0.038 1.110 0.037 1.077 0.017 
PPL01 0.710 0.0010 Yes 0.0013 Yes 1.223 0.012 1.216 0.012 1.066 0.012 
SLL01 0.734 0.0001 No 0.0001 No 1.395 0.016 1.395 0.016 1.395 0.016 
(Repeat) 0.799 0.0001 No 0.0001 Yes 1.235 0.018 1.522 0.023 1.235 0.018 
aCorrection applied if 99/95 or 101/95 >0.0001        
*Corrected for isobaric interferences         



Table S3. Continued 
Sample 

Δ98Mo*99-101 Δ98Mo*99-Uncorr Δ98Mo*101-Uncorr 
‰ ‰ ‰ 

Tributaries 
BRL01 - - - 
BRR01 0.013 0.241 0.229 
BRU01 -0.013 - 0.013 
BRU02 - - - 

PWL01 0.015 0.262 0.247 
PWM01 0.014 0.270 0.256 
PWU01 0.016 0.298 0.282 

MWL01 0.014 0.257 0.243 
(Repeat) - - - 
MWU01 0.024 0.251 0.227 
(Repeat) -0.012 - 0.012 

CRL01 - - - 
CRU01 - - - 

Lakes 
CGL01 0.009 0.167 0.158 
CTL01 0.009 0.106 0.098 
(Repeat) 0.010 0.043 0.033 
PPL01 0.007 0.157 0.150 
SLL01 - - - 
(Repeat) -0.286 - 0.286 
aCorrection applied if 99/95 or 101/95 >0.0001 
*Corrected for isobaric interferences 



Table S4. Mo concentration and 
δ98Mo Results of repeated 
measurements of SLRS-6 

Run # δ98Mo 2 σx̅ Mo 
‰ nM 

1 2.040 0.014 2.370 
2 1.986 0.012 2.000 
3 1.993 0.018 1.988 
4 2.109 0.024 1.894 

Average 2.03 0.11 2.06 
a 2σ standard deviation 



0.0

0.1

0.2

0.3

0.4

0.5

0.6

Ch
an

ge
 in

 δ
98

M
o 

(‰
)

Δ98Mo*99-101

Δ98Mo*99-Uncorr

Δ98Mo*101-Uncorr

0.5

0.6

0.7

0.8

0.9

1.0

99
Ru

/10
1 R

u

SB
B0

1
PD

F01
RR

R0
1

CBM
01
RJL

01
RJL

01R RJR
01
RJR

02
BC

R0
1
KL

R0
1

KL
R0

1R
MAC01

OAR0
1

TM
L01

TM
L01

R
TM

D01

TM
D01R

TM
U01

Ch
al

k 
Ri

ve
r L

ab
or

at
or

y
Ch

al
k 

Ri
ve

r L
ab

or
at

or
y

Te
m

isc
am

in
g

Te
m

isc
am

in
g

A

B

Upstream

Figure S1. Plots comparing the effect of using mass ratios 99/95 and 101/95 as a correction for 
isobaric interferences of 99Ru and 101Ru on 98Mo and 100Mo of Ottawa River samples. A: 
Difference in calculated δ98Mo values of samples when corrected via mass 99 or 101  
(subscripts 99- Uncorr, 101-Uncorr) compared to values without correction (subscript 
Uncorr) and differnce between both corrections (subscript 99-100). B: Measured 99/101 ratio 
of  samples compared to the natural ratio (0.75, indicated by horizontal dotted line). Vertical 
dashed lines indicate relative location of Chalk River Laboratory and the pulp and paper 
factory at Temiscaming in terms of sample positioning/order along the river. Sample locations 
progress upstream from left to right.
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