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A B S T R A C T   

Study region: Ireland 
Study focus: Multiple studies have established that catchment geology and weathering regime 
strongly influence surface water chemistry, and that geochemical cycling can vary due to seasonal 
climatic conditions. However, fewer studies have focused on the influence these controls in a 
holistic manner. We relate the water chemistry of a country-wide Irish river survey to atmo-
spheric input, underlying geology, and the influence of bogs. Climatic conditions were defined by 
an atypically wet winter and an unusually dry summer, providing the opportunity to investigate 
river chemistry variation across hydrologic conditions. Sampling included 21 of Ireland’s 22 
largest rivers ranked by discharge, first-order and second-order streams draining bog lands, a 
second-order stream draining a limestone catchment, and downstream transects along the River 
Shannon. All samples were analyzed for major elements, selected trace elements, and nutrients, 
and a subset was analyzed for δ34SSO4. 
New hydrological insights: Most catchments were dominated by carbonate weathering with little 
contribution from the weathering of aluminosilicates. River water composition also varied 
geographically along the prevailing wind direction due to inputs from marine aerosols, with 
additional weathering components important in some systems. Seasonal influences could be seen 
in the chemistry of the headwaters of the River Shannon, while the lower reaches of the river 
exhibited less variable behavior throughout seasonal changes, likely due to the influence of lakes 
in the River Shannon system.   

1. Introduction 

The study of river water chemistry has been a significant scientific undertaking since the development of geochemistry. The reasons 
for doing such work are numerous and include to understand the sources of solutes, to determine of the role that geochemical, hy-
drological and biological processes play in controlling chemical concentrations in riverine systems, to assess rates of chemical 
weathering and fluxes of chemicals from the land to the oceans, to elucidate hydrological processes, and to establish whether water is 
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fit for human consumption, to state just a few (Meybeck, 2003). Although initially most these studies were focused on major dissolved 
constituents and nutrients, with the development of clean collection techniques and sensitive analytical methods, analysis of trace 
elements and stable isotopes have been included in many of these investigations since the early 1980s, dramatically increasing our 
overall knowledge of riverine geochemistry (e.g., Windom et al., 1991; Gaillardet et al., 2014). However, most of the research 
emphasis has been directed at the world’s larger river systems (e.g., Stallard and Edmond, 1987; Shiller, 1997; Gaillardet et al., 1999), 
the analysis of one or only a few elements (Miller et al., 2011; Palmer and Edmond, 1993), or specific types of river systems such as 
small mountainous rivers (Gardner et al., 2017; Lyons et al., 2005). There is an opportunity to focus specifically on geochemical 
controls on both large and small streams tied to geology, seasonality, atmospheric input, and anthropogenic influences. 

The bedrock and subsoil geology of any watershed exerts an important influence on the chemistry of the associated natural waters. 
This has been demonstrated using both major cation and anion concentrations and molar ratios of river waters (Gaillardet et al., 1999; 
Meybeck, 2003). For example, waters draining limestone terrains have high total dissolved solids (TDS) and are typically dominated by 

Fig. 1. Simplified bedrock geology of Ireland classified using the methods of Elío et al. (2017). Numbers correspond geologic units in Table 1. 
Geologic map originally obtained from the Ireland Geological Survey from GSI Spatial Resources Data and Maps (www.gsi.ie). 
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Ca-HCO3 ions, while those draining granitic and other felsic crystalline bedrock type have much lower TDS and are usually Na-HCO3 in 
character (Meybeck, 2003). Superimposed on the major element characteristics of rivers is the impact of anthropogenic activities on 
the nutrient and trace element concentrations, be those from agricultural, urban, suburban, or industrial sources (Gaillardet et al., 
2014). Because there are very few “pristine” river systems remaining in the world today, it is important to identify anthropogenic 
factors in addition to local geology and land use in order to understand riverine biogeochemistry (Berner and Berner, 2012). In 
addition, climate and seasonality are important factors, especially as manifested in vegetation type and fluvial hydrology. A central 
issue that influences river chemistry in Ireland is the occurrence and abundance of bog lands. These are ombrotrophic peatlands (fed 
solely by rainfall) characterized by thick sequences of organic matter, naturally decaying under anaerobic (methanogenic) conditions. 
In general, waters draining bogs are of low TDS, elevated dissolved organic matter (DOM), and low pH (Proctor, 2008) with major ion 
chemistry dominated by Na and Cl (Hannigan and Kelly-Quinn, 2014). 

In this paper, we investigate the chemical composition of 21 of the 22 largest rivers by discharge on the island of Ireland (EPA, 
2021) based on 109 grab samples (Appendix A, Fig. 2). The rivers in this study are separated into five groups: 1) first- and second-order 

Fig. 2. Map of Ireland showing all major rivers and catchments in Ireland and Northern Ireland grouped as in the text with simplified peat lands 
(Lydon and Smith, 2014). Numbers correspond to catchment groups given in Table 2. Original data were obtained from Ireland EPA Geoportal 
(www.gis.epa.ie) and (www.opendatani.gov.uk/dataset/priorityhabitats_peatland). 
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streams draining lowland (Atlantic) blanket bog lands (“Streams draining Connemara Bogs”; n = 10); 2) one monolithologic 
second-order stream draining limestone (the Caher River; n = 6); 3) one catchment of mixed lithology of limestones, granites, 
metamorphic derived till, and complex sequence of Precambrian and Lower Paleozoic sediments (“Main stem and tributaries of the 
River Corrib”; n = 14); 4) four downstream transects along the longest river in Ireland during contrasting seasons (the River Shannon; n 
= 38); and 5) the remaining largest rivers on the island (“Other major Irish rivers”; n = 41). Comparisons among these systems allow us 
to investigate the role of substrate geology and land use on stream chemistry. In addition, the River Shannon was sampled during an 
unusually wet, cold winter followed by an unusually hot, dry spring and summer, and again during a high-discharge autumn event, 
providing important insights into how the river biogeochemistry is affected by meteorological and hydrological changes within the 
watershed over a seasonal basis. 

2. Study area 

2.1. Bedrock and quaternary geology 

Bedrock geology was simplified into twelve categories to conduct a spatial analysis of bedrock within river catchments that in-
cludes the total bedrock area and the percent of that bedrock over the whole island (Elío et al., 2017) (Fig. 1; Table 1). Ireland is 
composed largely of Precambrian and Paleozoic sedimentary rocks that are covered in most locations by Pleistocene glacial and 
Holocene post-glacial deposits (Holland and Sanders, 2009). Although we do present data from watersheds containing Late Pre-
cambrian to Early Cambrian Dalradian metamorphic rocks and from igneous intrusives, the majority of the watersheds are dominated 
by the Paleozoic sediments (Fig. 1; Fig. 2; Table 1). The detailed geology of Ireland (see Holland and Sanders (2009)) will not be 
repeated here, but instead we discuss the general importance of lithology as it relates directly to the riverine geochemistry throughout 
the text. 

The Quaternary geology from the southwest to the southeast of the island is a mixture of sandstone and shale derived till with a 
substantial area of granite derived till in the east. These Quaternary sediments also fall along the Northern Ireland—Ireland south 
border. Limestone derived till dominates the center of Ireland, with intermittent peat, sandstone and shale derived tills also incor-
porated. Peatlands are most prevalent in northwest Ireland (Fig. 2), along with metamorphic derived till (Elío et al., 2017). This 
simplification can be further defined by region, although these are generalizations, and in many areas, bedrock is covered by Holocene 
peat and the substrate is obscured. Detailed Quaternary geology, bedrock geology, and groundwater aquifer maps can be viewed using 
the Geological Survey of Ireland online tools (GSI, 2020). 

Table 1 
Classification of Ireland and Northern Ireland bedrock taken from Elío et al. (2017). Classifications determined by geologic formation and size. 
Numbers correspond to labels in Fig. 1. Data originally obtained from the Ireland Geological Survey from GSI Spatial Resources Data and Maps (www. 
gsi.ie).  

Group Unit Name Area (km2) Percent total 

1 Cambrian greywacke, slate, quartzite 702 1.02 
2 Lower-Middle Ordovician slate, sandstone, greywacke, conglomerate 2637 3.83  

Middle-Upper Ordovician slate, sandstone, greywacke, conglomerate 1998 2.90  
Ordovician volcanic rocks 587 0.85  
Silurian terrestrial - shallow marine sandstone, siltstone, conglomerate 259 0.38  
Serpentinite & sedimentary melange (Palaeozoic) 33 0.05 

3 Namurian shale, sandstone, siltstone, & coal 5493 7.97  
Westphalian shale, sandstone, siltstone, & coal 344 0.50  
Permian sandstone, conglomerate, evaporite 25 0.04  
Cretaceous chalk, flint, glauconitic sandstone 1 0.00 

4 Neoproterozoic metasedimentary rocks - Dalradian 5519 8.01  
Neoproterozoic schist and gneiss 438 0.64  
Mesoproterozoic gneiss 47 0.07  
Palaeoproterozoic 16 0.02 

5 ORS, sandstone, conglomerate, & mudstone 10,240 14.80  
Devonian volcanic rocks 41 0.06 

6 Late Ordovician-Silurian deep marine greywacke, mudstone (Longford-Down) 2355 3.42  
Silurian deep marine mudstone, greywacke & conglomerate 1950 2.83 

7 Siluro-Devonian granitic rocks & appinite 3325 4.82  
Lower Palaeozoic basic-intermediate intrusion 249 0.36  
Ordovician granitic rocks 54 0.08  
Palaeogene granitic rocks 48 0.07  
Palaeogene basic intrusive rocks 34 0.05 

8 Tournaisian limestone 7930 11.46  
Tournaisian sandstone, mudstone, limestone 2730 3.96 

9 Triassic sandstone, mudstone, evaporite 13 0.02 
10 Upper Devonian sandstone & mudstone (Old Head Sandstone Formation) 485 0.70 
11 Visean limestone & calcareous shale 19,858 28.81  

Mississippian volcanic rocks 135 0.20 
12 Visean sandstone, mudstone & evaporite 1416 2.05  
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2.2. Meteorological conditions 2018–2019 

The long-term annual rainfall averages (1981–2010) in Ireland generally decrease from west to east, with rainfall in the west 
averaging 1000–1400 mm, rainfall in the east averaging 750 to 1000 mm, and local mountainous regions in the west receiving >2000 
mm (Met Éireann, 2020). December and January are generally the wettest months, while the period of April through June is generally 
the driest. Ireland experienced an unusually cold and wet winter during 2017–18. Total rainfall at the Athenry synoptic station 
(53.421534 ◦N, -7.90756 ◦W) (near Galway) for January 2018 was 173.2 mm, compared to mean monthly January rainfall of 116.7 
mm (Met Éireann, 2020). Record wet weather continued during our March 2018 sampling campaign through April 2018. Then in May, 
the weather became warm, sunny, and dry and during our next sampling campaign in June, rainfalls were as much as 67 % below 
long-term average across Ireland (Met Éireann, 2020). Drought conditions continued through August during our third sampling 
campaign. River Shannon discharge records at Athlone (station 26027) show the mean monthly discharge during our sampling 
campaigns were: March 2018 = 108 m3 s− 1; June 2018 = 21 m3 s− 1; July/August 2018 = 21 m3 s− 1; October 2019 = 190.8 m3 s− 1 

(OPW, 2020). 

3. Methods 

3.1. Sampling and analyses 

We collected 109 water samples manually from Ireland streams and rivers (Appendix A). Most of these samples were collected 
between 20 February 2018 and 6 March 2019, and an additional downstream transect of ten samples was collected from the River 
Shannon during a particularly high discharge period on 5–6 October, 2019. Surface water samples were collected either by hand or 
with a high-density polyethylene (HDPE) sampling device attached to a ~1 m plastic staff. New low-density polyethylene (LDPE) 
bottles that had been pre-cleaned with 18.2 MΩ deionized (DI) water (Welch et al., 2010) were rinsed 3 times with the bulk sample 
before collection, then placed in a chilled cooler in the dark until filtration. All samples were filtered within 20 h of collection, and most 
were filtered within 11 h, except those from the River Bann (2 samples), which were filtered within 3 days of collection. 

Samples were filtered into two aliquots through new 0.45 μm pore-size Whatman polypropylene membrane filters using poly-
propylene syringes: one into a 30 mL LDPE bottle that had been rinsed with DI water three times for anion and nutrient analysis, and 
another 30 mL LDPE bottle that had been rinsed first with 10 % HCl, and then DI water, for major cation and selected trace element 
analyses. The latter filtrate was acidified to 2% v/v HNO3 with Optima grade HNO3 and used for both major cation and trace element 
analyses. In order to assess any possible contamination by our collection and filtration techniques, blanks were created by processing 
DI water following the same procedures as were samples. Within a week of collection and processing, the samples were shipped back to 
the School of Earth Sciences at The Ohio State University and kept in a dark refrigerator at 4 ◦C until analyzed. 

Major cations (Na, K, Ca, Mg) were analyzed using Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES), select 
trace elements (Ba, Rb, Sr, U, Cu, and Mo) were analyzed using Inductively Couple Plasma-Mass Spectrometry (ICP-MS), major anions 
(F, Br, Cl, SO4) by ion chromatography, and nutrients (NH4, NO2 + NO3, Si, PO4) colorimetrically using a Skalar nutrient auto-analyzer 
system. Detailed analytical methods are described elsewhere (Gardner et al., 2017; Harmon et al., 2016; Olund et al., 2018; Welch 
et al., 2010). 

The Relative Standard Deviation (RSD) of replicate calibration standards analyzed every 5–10 samples and ranged 1–3 % for major 
cations, 2–4 % for trace elements, and 1–5 % for major anions and nutrients. Calibrations were verified using the external standards as 
described in the above references, and concentrations were never more than 5 % different than accepted values, and were usually 
within 2–3 %, with the exception of Mg and Ca during one day of analysis which were within 7% and 8%, respectively. In addition, our 
lab has taken part in numerous U.S. Geological Survey inter-laboratory calibrations, and the accuracy of our SO4 and Cl measurements 
that were analyzed concurrently with the Irish river waters samples were within 0.6–2.0 % for SO4 and 1.4–4.7 % for Cl of the accepted 
values. Field blanks were collected during each field campaign, in which our DI water was filtered and preserved in the same manner as 
the samples (Appendix A). Concentrations of the major cations and major anions were low to undetectable for all field blanks. In two of 
the three blanks, NH4 and NO2+NO3 concentrations were above the detection limit, but low in concentration. Trace element con-
centrations were also below detection, with the exception of Cu in one blank, measured at 7.5 nM. This appears to be an isolated 
contamination issue and is lower than 85 % of the measured samples. 

Alkalinity was calculated from the charge imbalance between major cations and anions, and for the purpose of this study of well 
oxygenated river waters, it was assumed to be carbonate alkalinity. Previous studies in our lab, based on analysis of hundreds of stream 
water samples representing a wide range of compositions, show the error associated with this method was typically within 5 % of the 
alkalinity measured by titration (Welch et al., 2010). However, organic ions can make up a significant part of charge balances in waters 
draining peatlands. In our samples draining the Connemara bog systems (n = 10; ~9 % of samples), we expect this error to be larger. 
We compared the calculated alkalinities to a compilation of alkalinity data from other studies collected over a period of decades under 
a variety of discharge conditions. There is very good agreement between our calculated concentrations and previously published work 
on the same rivers (Fig. S1). While we recognize the potential error associated with calculating carbonate alkalinity concentrations, we 
do not examine small changes in alkalinity that would be smaller than potential errors. Total Dissolved Solids (TDS) were calculated by 
summing all the dissolved species in mass units, assuming bicarbonate represents all unmeasured negative charge. 

Twelve samples from a range of systems were processed for δ34S analysis by precipitating dissolved SO4
2− as BaSO4 at Ohio State 

University then analyzing for δ34S at the University of Tennessee, Knoxville using the techniques described by Szynkiewicz et al. 
(2015). The δ34S of BaSO4 was measured using a Costech elemental analyzer (EA) coupled with a Delta Plus XL IRMS with analytical 
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precision better than 0.3 ‰. The data are reported with respect to VCDT (Vienna Canyon Diablo Troilite). 

4. Results 

The geochemical measurements from all 109 samples are tabulated with detailed sampling locations (Appendix A). Table 3 presents 
the mean concentrations of major, minor, and trace elements and nutrients in the sampled Irish rivers, data for world rivers, European 
rivers termed “unpolluted,” by Berner and Berner (2012), Mace Head (SW Irish coastal) precipitation (Keene et al., 2015), and Irish bog 
waters (Gorham et al., 1985). 

4.1. Major and minor elements and ions 

Total dissolved solids (TDS) ranged from 34 to 631 mg L− 1 with a mean of 260 ± 148 mg L− 1. Three streams (Kylemore, Dawros, 
and Owenbanogue rivers) and two unnamed streams draining Connemara bog lands and underlain by crystalline rocks near (n = 10) 
have a median value of 52 mg L− 1, reflecting the dearth of readily weatherable rocks in these catchments and the dilution by low TDS 
bog waters. The Caher River to the south, a second-order stream draining a karstified limestone catchment in the Burren region, has a 
median TDS of 279 mg L− 1, while the other larger rivers throughout the country have a median value of 298 mg L− 1, which is similar to 
other large European rivers draining mixed lithologies (Berner and Berner, 2012). 

The major cation concentrations of the rivers measured in this study are dominated by Ca and Na (Fig. 3). Large variations are 
observed for Ca (mean = 1281 μM; RSD = 65 %), Mg (mean = 188 μM; RSD = 64 %) and K (mean = 53 μM; RSD = 96 %), and lesser 
variations are observed for Na (mean = 442 μM; RSD = 36 %) (Appendix A). The major anions are dominated by alkalinity (HCO3), but 
some rivers, primarily those influenced by bogs, have higher relative concentrations of dissolved Cl (Fig. 3). The more coastal 
Connemara samples have Na > Ca>>Mg > K and Cl=HCO3>SO4, while all the other rivers are dominated by Ca and HCO3 (Table 3). 

The mean Ca and HCO3 concentrations (excluding the ten samples collected from the Connemara bogs) are higher than both the 
European and World means. The rivers are also elevated in Na and Cl compared to European and world means. Dissolved Si con-
centrations are an order of magnitude lower than the world average of 370 μM (Table 3), ranging 2–148 μM with a mean of 38 μM. The 
SO4 concentrations in the rivers range widely, from 16 to 385 μM, with a mean and median of 86 μM and 68 μM, respectively, between 

Fig. 3. Piper diagram of all Ireland rivers in Appendix A.  
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the European and World means. Sulfate generally composes less than 10 % of the total anion concentration of the Irish river water 
samples. The highest SO4 values are measured in the northeast part of the island, in the Bann and Boyle Rivers, with concentrations 
greater than 350 μM. 

The mean concentration of dissolved F for the entire dataset is 3.3 μM, much higher than the Connemara and Caher mean values, 
and equal to the means of River Shannon and other Irish rivers (Table 3). The median Br concentration for all rivers is 0.41 ± 0.23 μM, 
with the highest means from Connemara bog streams and Caher River system, and the lowest in the River Shannon. 

4.2. Nutrients 

The NO3 + NO2 concentrations of the full dataset range <0.1–396 μM with a mean of 54 ± 71 μM (Appendix A). The mean NO3 +

NO2 values for streams draining the Connemara bogs, the Caher River, the Corrib tributaries, and River Shannon are similar (26–45 
μM), while the other major Irish rivers are roughly two-fold higher, at 93 μM, although all subsets of rivers have RSDs of ~100 %. These 
large variabilities suggest that some systems are probably affected by anthropogenic input of fixed nitrogen through pastureland 
agricultural activities, which account for 54 % of Irish land cover (Lydon and Smith, 2014) (Table 3). Ammonium concentrations are 
low with means less than 1 μM, as are soluble reactive phosphate (SRP) concentrations. Of the SRP, only six samples are above the 
detection limit of 0.1 μM. Similarly low SRP values were measured in spring water discharge in County Clare on the west coast, 
suggesting sorption with carbonate minerals (Smith and Cave, 2012). Previous work on nutrient concentrations in twelve of the major 
rivers that we also analyzed documented a relatively low mean SRP between 0.24 and 1.87 μM, and comparable NO3 + NO2, con-
centrations with values as high as 324 μM, and a mean of 156 μM (McGrath et al., 2016). 

4.3. Minor and trace elements 

Minor and trace elements were measured on samples collected in 2018 only (n = 92), and mean concentrations are Rb = 16 nM, Sr 
= 2870 nM, Ba = 206 nM, Mo = 4 nM, Cu = 17 nM and U = 2.9 nM (Appendix A). As noted by Gaillardet et al. (2014) in their review of 
trace element concentrations in world rivers, there are fewer minor and trace data available in the literature than for major elements, 
and many of those data come from North America. Gaillardet et al. (2014) provided mean dissolved estimates for Rb (19 nM), Sr (684 
nM), Ba (168 nM), and Cu (23 nM), while estimates for U (0.78 nM) and Mo (8 nM) are provided by Palmer and Edmond (1993) and 
Miller et al. (2011), respectively. The Irish river dataset values are slightly lower than the global mean for dissolved Rb, Mo, and Cu, 
higher in all five river groups for Sr, slightly higher for Ba and U in the major rivers but lower in the low-order coastal streams (Table 3). 

4.4. Sulfur isotopes 

There was sufficient BaSO4 precipitate present to obtain precise and accurate analyses in only seven of the twelve samples. The 
δ34SSO4 of selected river water samples ranged from approximately +9.5 to -2.7 ‰ (Table 4). The δ34S values generally were higher for 
samples collected on the west side of the island and decreased with decreasing catchment peat content. 

5. Discussion 

5.1. Sources of elements and chemical weathering 

5.1.1. Correlations of major ions 
As a first step to determine solute sources, a Pearson correlation matrix was developed to assess the relationships among dissolved 

constituents in all the Irish rivers (Fig. S2). The strongest positive correlations were found for TDS-Ca, TDS-HCO3 and Ca-HCO3. 
Weaker positive correlations were observed for TDS-F, TDS-Mg, HCO3-F and HCO3-Mg. There were also positive relationships between 
these pairs: Na-K, Na-Cl, K-Cl, K-SO4, Ca-Mg, and SO4-Si. No significant negative correlations were identified. The interpretations of 
these relationships are straightforward in that the correlations observed among TDS, Ca, HCO3, and Mg represent their primary 
introduction to the Irish waters through limestone weathering. Their correlations with F suggest a similar source. The Na-Cl and Na-K 
relationships are likely due to these elements’ primary introduction into the landscape from both wet and dry deposition of marine 
aerosol. The strong positive relationships between SO4-K and SO4-Si may imply the introduction of those constituents from sedi-
mentary rock weathering, particularly from pyrite oxidation as discussed in section 5.1.5. 

5.1.2. Aerosols and atmospheric input 
Ireland is the first major land mass encountered by prevailing westerly winds traveling over the Atlantic Ocean and the precipi-

tation chemistry at Mace Head (southwest coastal) reflects that long-traveled path over the ocean prior to reaching Ireland (Table 3). 
This precipitation has low pH (4.9) and Ca concentrations (Keene et al., 2015). This indicates that at least in the streams on the west 
coast, the dissolved Ca is derived primarily from chemical weathering. The streams draining Connemara bogs on the west coast are also 
dominated by deposition influenced by marine aerosols but have higher Ca, Mg, and K values than the Mace Head precipitation, 
indicating some water-rock interaction has occurred. These are common observations across the rivers in Ireland, where a percentage 
of solutes is derived from precipitation but chemical weathering is the primary source for many chemical constituents (Lyons et al., 
2020). Other solutes, such as SO4, may have natural or anthropogenic aerosol sources (Aherne et al., 2002) with additional influence of 
rocks, soils, and sediment sources such as the oxidative weathering of reduced sulfides (Burke et al., 2018), and dissolution of sulfate 
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phases in some areas (West et al., 1968). 
As in many other countries, waters in Ireland have been monitored for changes in SO4 concentrations to assess the environmental 

policies enacted in the early 1980s to combat acid precipitation. Between 1997 and 2007, atmospheric emissions of SO2 decreased ~63 
%, and non-marine SO4 deposition decreased 36 %, while lake water SO4 concentrations decreased by 9 % and non-marine SO4 
decreased by 58 % (Burton and Aherne, 2012). Despite a decrease in the use of solid fuels such as coal and peat, the atmospheric input 
of SO2 has not been eliminated, at least on a local scale (Goodman et al., 2009; Lin et al., 2018, 2012). Short-term (hours to days), 
relatively high concentration (10–15 μg S m− 3) events still occur in urban areas such as Dublin (Lin et al., 2018), though Dublin is 
probably anomalous compared to the country as a whole, as it is the most urbanized region of the country. 

Wind direction plays a major role in the SO4 present in precipitation. Onshore westerlies from the Atlantic contain the highest total 
SO4 concentrations, with a weighted mean concentration near 30 μM, while winds from the east carry the highest fraction of non-sea 
salt SO4 associated with source in Ireland and Europe (Bashir et al., 2008). However, even at the Mace Head sampling location on the 
west coast, where the deposition chemistry has a strong marine component, pollution from Europe can contribute to the precipitation 
chemistry in Ireland at some times of the year (Huang et al., 2001). Those easterly winds, however, are usually associated with high 
pressure systems that produce little precipitation (Keene et al., 2015). The mean SO4 concentration of 9.4 μM in rainwater at Mace 
Head has an RSD of 71.5 % (Keene et al., 2015), indicating the high variability of this constituent. Nonetheless there is a decrease in the 
Cl/SO4 molar ratio of the precipitation from west to east across the island, with a decrease in the marine aerosol component (Aherne 
et al., 2002; Aherne and Farrell, 2002; Bashir et al., 2008), and comparable trends are observable in the river chemistry (Fig. 4). For 
reference, the global mean Cl/SO4 ratio for “natural” rivers, as termed by Berner and Berner (2012), is assumed to be ~2. This low 
global average is similar to the mean for anthropogenically affected rivers of ~1.3–2, but the absolute SO4 concentrations are 120–188 
μM in anthropogenically affected rivers compared to a mean of 86 μM for pristine rivers (Berner and Berner, 2012). The Cl/SO4 ratios 
vary substantially in the rivers shown in Fig. 4, with a high of ~27 (greater than the seawater ratio of ~19) from the River Caher in the 
west, to a low of ~2 in the upper reaches of the River Shannon and in rivers draining the northeastern part of Ireland. The Connemara 
bog streams and the Caher River in the Burren, which drain mostly bog lands in the west, have mean Cl/SO4 molar ratios of 11.2, and 
9.8, respectively. They reflect the importance of marine aerosol deposition just inland from the ocean, as the ratios are very similar to 
Mace Head precipitation value of 10.3 (Keene et al., 2015), but slightly higher than previously measured bog water values (Novák 
et al., 2005a, 2005b). The Cl/SO4 of rivers draining other catchments along the west coast (Rivers Foyle, Erne, Owenmore, Moy, Feale, 
Fergus, Laune and Maigue) have a slightly lower mean ratio of 8.2. However individual rivers have Cl/SO4 that vary by as much as a 
factor of four, with higher ratios in samples collected during the wetter March and May 2018 months compared to those samples from 
August 2018. 

East coast rivers have lower Cl/SO4 ratios with mean values of 3.2 in both the northeast (Bann, Boyne, Liffey, Slaney) and southeast 
(Barrow, Nore, Suir, Lee, Blackwater, and Bandon), with little change in the ratios observed between spring and summer sampling. The 
length of the River Shannon was sampled four times during the study, in March, June, and August of 2018 and in October of 2019. The 
Cl/SO4 ratios in the upper reaches of the River Shannon vary considerably, reflecting some of the lowest values in this study with 
values of 1.3–1.8 measured at Dowra. However, for most of the length of the River Shannon, the Cl/SO4 ratios remain relatively 
constant with a mean of 6.7 (Fig. 4). The overall decrease in Cl/SO4 from the west to the east, along the prevailing wind direction, 
suggests that input from marine aerosols is a contributor to these solutes in river waters, however the variation in this ratio and the 
elevated SO4 concentrations in some of these rivers suggest additional in-situ sources, which are discussed further in Section 5.1.5. 

Precipitation and dry deposition are also major sources of Br and F and these largely reflect the composition of marine aerosols 

Fig. 4. Cl:SO4 molar ratios for Ireland rivers. River groups are ordered west to east along the prevailing wind direction. The seawater ratio and Mace 
Head precipitation ratio (southwest Ireland coastal; Keene et al. [2015]) derived from volume weighted means are provided for reference. The 
global mean Cl/SO4 ratio for “natural” rivers, as termed by Berner and Berner (2012), is assumed to be ~2. 
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(Neal et al., 2007; Tagami and Uchida, 2006). However, weathering of F-bearing minerals (particularly apatite, fluorite, and biotite) 
from rocks and soils can be a significant source of F in river waters (Berger et al., 2016; Fuge, 2019). Bromide can be incorporated into 
organic matter in soils, especially peat (Hughes et al., 1998). The F/Cl and Br/Cl ratios from Irish stream and river samples are 
compared to seawater ratios (representing the marine aerosol source approaching Ireland from the WSW). All but six river samples 
show enrichment of F and depletion of Br relative to Cl when compared to seawater (Fig. 5). If we assume that Cl is conservative, these 
data strongly suggest that dissolved F is coming not only from precipitation, but also from the dissolution of F-rich minerals in the soils 
and bedrock (rock salt is sometimes applied to roads in Ireland in the winter months—another possible Cl source). The molar ratio of F 
to Ca is approximately 1:500 (Fig. S3), which is close to an estimated value of 1:400− 500 for marine carbonates (Chester, 2003; Fuge, 
2019), suggesting a similar source. A possible explanation for relatively low concentrations of Br could be loss from the initial pre-
cipitation input due to incorporation into organic matter within the soil profile, especially in bogs (Neal et al., 2007). Four samples 
collected from uppermost River Shannon sampling locations during October 2019 exhibit roughly the same Br/Cl ratio as seawater, 
confirming the precipitation-aerosol source during a high flow event in which water moved through the system quickly with little time 
for soil-water interaction. 

5.1.3. Carbonate weathering 
The concentrations and sources of dissolved inorganic carbon (DIC) and bicarbonate/carbonate ions to river systems can help 

elucidate landscape denudation processes, watershed and riverine ecological dynamics, and anthropogenic activities (Lyons et al., 
2020; Raymond and Hamilton, 2018). Urban runoff over impervious surfaces and agricultural processes (i.e. ‘liming’) can greatly 
affect the overall carbonate system in rivers (Kaushal et al., 2017), though spatial variation in the bicarbonate distribution in river 
waters is thought to be controlled primarily by chemical weathering of limestone and dolomite within catchments (Lauerwald et al., 
2013). Previous work on the geochemistry of estuarine systems in Ireland attributed the high DIC concentrations to carbonate rock 
weathering, especially in the Shannon, Liffey, and Barrow-Nore-Suir systems (McGrath et al., 2016). The rivers in our study, with the 
exception of the streams draining bogs, are primarily Ca-HCO3 waters (see section 4.1). The highest calculated bicarbonate concen-
trations are observed in rivers associated with watersheds that are at least partially composed of limestones. The catchments that have 
been termed “non-limestone” by McGrath et al. (2016), such as the Blackwater, Foyle, Lee, and Slaney, all have lower HCO3 values 
than the watersheds containing limestone (Fig. 6). Dissolved Ca and HCO3 show a strong relationship, demonstrating a 1:2 M stoi-
chiometry, providing further evidence for limestone weathering (Fig. 6; Eq. 1).  

CaCO3 + H2CO3 ⇌ Ca + 2HCO3                                                                                                                                                (1) 

The points falling farthest above this 1:2 line are from rivers such as the Barrow, Nore, Suir, and Bann, the same rivers containing 
high Mg concentrations relative to Ca (Fig. 7). 

Although dissolved Mg is strongly associated with dissolved Ca from limestone weathering, not all the Mg can be accounted for 
from this source. There is a positive relationship between Mg and Ca in most rivers of approximately 1:10 Mg:Ca ratio (Fig. 7). 
Groundwaters in “pure limestone” lithologies (i.e., limestones and dolomitized limestones) and “impure limestone” lithologies (i.e., 
mixed limestones, sandstones, shales) described by Tedd et al. (2017) also both have a median Mg:Ca ratio of around 1:10. Some rivers 
plot far above the 1:10 Mg:Ca line in Fig. 7, including the Bann, Boyne, Suir, Barrow, Nore, and Maigue, all of which drain the midland 
eastern portion of the island and have a high percentage of carbonates in their catchments. While the groundwaters associated with 
dolomitized limestones have elevated Mg:Ca ratios (Tedd et al., 2017), they are still substantially lower than the rivers listed above. 
These rivers with high Mg:Ca ratios also drain mafic igneous intrusives and volcanics that are uncommon elsewhere on the island. 
Weathering of these more Mg-rich rocks may also contribute disproportionately to the TDS. An additional source of non-limestone Mg 
to the midland eastern rivers could be both crystalline igneous and detrital sedimentary rocks (Fig. 8, Fig. 1, Table 1). 

It has been demonstrated by others that even in catchments that are underlain by crystalline rocks, which contain very low amounts 

Fig. 5. F/Cl and Br/Cl molar ratios of all sampled Ireland rivers in Appendix A. Seawater value from Rees et al. (1978).  
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of disseminated calcite (<1 %), riverine dissolved Ca is still primarily from CaCO3 dissolution (Jacobson and Blum, 2003; Jin et al., 
2008; Lyons et al., 2005). Irish soils, including those in non-limestone regions, have concentrations of total Ca (reported as CaO weight 
%) ranging between 0.01 % and 2.1 % (De Vos and Tarvainen, 2006; Reimann et al., 2012). These surficial materials, produced from 
previous glacial activities and deposition, could also be a source of Ca and HCO3 to Irish waters. 

Although the abundance of readily dissolvable CaCO3 is the major control on the distribution of Ca and HCO3 in Irish rivers and 

Fig. 6. HCO3
− vs. Ca from all sampled Ireland rivers in Appendix A. The dashed line represents 1:2 (Ca : HCO3) stoichiometry.  

Fig. 7. Dissolved Mg vs. dissolved Ca for all sampled Ireland rivers in Appendix A. The dashed line represents the 1:10 Mg:Ca ratio observed in 
groundwaters in limestone catchments (Tedd et al., 2017). 

Fig. 8. Ca divided by 
∑

(Na,K,Mg,Ca) vs. Mg divided by 
∑

(Na,K,Mg,Ca) for all sampled Ireland rivers in Appendix A, after Torres et al. (2016).  
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streams, there are other lithologic sources. The relationship between dissolved Ca and Sr suggests a mix between the dissolution of 
carbonate and the weathering of crystalline rocks (Fig. 9). Three of the low order Caher river samples draining only Viséan-aged 
limestone fall along either side of the carbonate monolithic catchments described by Meybeck (1986), suggesting these Ca/Sr ratios 
can have considerable variability. The Connemara streams, flowing through watersheds dominated by the occurrence of bogs, fall 
along the crystalline rock end-member trends. Though evaporitic facies are uncommon in Ireland, headwater samples from the River 
Shannon at Shannon Pot and Dowra may represent an enrichment of Sr relative to Ca sourced from the dissolution of gypsum from 
evaporitic beds alternating with shales and limestones observed by West et al. (1968). These authors attribute blocks of gypsum 
observed on the shore of Lough Allen, between Dowra and Drumshanbo, as sourced from these beds (Fig. 2). Increased SO4 from these 
same sample sites in the upper reaches of the Shannon could be coming from the oxidation of reduced sulfur phases in peatland or 
shales. The combination of higher SO4 concentrations and lower Ca/Sr ratios may be better explained by the dissolution of other Ca- 
and SO4-rich sources, such as the gypsum described by West et al. (1968). 

Many of the minor and trace elements measured in this study can be attributed to carbonate weathering. Little published data exist 
for trace metals in Irish surface waters but previous work on the River Corrib and its four tributaries (O’Connor, 2003), which we 
sampled, shows mean dissolved Ba (184–440 nM) and Sr (332–4780 nM) concentrations that were within our reported range. The Irish 
Geological Survey also recently published the Tellus geochemical survey, with trace element data including Ba (2.2–5000 nM) and U 
(BDL–60.7 nM) in stream water from the border and west of Ireland (Knights, 2020). The correlation matrix of minor and trace el-
ements (Fig. S4) indicates that Ba is positively correlated to both Ca and Sr, but it is less strongly correlated with SO4 across the entire 
dataset. Rivers draining limestone catchments are associated with both low Ca/Ba ratios (River Shannon system mean = 5 × 103) and 
high Ca/Ba ratios (Caher River mean = 100 × 103). Karst waters in County Clare have higher Sr/Ba values than waters draining clastic 
rocks (Gill et al., 2018), also suggesting that although Ba may in part be associated with CaCO3-rich lithologies, the highest Ba 
concentrations are sourced from other minerals. The highest Ba concentrations in our dataset are from the central and eastern region of 
the country, including the eastern Shannon tributaries and the Rivers Boyne, Suir, Noir, and Barrow (the same rivers with elevated Mg 
concentrations) all of which drain a mixed lithology of limestones and shales, but also contain igneous intrusives and Ordovician 
volcanics. Barite (BaSO4) could be associated with the detrital sedimentary rocks (predominately shale) in some of the watersheds, but 
no compelling correlation exists between Ba and SO4 in these central-eastern river systems with elevated Ba and Mg. Barium is also 
commonly associated with clays in shales as an interlayer cation that can be readily solubilized during weathering (Renock et al., 
2016). 

Uranium is most strongly associated with dissolved Ca and these two elements exhibit a robust positive linear relationship except 
for three outliers (Fig. 10). Of the three high values, two are from the River Barrow, and the third is from the Slaney, and may be 
derived from the weathering of granitic rocks in the Wicklow Mountains in the northeast and northern portions of the respective 
catchments (Fig. 1). Recent work in smaller river systems of the world has also pointed to the association of dissolved U with carbonate- 
rich landscapes (Gardner et al., 2017). In addition, karst water in western Ireland has higher concentrations of U than nearby waters 
draining detrital sedimentary rocks (Gill et al., 2018). 

5.1.4. Aluminosilicate weathering 
As noted above, the Si concentrations in Irish surface waters are lower than global means, and in general, the chemical weathering 

regime on the island is dominated by carbonate rock dissolution. However, the presence of dissolved Si indicates that aluminosilicate 
weathering does occur and we examine the significance of this process through using three methods: 1) a comparison to end-member 
lithologies based on work by Gaillardet et al. (1999); 2) a thermodynamic approach; and 3) an examination of non-sea salt alkali 
metals. 

Most of the Irish waters reflect a mix of carbonate dissolution and an “evaporite” signature (Fig. 11) which, with the previously 
noted rare exception of the headwaters of the Shannon, suggests the concentration of marine aerosols result from precipitation input, 

Fig. 9. Ca vs Sr in all sampled Ireland rivers in Appendix A, plotted using the method of Brennan et al. (2014). Ca/Sr lines of monolithic catchments 
are from Meybeck (1986). The black dashed line represents the downstream evolution of River Shannon waters. 

W.B. Lyons et al.                                                                                                                                                                                                       



Journal of Hydrology: Regional Studies 37 (2021) 100881

12

not from evaporite rock dissolution. The Cl/SO4 ratios also support this hypothesis (Table 4). Of the eight Connemara bog stream 
samples from along the coast, three fall within the evaporite-marine aerosol end-member, as do the Rivers Bealnabrack and Owenriff, 
both of which flow into Lough Corrib within the Corrib catchment. These differences reflect, at least in part, differences in catchment 
lithologies and the abundance of readily weatherable material. 

The agricultural soils of Ireland are intermediately to highly weathered, with Chemical Index of Alteration (CIA) ranging 60–92, 
with the soils in the eastern and southern regions of the country having higher weathering indices than soils from the north and west 
(Négrel et al., 2015). These high CIAs suggest that at least in the agricultural areas, the soils have undergone intensive weathering and 
the more dissolvable material has already been lost (Nesbitt and Young, 1982). This is especially important in the soils dominated by 
granite and sandstone derived tills. Even though the production of dissolved Si indicates that chemical weathering of Si-rich rocks is 
taking place, the relatively low concentrations measured in these streams suggest the intensity of the weathering process is low. All but 
four samples have Si concentrations less than 100 μM, roughly half that of quartz solubility, with the majority ranging between 10 and 
60 μM, and twenty-seven samples have concentrations less than 20 μM (Fig. S5). These very low values suggest that soils may be 
unstable with respect to secondary clay minerals, while the higher values suggest waters are in the stability field of kaolinite (Stallard 
and Edmond, 1987). In both cases, from a thermodynamic approach at least, these waters are representative of an aluminosilicate 
domain that has been highly depleted in primary minerals and alkali cations and are replaced by more insoluble weathering products 
such as clay minerals (Faure, 1998). 

Finally, the relationship between Si concentrations and alkali metals is shown by correction of precipitation input by subtraction of 
Cl from Na + K (Fig. 12). In the majority of rivers, the Na and K can be accounted for by precipitation input, as 72 samples have Cl- 
corrected alkali metal concentrations less than zero. More intense weathering of primary cation-rich minerals plot farther to the right, 
(Stallard and Edmond, 1987; Zhang et al., 2019) including only 37 samples. All three of the above approaches support the notion that 
although the dissolved Si observed in these waters does represent input from the weathering of aluminosilicate minerals, this form of 
weathering is minor, and the majority of most readily weatherable material has been already removed. 

Fig. 10. Dissolved U vs. dissolved Ca for all sampled Ireland rivers in Appendix A.  

Fig. 11. HCO3/Na vs Ca/Na molar ratios all sampled Ireland rivers in Appendix A. Plotting methods and major river data after Gaillardet et al. 
(1999) as modified by Yu et al. (2019) with end-member lithologies of carbonates, silicates, and evaporates. 
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5.1.5. The influence of bogs and sulfide weathering 
In addition to the marine- and fossil fuel-derived aerosol sources of SO4 discussed in Section 5.1.2, there are other potential in-situ 

sources of SO4 to the rivers of Ireland. While fertilizer and agricultural return waters have been shown to add to the SO4 loads of rivers 
and streams in other locations (e.g., Szynkiewicz et al., 2011, 2015), these sources have not been identified as significant contributors 
in Ireland. Bog soils have been established as important components in S biogeochemical dynamics in catchments where extensive bog 
land exists (Novák et al., 2005b, 2005a, 2001, 1994; Skrzypek et al., 2010). Burton and Aherne (2012) noted that catchment soils in 
Ireland have the ability to retain SO4 while Cl− passes through the system, thereby both removing SO4 (either by microbial reduction or 
by adsorption onto organic matter) and changing the S isotopic value. 

Sulfur fixed in bogs is both inorganic (i.e., iron sulfide minerals) and organic-associated, with the latter being more abundant 
(Novák et al., 1999). European bog sedimentary δ34S values range widely in the top 40 cm of depth from +15 to -4 ‰, similar to the 
range across our seven samples (Table 4). Bog substrate dating strongly suggested that S is mobile in these environments (Novák et al., 
2005b), and subsequent work has clearly demonstrated that fluctuations of the water table aid in S mobility. Daniels et al. (2008) have 
shown that at lower water levels, previously reduced S is oxidized to form dissolved SO4 that is then flushed from the bogs into surface 
water runoff during storms and gully erosion events. Thus, bog land can be a major contributor of SO4 to rivers and streams with more 
depleted δ34S of SO4 values. 

The δ34S of SO4 values are generally higher on the west coast and decrease eastward, but also generally decrease with lower 
fractions of catchment peatland, though neither of these is a statistically robust relationship (Fig. 2, Table 4). Also summarized in 
Table 4 are possible sources that were used as end members for our analysis. The most negative δ34S values identified originate from 
the oxidation of biogenically reduced S that has formed pyrite (Burke et al., 2018; Karim and Veizer, 2000; Torres et al., 2014) and 

Fig. 12. Si versus (Na + K)-Cl for all sampled Ireland rivers in Appendix A, after Stallard and Edmond (1987). Values to the left of the dashed 
vertical line at 0 represent samples for which Na and K can be accounted for by precipitation only, while values to the right indicate more intense 
weathering of primary cation-rich minerals, suggesting increased aluminosilicate weathering. 

Fig. 13. SO4
2− /HCO3

− versus (Ca2++Mg2+)/HCO3
− molar ratios for all sampled Ireland rivers in Appendix A. Samples to the right of vertical dash 

lined are those with SO4 concentrations of more than 10 % of their HCO3 concentration. These samples have Ca + Mg concentrations that cannot be 
accounted for by carbonate mineral dissolution alone, suggesting either OWP or SOx gases plus the weathering of limestone is contributing to the 
solute flux. 
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pyrite from black shales in western Ireland, in the Clare Basin, ranged from -35.5 ‰ to -8.2 ‰ (Armstrong et al., 2019). Mean 
flux-weighted bulk precipitation measured at Connemara bog was the most positive at +17.8 ‰, close to the seawater value of +21 ‰ 
(Novák et al., 2005a). Globally, the oxidative weathering of pyrite (OWP) is now recognized to be a much more significant source of 
SO4 to natural waters than previously thought. Approximately 43 % of the total riverine dissolved SO4 is estimated to be from this 
source, yielding a mean global δ34S value of +4.9 ‰ for unpolluted rivers (Burke et al., 2018). 

We interpret at least some of the SO4 present in the rivers with higher SO4/Sr ratios and more negative δ34S values to be from OWP. 
Large rivers with elevated SO4/Sr relative to the overall dataset (>100) include the Rivers Bann, Bandon, Laune, Lee, and Feale, along 
with the smaller Annascaul, and all drain at least some clastic sedimentary terrain. As such, the Bann has the third lowest δ34S values 
measured (+1.2 ‰). However, there is little evidence to argue that OWP is the only source of this isotopically depleted S, as the farther 
inland bog-sequestered SO4 could have a much more negative δ34S value (Novák et al., 2001). In addition, if the oxidation of the 
reduced S in the bog soils occurs through microbial processes (Pellerin et al., 2019), the SO4 that is transported from the bog sediments 
into rivers could have a very different isotopic signal than either what was initially deposited in the bog or what was converted via 
reduction processes. Given the dearth of S isotope data, we cannot firmly state whether this SO4 depleted in 34S is from the more 
traditional OWP as described by Burke et al. (2018) or from similar oxidation processes occurring in the bog lands. 

One additional piece of evidence suggesting OWP occurs in some rivers is potentially increased weathering reactions. The acidity 
generated from the OWP has the potential to increase mineral weathering rates greatly and to affect the stoichiometry of the mineral 
weathering reaction, because it can solubilize cations from rocks and minerals. These reactions would result in a deficit of carbonate 
alkalinity in waters because the acidity is from SO4 and not CO2. Of the 109 river samples, 17 have SO4 concentrations of more than 10 
% of their HCO3 concentration (Fig. 13). These include eight from Connemara, four from the upper River Shannon drainage, two from 
the River Bandon, one from the Annascaul, and one each from the River Feale, and the River Bann, many of the same rivers discussed 
above with elevated SO4/Sr ratios. These 17 rivers, including the five formerly mentioned, have Ca + Mg concentrations that cannot be 
accounted for by carbonate mineral dissolution alone based on the stoichiometry for CO2-promoted dissolution of Ca-Mg carbonates (i. 

Table 2 
Major rivers and tributaries with mean discharge (m3 s− 1), catchment area (km2) and catchment number corresponding to group categories in Fig. 2. 
Streams draining Connemara bogs (group 1) and Annascaul (group 5(xvii)) did not have discharge data available and are not included.  

River Group Catchment Area 
(km2) 

95th Percentile (m3 

s− 1) 
50th Percentile (m3 

s− 1) 
5th Percentile (m3 

s− 1) 
Station Name EPA 

Station 
Number 

Caher 2 130      
Corrib2 3(a) 3114 24.50 82.29 213.35  30_206 

Cloon3 3(b) 248 0.50 3.19 14.88  30_1442 
Robe3 3(c) 131 0.77 3.93 19.09 Foxhill 30005 
Cong3 3(d) 114 8.92 28.69 73.13 Cong Weir 30031 
Clare2 3(e) 319 2.65 15.49 71.15  30_248 
Bealnabrack2 3(f) 130 0.29 1.50 12.62  30_1470 
Owenriff2 3(g) 177 0.22 2.13 12.77  30_3142 

Shannon3 4 15,353 17.95 84.21 219.76 Athlone 26027 
Boyle3 4(h) 345 1.68 9.00 30.92 Boyle Abbey Bridge 26108 
Inny3 4(i) 1138 2.90 15.86 46.99 Ballymahon 26021 
Suck3 4(j) 1441 2.59 18.24 71.89 Bellagill 26007 
Big Brosna3 4(k) 848 4.20 14.56 52.99 Moystown  
Little Brosna2 4(l) 601 1.77 6.09 24.12  25_628 
Mulkear3 4(m) 99 2.53 10.03 49.21 Annacotty 25001 
Maigue3 4(n) 595 1.67 8.11 43.93 Castleroberts 24008 
Fergus3 4(o) 638 0.73 7.68 28.75 Ballycorey 27002 

Foyle 5(i) 1106      
Bann1 5(ii) 5775 0.51 2.80 18.67 Dynes Bridge 203017 
Erne2 5(iii) 3441 0.10 0.53 2.62  36_1183 
Owenmore3 5(iv) 1605 0.70 5.26 21.82 Ballynacarrow 35001 
Moy3 5(v) 2352 8.41 46.11 136.91 Rahans (Moy) 34001 
Boyne3 5(vi) 2690 4.40 25.42 103.95 Slane Castle 7012 
Liffey2 5(vii) 1624 2.51 12.64 71.11  09_299 
Slaney3 5(viii) 1980 2.99 13.87 52.76 Scarrawalsh 12001 
Barrow3 5(ix) 3016 9.01 28.33 109.07 Graiguenamanagh U/ 

S 
14029 

Nore3 5(x) 2585 6.24 27.48 116.97 Brownsbarn 15006 
Suir3 5(xi) 3553 11.86 36.00 133.88 Clonmel 16011 
Blackwater3 5(xii) 3308 10.98 43.44 164.57 Ballyduff 18002 
Lee3 5(xiii) 2182 0.21 1.17 5.19 Ballymullen 23012 
Bandon3 5(xiv) 597 1.48 9.52 47.21 Curranure 20002 
Laune3 5(xv) 2037 5.54 21.34 73.00 Laune Bridge 22035 
Feale3 5(xvi) 1780 1.58 10.61 78.78 Listowel 23002  

1 National River Flow Archive, http://nrfa.ceh.ac.uk/data/station/info/39001, 6th April 2018. 
2 Irish EPA HydroTool https://gis.epa.ie/. 
3 Office of Public Works (waterlevel.ie) accessed through Irish EPA HydroNet: http://www.epa.ie/hydronet/. 
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Table 3 
Mean concentrations from all sampled Ireland rivers in Appendix A and global values.   

Streams draining 
Connemara bogs 
(n = 10) 

Caher River (n =
6) 

Main stem and 
Tributaries of the 
River Corrib (n =
14) 

River Shannon 
(n = 38) 

Other Major Irish 
rivers (n = 41) 

Mace Head precipitation3 Irish bogs4 Europe, unpolluted1 Global river mean1,2,5,6 

mean std dev mean std dev mean std dev mean std dev mean std dev mean mean mean mean 

Na μM 516 274 422 58 429 57 348 83 519 164 1530 590 139 226 
Mg μM 82 35 75 19 148 39 180 71 251 155 15 79 218 136 
K μM 27 38 23 10 46 18 45 17 74 75 1.9 24 28 33 
Ca μM 245 282 1380 328 1495 866 1292 645 1436 946 0.9 34 604 334 
Si μM 51 42 17 17 24 15 39 17 42 30 — — 242 370 
F μM 1.3 1.1 0.96 0.17 4.6 1.8 3.5 1.0 3.6 2.2 — — — — 
Cl μM 595 201 561 72 474 38 406 114 583 172 97 677 132 163 
Br μM 0.52 0.32 0.55 0.24 0.34 0.20 0.37 0.14 0.40 0.26 — — — — 
SO4 μM 53 44 25 3.2 5.6 2.8 87 42 111 85.3 9.4 42 157 87 
PO4 μM <0.1 — <0.1 — <0.1 — <0.1 — <0.1 — — — — — 
NH4 μM 0.32 0.21 0.44 0.63 0.47 0.26 0.52 0.24 0.60 0.67 — — — — 
NO3þNO2 μM 45 124 39 35 26 30 29 26 93 81.3 — — — — 
HCO3 μM 500 574 2716 576 3139 1798 2723 1350 3067 1995 0 0 1313 853 
Rb nM 15.2 16 4.1 2.0 9.1 2.7 14 1.8 22 21 — — — 19.1 
Ba nM 99 50 14 3.0 194 76 243 66 242 190 — — — 167 
Sr nM 1316 1464 1098 158 3904 2397 3547 1080 2776 1894 — — — 685 
Cu nM 7.5 3.6 8.9 5.6 13 5.5 22 6.0 19 13 — — — 23 
Mo nM 5.1 7.1 1.7 0.5 1.8 1.0 4.2 1.1 3.6 4.2 — — — 8 
U nM 0.32 0.57 1.24 0.23 2.34 1.17 2.56 1.58 4.15 5.61 — — — 0.78 

*trace elements (Rb, Ba, Sr, U) were not measured in samples collected in 2019 on the R. Shannon. Total samples with trace metal data is n = 92. 
1 Berner and Berner (2012). 
2 Gaillardet et al. (2004). 
3 Keene et al (2015). 
4 Gorham et al. (1985). 
5 U mean: Palmer and Edmund (1993). 
6 Mo mean: Miller et al. (2011). 

W
.B. Lyons et al.                                                                                                                                                                                                       



Journal of Hydrology: Regional Studies 37 (2021) 100881

16

e., molar (Ca + Mg)/HCO3 > 0.5). This suggests either OWP or SOx gases are promoting the weathering of limestone is contributing to 
the solute flux (as previously noted, gypsum occurrence is rare). 

Some trace element associations also suggest either enhanced weathering caused by OWP, or direct sources from sulfide minerals. 
Rubidium, which is highly elevated in shales compared to carbonates and other lithologies (Horstman, 1957), exhibits the strongest 
linear relationship with SO4, followed by Cl, indicating a putative shale weathering source (Fig. S3). In an analysis of 273 water 
samples from around the world, Miller et al. (2011) found that dissolved Mo concentrations are highly correlated with SO4 and 
controlled in great part by pyrite oxidation. In a similar analysis of small mountainous rivers, Gardner et al. (2017) found a similar 
relationship, but the Mo-SO4 correlation observed is biased towards samples with very high Mo and SO4 concentrations, and no 
relationship is apparent after hydrothermally influenced waters are removed. We found a similar pattern in Ireland rivers - while the 
highest Mo concentrations are associated with the highest SO4 concentrations, no correlation is apparent across the dataset or within 
our river groupings when those outliers are removed. The highest dissolved Mo concentrations were observed in Rivers Bann, Barrow, 
and Boyne, with the Bann and Boyne also having very high SO4 concentrations. Likewise, there is much scatter in the Cu data, but the 
highest Cu concentrations are associated with high SO4 concentrations. The Connemara and Caher low-order streams and most of the 
Corrib samples have lower Cu concentrations, while the Shannon and its tributaries fall in an almost crescent-shaped pattern. The Bann 
sample (collected at Portadown, North Ireland) and the Fergus sample (collected at Ennis, Ireland) are very high in Cu and may 
represent the impact of some anthropogenic influence. 

We cannot definitively say whether SO4 is sourced from OWP or bog-sequestered SO4, but it is an important difference, as many of 
the peatlands of northern Europe, especially in Ireland, have been drying in the second half of the 20th century (Swindles et al., 2019). 
Future climate scenarios for Ireland suggest decreased summer precipitation and increased temperatures along with increased winter 
precipitation (Steele-Dunne et al., 2008). Greater winter precipitation could increase the percentage of seasonally deposited reduced S 
in the bogs in the winter and increase the flux as SO4 into surface waters in the summer, thus decreasing the role of landscape 
sequestration of S, and leading to higher concentrations of SO4 in surface waters. 

5.2. Seasonality—variation in River Shannon geochemistry: March 2018–October 2019 

The River Shannon is the longest river with the greatest average flow on the island of Ireland with a catchment area of ~18,000 
km2, 1/5th of Ireland’s land area, and mean annual discharge of 6.59 × 109 m3 a− 1 at Athlone Station (Table 2). Three large lakes, 
Lough Allen, Lough Ree and Lough Derg, interrupt the flow of the River Shannon (Fig. 2). Land use in the catchment during the 2000s 
was 1.2 % urban, 9.2 % arable, 65.7 % pasture, and 10.8 % wetland (i.e., primarily bog), with human population density of 34 people 
km-2 (Tockner et al., 2009). It is the largest river in Ireland and is used as a drinking water, utility and recreational resource. The length 
of the river was sampled twice during low flow baseflow regimes (June, 2018, n = 9; and August, 2018 n = 10) and twice during high 
stage event flows (March, 2018, n = 7; and October, 2019, n = 10) to discern differences in water chemistry in high and low flows. The 
sampling dates encompassed the coldest and wettest winters, and the warmest and driest springs and early summers experienced in 
Ireland over the previous 70–75 years. The downstream profiles of dissolved Ca, Si, NO3, SO4, and Ca/Si ratios in the River Shannon, 
from the furthest upstream sample at Shannon Pot downstream to Ballina are compared in Fig. 14. 

Calcium concentrations exhibit a downstream increase after decreasing slightly from the river’s origin at Shannon Pot to Drum-
shanbo. In March, August, and June, Ca concentrations increase downstream with little difference among the transects below Carrick- 
on-Shannon, but during the highest discharge period in October, Ca concentrations were ~25 % lower at the downstream locations. 
Thus, from Lanesborough south there was no reflection of the temporal meteorology on the Ca concentrations, except during the 
highest flow event in October 2019. However, the Ca/Si ratio is higher during baseflow in August and June than in March and October 
during high discharge. The large increases in Ca along the length of the river reflect the changing lithologies within the sub- 
catchments, from a mix of carbonate and detrital sedimentary rock in the north to those dominated by carbonates after Carrick-on- 
Shannon. The input from the Ca-rich Rivers Inny, Suck, and Brosna, all of which drain the large area of midland limestones, served 
to increase the Ca values between Carrick-on-Shannon and Banagher. In addition, there is little to no intensive peat extraction around 
Shannon Pot, but through the midlands are some of the largest peat mines in Western Europe. 

Silica concentrations at the upstream sites exhibited the opposite behavior as Ca, increasing slightly at Dowra during baseflow, and 
decreasing again at Drumshanbo and remaining relatively constant. At higher discharge in March and October, Si concentrations 
generally increased and were roughly two-fold higher in March and October than during baseflow. These higher Si concentrations are 
the primary control over the lower Ca/Si ratios during high flow. The lesser increases in Si downstream in March and October below 
Lanesborough also reflect the significance of the Inny and the Suck, which have concentrations much higher than the Shannon at 
Lanesborough (73 and 59 vs. 36 μM, respectively). At the most downstream point (Ballina), the River Shannon represents a mixing of 
water from tributaries so that the Ca/Si ratios remain fairly constant throughout the seasons (though still higher at low flows), perhaps 
demonstrating the importance of the overall volume differences between the tributary inflow and the volume of the lakes. 

At baseflow in August and June, the SO4 concentrations spiked upstream at Dowra, then decreased and remained relatively 
constant to increasing slightly downstream. The higher concentrations of SO4 in the headwaters likely reflect weathering input from 
shales. The Dowra site was not sampled in March, but the SO4 concentration was lower at Carrick-on-Shannon and was similar at the 
downstream stations except that the peak occurred at Banagher. At high discharge in October, the upstream peak occurred at 
Drumshanbo, followed by a large increase in concentration to a peak downstream at Banagher of 199 μM. The high SO4 concentrations 
at Banagher in October were influenced by the Suck and Big Brosna tributaries, which drain subcatchments with ~20 % and ~15 % 
bog land, respectively (Fig. 2, Fig. 14). Reduced sulfur is oxidized to SO4 in bogs when the water table is low in summer months, which 
is then flushed out as a result of water pulses through the system in early autumn (Daniels et al., 2008), explaining why Banagher 
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exhibited elevated SO4 concentrations in October. Increased SO4 concentration is notable specifically at the Banagher sampling 
location because the Suck and Big Brosna subwatersheds account for only 11.7 % of the Shannon catchment but 26.4 % of the total bog 
land. 

At baseflow in August and June, the NO3 concentrations generally increased downstream reaching a value of 55 μM at Ballina. The 
March profile was similar in shape but roughly two-fold higher in concentration at all sampling locations, while the October NO3 
concentrations were roughly constant around 10 μM until a roughly 3-fold increase at Banagher and Portumna downstream. The 
downstream increases in NO3 are probably related to increased agricultural activities and peat extraction in the catchment and sub- 
catchments, with the higher concentrations of NO3 observed during the spring indicating the importance of rainfall and runoff for NO3 
input. Given the data at these sampling locations, it is difficult to assess if the lakes have any impact on the overall biogeochemistry of 
the river. Although one could invoke the decline in Si between Dowra and Drumshanbo as due to biological input in Lough Allen there 
is no other indication of this process in Loughs Ree and Derg, nor is there any clear removal of NO3. 

6. Conclusions 

During 2018–2019 we collected and analyzed 109 samples of river and stream water from Ireland for their major, minor, and 
selected trace elements. The major conclusions of this work are:  

1 The influence of marine aerosols on river chemistry decreases from west to east  
2 The majority of river water is Ca-HCO3 water, reflecting the overall importance of carbonate mineral weathering in most Irish 

catchments.  
3 The Si concentrations are low compared to the global riverine average, suggesting that aluminosilicate weathering is present but 

much less important than carbonate weathering.  
4 Evidence exists for both oxidative pyrite weathering and bog control over SO4 concentrations in some rivers, although attempts to 

discern these sources using δ34SSO4 were inconclusive.  
5 Trace element concentrations are in general low, at or below what are considered as the global means.  
6 Concentrations of dissolved major elements in the River Shannon are more seasonably variable in the upper reaches of the river 

than in the lower reaches. The large volume lakes along the river’s course help to mix and homogenize the bulk geochemistry even 
with different tributary inputs. 
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Fig. 14. Concentrations of Si, NO3, SO4 Ca, and Ca/Si ratios in downstream Shannon River transects collected 13–14 March, 2018, 26–27 June, 
2018, 2–3 August, 2018, and 5–6 October, 2019. Discharge measurements presented in the middle of each plot in m3 s− 1 measured at Athlone 
station. Sampling locations, lakes, and tributaries are presented downstream, left to the right. The major lakes (left to right), Lough Allen, Lough Ree 
and Lough Derg, are indicated as vertical blue boxes representing their length, and the major tributary inputs (left to right) from the Rivers Boyle, 
Inny, Suck, Big Brosna, and Little Brosna are indicated by vertical blue dashed lines. Sample locations are: Shannon Pot, Dowra (Co. Cavan), 
Drumshanbo, Carrick-On-Shannon (Co. Leitrim), Lanesborough (Co. Longdord), Athlone (Co. Westmeath), Shannonbridge, Banagher (Co. Offaly), 
Portumna (Co. Galway), and Ballina (Co. Tipperary). 
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