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Phosphorus (P) is a key element which can contribute to the eutrophication of waters draining intensively farmed or populated catchments, driving adverse impacts on ecosystem and human health. An often overlooked source of P in permeable catchments is weathering of P-bearing minerals in bedrock. P release from primary minerals, present when the rock formed, controls background P concentrations in groundwater, but secondary P-bearing minerals may form in aquifers in the presence of anthropogenic P fluxes from agriculture and septic tanks. Using cores from the Upper Greensand (UGS) aquifer, United Kingdom, we show the relative contributions of P from primary and secondary minerals. Bulk rock chemical analysis indicates solid P concentrations of 0–0.8 wt%, while porewater analyses from the same samples indicate phosphate-P concentrations of <5 μg/L - 1 mg/L and dissolved organic P concentrations of <5 μg/L - 0.7 mg/L. These data, coupled with core stratigraphy, reveal the presence of multiple primary and secondary P-bearing minerals in the UGS, and suggest that secondary P-bearing minerals are largely of anthropogenic origin. The weathering of primary P nodules produces a very low background P flux to surface waters, while the anthropogenic P-bearing minerals undergo rapid dissolution, re-precipitation and re-dissolution cycles, controlled by porewater pH and P concentrations, in turn controlling dissolved P flux to groundwater. We show that secondary P-bearing minerals are a dynamic component of the P transfer system linking anthropogenic activities on the land surface to P in groundwater and surface waters and contributing to the eutrophication of surface waters.
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1 INTRODUCTION
Phosphorus (P) is a key element for crop production and food security (Cordell et al., 2009; Cordell and White, 2014). It is applied as a fertiliser to crops and grass and is present in all foodstuffs and therefore in all animal wastes including both human sewage and livestock manures (Schoumans et al., 2015; MacDonald et al., 2016; George et al., 2018). It is an essential nutrient, forming the sugar backbone that holds DNA together (Butusov and Jernelöv, 2013) and is only found naturally in mineral formations (Oelkers and Valsami-Jones, 2008; Tõnsuaadu et al., 2012; Hughes and Rakovan, 2015). As its natural abundance is very low, compared to other key nutrients like nitrogen and carbon, it can limit biological production in natural and unpolluted waters (Davies et al., 2014; Brailsford et al., 2019; Mackay et al., 2020). When applied to the land to stimulate food production, and when consumed and excreted by livestock and humans it inevitably is transported to, or directly discharged to, water bodies from diffuse agricultural and point sources in any catchment (White and Hammond, 2009; Withers et al., 2012; Ascott et al., 2018; Lloyd et al., 2019). This stimulates increased biological production in the water body and contributes to the adverse impacts on ecosystem and human health that result from the process of eutrophication (Mainstone and Parr, 2002; Smith and Schindler, 2009; Stuart and Lapworth, 2016; Johnes et al., 2022).
The most abundant P-bearing minerals on Earth are the apatite group minerals with the general formula Ca5(PO4)3(F,OH,Cl) (Oelkers and Valsami-Jones, 2008). When fluorine or hydroxyl is accommodated in their crystal lattice fluorapatite (FAP) and hydroxyapatite (HAP) are formed respectively. A carbonate rich variety (Ca5(PO4,CO3)3F) of fluorapatite (CFA) is commonly found in sedimentary rocks in the form of minute spheroidal nodules reaching up to a few millimetres in length (Marshall-Neill and Ruffell, 2004; Stamatakis, 2004; Föllmi, 2016). In weathered rock surfaces, almost all of the mineral P is apatite, but with time and soil development P is released and incorporated in other phases or flushed from the system (Filippelli et al., 2006). In natural environments with minimum anthropogenic influence, soil P is gradually depleted as P is flushed to surface and groundwaters via surface and subsurface runoff and consequently the total amount of P available in the soil profile decreases over time (McDowell and Sharpley, 2001). However, in farmed soils, P distribution is controlled by both the weathering of natural minerals derived from the soil parent material and the anthropogenic P added to the soil via fertiliser or manure applications.
Phosphate ions from dissolved fertilisers react rapidly in most soils, resulting in P fixation in the soil (Zhang et al., 2014; Weeks and Hettiarachchi, 2019). The formation of secondary, and largely anthropogenically derived, P-bearing minerals takes place through adsorption of phosphate ions onto minerals or organic colloids, precipitation of phosphate minerals, and co-precipitation during formation of other secondary minerals under low-temperature conditions. P in soil solution tends to precipitate with Fe or Al oxy (hydr)oxides at acidic pH and with Ca at alkaline pH, while a greater abundance of P remains in solution phase at circumneutral pH values (Penn and Camberato, 2019). P sorption capacity in soils is controlled by the clay content and mineralogy in addition to the organic matter and the exchangeable Al, Fe and Ca concentrations (Syversen and Borch, 2005; Owens et al., 2007; Roberts et al., 2012).
Field studies suggest that HAP precipitation is favourable in alkaline aqueous solutions, although recent research suggests that carbonate hydroxyapatite can precipitate at pH 2 (Oubagha et al., 2016; Cichy et al., 2019; Delgadillo-Velasco et al., 2020). Laboratory and modelling studies suggest that HAP is chemically less stable and more soluble compared to FAP and CFA, and that it can dissolve in acidic aqueous solutions (Dorozhkin, 2012; Tõnsuaadu et al., 2012; Aljerf and Choukaife, 2017). In the same context, recent research demonstrates experimentally that in presence of Ca and P at a ∼2:1 ratio in a de-ionised water solution with quartz grains, it is feasible for HAP to precipitate and dissolve very rapidly at pH > 7 and pH < 7, respectively (Bingham et al., 2020).
In agricultural systems where P is applied in excess of soil storage capacity and crop uptake requirements, P can move over the surface of the land to streams as particulate phosphorus in the form of sediment-bound and particulate organic phosphorus. It can also move vertically in solution and then laterally to streams as dissolved organic phosphorus or soluble reactive phosphorus or may carry on vertically into the porewater of underlying aquifers in permeable catchments (Johnes and Hodgkinson, 1998). Phosphorus in transit can react with soil or bedrock surfaces to form P minerals in the soils and aquifers of a catchment. High fertiliser application rates associated with intensive crop and grass production can lead to the formation of secondary P-minerals such as HAP or to the sorption of P onto Fe/Al oxides in the soil matrix (Eriksson et al., 2015, 2016; Giroto et al., 2017). However, the application of P-rich manures, slurries or directly voided urine to livestock grazing land can also contribute significant organic P flux to waters, both laterally to surface waters (Lloyd et al., 2019) and vertically through soils (George et al., 2018). Both pre-existing natural and neoformed apatite minerals may then release P to soil porewater by weathering. Similarly, phosphate ions may desorb from solid amorphous colloid phases and move to the porewater aqueous phase or remobilise vertically in saturated soil profiles as P bound to suspended particles and colloids (Ilg et al., 2003; Zang et al., 2013).
Many studies have focused on P cycling, transfer and export among plants, soils and freshwaters, but the geochemical cycling, storage and transfer of P in aquifers is poorly understood. This knowledge gap is particularly notable in sedimentary aquifer bedrocks hosting natural P-bearing minerals in high abundance. A few studies have investigated the natural background P concentrations produced in catchments containing P-bearing sedimentary rocks (Smith et al., 2003; McGinley et al., 2016; Stuart and Lapworth, 2016). Recent research involving mineralogical characterisation, batch experiments and geochemical modelling of injected pre-treated wastewater in a deep P nodule-bearing siliciclastic aquifer of Cretaceous age in Western Australia indicated that powdered CFA may release P and F to the groundwater under anoxic conditions (Schafer et al., 2018; Schafer et al., 2021). However, these studies lack robust geochemical evidence on direct porewater-rock interactions within a bedrock profile, and an assessment of the natural versus anthropogenic origins of phosphorus minerals within the aquifer.
Catchment management focuses on monitoring nutrient concentrations and loading in rivers and lakes to control the adverse impacts on ecosystems that result from eutrophication (Johnes et al., 2007; Records et al., 2016; Riley et al., 2018). To date, little research has been carried out to test the P thresholds set for waterbodies in environmental legislation, defining the natural or background P concentration as this varies according to natural geological sources of phosphorus in catchments. In the presence of natural P-bearing minerals, P may be released through weathering adding a background P concentration to groundwater and hence to surface waters, in any natural and unpolluted catchment. Natural phosphate-bearing minerals are separate from any secondary P mineral forms, which may precipitate in the rock matrix from dissolved P travelling into the aquifer. The latter are formed by anthropogenic P derived from fertilisers and manures applied to the land surface or by septic tank seepage to groundwater. The main reasons that restrict research on defining natural background P concentrations in agricultural catchments are 1) the limited existence of pristine sites in an industrialised and densely populated world, 2) the different characteristics (e.g. climate, hydrology, natural vegetation and mineral composition of soils and bedrocks) between the remaining natural and undisturbed sites and 3) the fact that most natural sites in the United States of America, EU and the UK are usually found in small watersheds that have remained undeveloped and hence nutrient concentration and loading data from such sites are difficult to upscale to larger water bodies where there will be significant in-river or lake processing of materials flushed to them from sources in their catchments (Smith et al., 2003).
This paper tackles this knowledge gap, using of a range of geochemical methods to identify and discriminate between the natural versus anthropogenic mineral P sources in sedimentary rock environments, and the relative rates of P dissolution and precipitation that control the net flux of P from these mineral forms to the aquifer and then to surface waters.
2 METHODOLOGY
2.1 Area of study
The Hampshire Avon catchment is an agricultural catchment covering an area of about 1750 km2. It has been continuously farmed for centuries (Baggs et al., 1999; Tubb, 2009; Hare, 2011), contributing to legacy P accumulation to the soils, aquifers and the river for as long as there has been agriculture and settlement in the catchment. The Hampshire Avon rises in the north of the catchment in the Vale of Pewsey (Figure 1). Its two tributaries converge at Upavon, flow southwards through Salisbury Plain where radial drainage from a range of tributaries (Wylye, Ebble, Bourne and Sem/Nadder) amplifies the flow volume as the river flows south, to discharge into the English Channel at Christchurch Harbour (Yates et al., 2016; Lloyd et al., 2019). It is a Chalk dominated catchment, where Chalk is a soft and porous CaCO3-rich sedimentary rock of Cretaceous age, located predominantly in Southern England, extending in an arc up to the NE of England, and expanding to Western Europe. The catchment also has three large Upper Greensand (UGS) outcrops in its northern and western parts, underlain by the Gault formation. UGS is a fine-grained glauconitic sand and sandstone formed in the Upper Cretaceous, whereas Gault is a dark clay or mudstone, partially glauconitic with a sandy base, formed during the Lower Cretaceous period. The Hampshire Avon headwaters (the East Avon and West Avon) that drain the Vale of Pewsey derive the vast majority of their flow from the underlying UGS aquifer (Marsh and Hannaford, 2008; Allen et al., 2014).
[image: Figure 1]FIGURE 1 | Geological map of the Vale of Pewsey highlighting the drilling sites and their elevation (in metres above sea level). Sites overlain by ancient or old secondary woodland are marked by blue dots and sites overlain by crop production are marked by red dots.
2.2 Sources of phosphorus in waters draining the upper greensand aquifer
The Hampshire Avon receives nutrient enrichment from both diffuse and point sources (Yates and Johnes, 2013; Whitehead et al., 2014; Lloyd et al., 2019). Diffuse sources include inorganic and organic fertiliser applications to crops and grass as well as organic wastes voided by livestock on intensive grazing land underlain by Gault and UGS formations and from sheep grazing on the less intensively farmed scarp slopes of the Chalk downland. Point sources include releases of consented discharges from sewage treatment works, small packet sewage treatment works and septic tanks in riverside villages and towns within the Vale and point source seepage from leaking sewerage infrastructure and septic tanks, particularly in the headwaters at distance from mains sewage treatment works, where septic tanks are common (Yates et al., 2019).
Greensands among other sedimentary rocks are known to contain natural phosphate minerals (primary minerals), which may release P into their porewaters via weathering and contribute to P flux to adjacent surface water bodies (McGinley et al., 2016; Stuart and Lapworth, 2016). Woods et al. (2008) identified the presence of phosphatic clasts and nodules in the UGS formation across the Devizes region. These are found scattered within the UGS profile to a maximum depth of 35 m below surface, and may reach a diameter of up to a few millimetres. Allen et al. (2014) showed that UGS groundwater is relatively high in P and low in N concentrations compared to the Chalk groundwater in the catchment and argued that this resulted from the dissolution of primary P minerals in the UGS. Meanwhile Butcher (2013) studied the hydrochemistry of UGS porewaters revealing marked variations in P concentration per site and with depth, without determining whether this was of natural or anthropogenic origin. In fact, little is known about the natural P concentrations in the Hampshire Avon deriving from the dissolution of primary minerals in the UGS aquifer, and their quantitative significance compared to P released from secondary P minerals in the aquifer. The latter are formed through the percolation of anthropogenic P from farming and septic tanks sources into the UGS unit and mineral formation on contact surfaces in the pore spaces. Interpretation of the P mineralogy and chemistry is required to determine how much of the P signal in the rivers and lakes of the Hampshire Avon catchment derive from primary versus anthropogenically derived secondary P minerals. This is necessary to properly inform the setting of thresholds and targets to control eutrophication impacts in this catchment.
2.3 Field sampling approach
A drilling campaign was undertaken to recover material from UGS outcrops in the Hampshire Avon catchment. Land cover distribution within the Vale of Pewsey was examined first to find sites which were overlain by ancient or old (>100 years) secondary woodland, which might have experienced lower rates of P enrichment than sites overlain by farmland. Few such sites persist in this intensively farmed landscape. Woodland sites were selected as far from adjoining agricultural land as possible, to avoid lateral flows of agricultural P sources into the coring sites, though it is acknowledged that this may have influenced the representativity of these core samples. Four coring sites were identified in total. Two with ancient or secondary woodland (Frith Copse, Potterne Wood) and two overlain by crop production (Manor Farm, Pure Pastures) (Figure 1). From each site two cores were acquired, a deep one intending to reach a maximum depth of 25 m to collect UGS material down to and below the water table, and a shallow core (about 5 m depth) to investigate the anthropogenic influence with better accuracy through higher resolution shallow sampling and some duplicate sampling at the same shallow depths as taken from the deeper cores.
2.3.1 Drilling
Drilling was carried out using an air flush rotary drill to recover undisturbed material while avoiding potential contamination may be caused by using fluids or lubricants. Dry coring led occasionally to poor recovery of the upper 5 m of the UGS succession. Therefore, an extra manual auger was used to collect additional samples from 0–5 m depth, ensuring shallow horizons were sampled properly. The coring material was logged as it was extracted at each site to develop a clear understanding of the stratigraphy of the Vale of Pewsey and the relationship between the material recovered at each location.
2.3.2 Core Sampling
About 100 m of the UGS sequence was drilled in total at four sites. Drilling material was received as sleeved 1.5 m length and 78.8 mm diameter continuous cores in plastic capped cases, or as broken samples in plastic capped buckets (particularly from the shallow depths). Samples were sealed to prevent evaporative losses and consequent changes in porewater chemistry during transport or storage. Core material processing was carried out at BGS laboratories (Wallingford) immediately after the drilling was complete. Depending on differences in lithology, one or two samples from each core, about 15–30 cm long and 2 kg in weight, were collected for analysis.
2.4 Materials and methods
Over 50 samples were analysed in total, involving: 1) determination of the major ion chemistry and P fraction concentrations in porewater samples extracted at a series of depths from each core and 2) determination of the bulk rock geochemistry as this varied down each extracted UGS core.
2.4.1 Porewater extraction and analysis
About 0.5–1 kg of each UGS core sample was centrifuged at high speed (14,000 rpm) with a gravity force of 30,000 g for 45 min under partial vacuum and at a fixed temperature of 4°C to produce 30 ml of porewater (after Gooddy et al., 1995). Water content was determined by reweighing 150 g of each centrifuged rock sample after been dried in the oven overnight at 120°C. Porewater chemical analysis on samples extracted from the fifty drill core samples was carried out at the University of Bristol laboratories using three different methods depending on the analytes.
All samples were analysed using a Skalar San++ Continuous Flow Analyser to determine the concentration of soluble reactive P (SRP, measured as orthophosphate PO4-P) on fresh extracted samples. Total dissolved P (TDP) was determined on a digested, filtered sample using the persulphate oxidation method (Johnes and Heathwaite, 1992; Yates et al., 2019), and dissolved organic P (DOP) was calculated as the difference between TDP and SRP. The analytical method is based on the reaction of PO43- in the presence of ammonium molybdate to form a blue colour complex measured at 660 nm (Yates and Johnes, 2013; Lloyd et al., 2019). Instrument precision was calculated using replicate standards or drift standards from the run. Calibration was done at the start of the analysis and the analysis only proceeded if the r2 of the calibration curve was >0.99. Phosphate standards were made up following serial dilution of a 1,000 mg/L-P standard made from anhydrous potassium dihydrogen phosphate as outlined in the Skalar manual (Skalar Analytical, 2014). The Skalar detection limit for P fractions is < 5 μg/L. Further details on our QA and QC methods are available in Yates et al. (2019).
Silicon was also determined through colourimetry using a Thermo Scientific Gallery Plus discrete photometric analyser and pH through the electrochemical (ECM) unit of the discrete photometric analyser. Major ion chemistry was the determined on all porewater samples using Thermo Scientific Dionex, where sufficient amount of remaining porewater sample was available, comprising the major anions F-, Cl-, SO42- and NO3- and major cations Ca2+, Na+, K+ and Mg2+. Due to low quantity of the extracted porewaters it was not possible to conduct duplicate analyses. However, blank samples of deionised water were run between the porewater samples to ensure that no contamination in the porewaters, following the QA methods of Yates et al. (2019).
2.4.2 Bulk rock analysis
Bulk rock geochemical analysis was undertaken to determine the distribution of P in the UGS and its elemental associations. This was completed at ALS Laboratories, Ireland using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS), after lithium metaborate fusion digestion of dehydrated and pulverised (<75 µm) UGS samples. These included centrifuged drill core material used for the porewater extraction, hard rock core material that was water depleted, and hand-augured core material. Analysed samples included randomly selected duplicates, blanks and certified reference material standards [BCR-667 (EC-JRC-IRMM)] for quality control. Loss on Ignition (LOI) was determined by heating samples at 1000°C in a muffle furnace.
2.4.3 Statistical analysis
The statistical analysis of bulk rock and porewater data was performed using the Seaborn Statistical Analysis and Data Visualisation package (Python 2.7). Bulk rock major and trace element datasets as well as porewater datasets were log-ratio transformed to minimise the effects of compositional closure (Grunsky, 2010; Pingitore and Engle, 2022). Clustered heatmaps show the Pearson product-moment correlation coefficient (r) as calculated for the respective variables (x and y axis) and presented as a heatmap (white r > 0, black r < 0). Variables with similar r against each other are grouped closer together (clusters).
2.4.4 Modelling
In Bingham et al. (2020) we used a continuous flow-through reactor to experimentally determine mineral dissolution rates of HAP at various pH, P and Ca concentrations, from which we derived a dissolution rate constant for HAP. The rate constant was then used in a 1D reactive transport model (Geochemist’s Workbench® Professional v.12 software, Bethke et al., 2018, with the Thermo database, Daveler and Wolery, 1992) to understand HAP mineral dissolution and precipitation reactions and rates over time during downward transport in a sandstone aquifer as functions of groundwater chemistry and flow rate. In the present study, the concentration of baseflow phosphorus entering the headwaters of the Hampshire Avon was quantified using a 2D reactive transport model. Briefly, 1D reactive transport models (as per Bingham et al., 2020), representing conditions at 25 points near the East Avon and West Avon, were linked to the Wessex Basin groundwater model (Soley et al., 2012) to estimate mineral-derived P fluxes along 2D transects parallel to groundwater flow paths and concentrations of mineral-derived P along the rivers over 120-days intervals. HAP and CFA dissolution and precipitation reactions were modelled using rate constants from Bingham et al. (2020) and Guidry and Mackenzie, 2003, respectively. The 2D models incorporated data from the UGS stratigraphy (Section 2.3.1) to constrain the zones of CFA occurrence, and the chemical analysis of the extracted porewaters (Section 2.4.1) and bulk rock (Section 2.4.2) to estimate the mass of apatite minerals in the stratigraphic layers.
3 RESULTS
3.1 Stratigraphy
The UGS stratigraphy in the Vale of Pewsey comprises three major lithologies. These are, from top to bottom, the Easterton Sandstone member, the Potterne Sandstone member and the Cann Sand member (Figure 2). The stratigraphic correlation between sites was based mainly on the hard sandstone/limestone horizons, which are distinct and found at specific depths, and the presence of visible P nodules that are very limited in the sequence (Figure 3). These were identified in all drilling sites at various depths, hosted in both hard and soft UGS material, comprising three P-rich horizons. Woods et al. (2008) suggest the presence of two P-nodule bearing horizons in the UGS, one in the Potterne Sandstone member and another one in the middle of the Cann Sand member. This study confirms these two occurrences and suggests an additional P-nodule rich horizon further down in the Cann Sand member.
[image: Figure 2]FIGURE 2 | Combined UGS stratigraphy showing the four P nodule bearing horizons marked with green arrows. Stratigraphic units of hard sandstone/limestone marked in red and connected with dotted lines correlate across cores and sites. Profile depth is in metres (m) and elevation is in metres above sea level (m.a.s.l.).
[image: Figure 3]FIGURE 3 | Images showing phosphatic nodules hosted in (A) a parallel-cut hard, shelly UGS core sample and (B) a cross-cut soft UGS core sample. Both samples were collected from Pure Pastures drilling site in cores recovered from 12.5 to 13.5 m below the surface, respectively, representing the third P-rich horizon found at the lower parts of the Cann Sand UGS member.
3.2 Porewater chemistry
Porewater major ion concentrations for each drilling site including the pH and the porewater content (porosity) of centrifuged samples are shown in Tables 1–4. Missing data in the tables are due to a low quantity of the extracted sample for analysis. Porewater SRP concentrations range from below the limit of detection (<5 μg/L) to 1 mg/L) (Figures 4A,B). The TDP concentrations are found to exceed 1 mg/L in a small number of samples, with SRP as the dominant P fraction at all sites and depths. Silicon concentrations are relatively high in UGS porewaters compared to other groundwaters (Allen et al., 2014). It ranges between ∼4 mg/L and 17 mg/L. Porewater pH ranges from 6.2 to 7.8 with an average pH of approximately 7.3, with pH neutral to slightly acidic in the aquifer, except for shallow samples (<2 m) that are close to the topsoil, where pH is slightly basic. Freshwater and groundwater pH in the Hampshire Avon aquifers ranges from ∼7.0 to >8.0 (Yates and Johnes, 2013; Allen et al., 2014) with lower pH recorded in waters draining through the UGS.
TABLE 1 | Chemical composition of extracted porewater from Frith Copse core samples. SRP and TDP were measured colourimetrically following persulphate oxidation. DOP was calculated by difference as TDP-SRP. Si was also measured colourimetrically, and the pH was measured using a glass electrode. Other elements were measured using ion chromatography. Porewater content (PWC) was measured by drying each core sample prior to porewater extraction.
[image: Table 1]TABLE 2 | Chemical composition of extracted porewater from Potterne Wood core samples. SRP and TDP were measured colourimetrically following persulphate oxidation. DOP was calculated by difference as TDP-SRP. Si was also measured colourimetrically, and the pH was measured using a glass electrode. Other elements were measured using ion chromatography. Porewater content (PWC) was measured by drying each core sample prior to porewater extraction.
[image: Table 2]TABLE 3 | Chemical composition of extracted porewater from Manor Farm core samples. SRP and TDP were measured colourimetrically following persulphate oxidation. DOP was calculated by difference as TDP-SRP. Si was also measured colourimetrically, and the pH was measured using a glass electrode. Other elements were measured using ion chromatography. Porewater content (PWC) was measured by drying each core sample prior to porewater extraction. U and L: upper and lower sample collected from the same core.
[image: Table 3]TABLE 4 | Chemical composition of extracted porewater from Pure Pastures core samples. SRP and TDP were measured colourimetrically following persulphate oxidation. DOP was calculated by difference as TDP-SRP. Si was also measured colourimetrically, and the pH was measured using a glass electrode. Other elements were measured using ion chromatography. Porewater content (PWC) was measured by drying each core sample prior to porewater extraction. U and L: upper and lower sample collected from the same core.
[image: Table 4][image: Figure 4]FIGURE 4 | SRP (mg/L) concentrations do not clearly correlate with those of (A) Ca2+ (mg/L) (R2 = 0.098) and (B) F- (mg/L) (R2 = 0.015) in drilled sites regardless of land use. Additionally, P (wt%) concentrations do not clearly correlate to these of (C) Ca (wt%) (R2 = 0.035) and (D) ΣREE (ppm) (R2 = 0.178) in drilled sites regardless of land use.
Ca2+ concentrations ranged between 27 mg/L and 177 mg/L and K+ between 1.5 and 255 mg/L, while Na+ and Mg2+ concentrations are much lower ranging between about 1 mg/L and 87 mg/L for Na+ and between about 1 mg/L and 73 mg/L for Mg2+. For the anions, F- was found in very low concentrations ranging between approximately 0.2 mg/L and 1 mg/L, Cl- concentrations vary from 12 mg/L to 430 mg/L, while SO42- concentrations varied markedly from 9 to 1,444 mg/L. Finally, NO3- concentrations range from <1 mg/L to 362 mg/L, the latter in soil porewaters in a recently fertilised arable field at Manor Farm.
Overall, the UGS porewaters can be described as siliceous and calcium rich, with a small number of samples being alkali rich. Concentrations of the dissolved P fractions (SRP and TDP) are not spatially associated with dissolved Si or the concentrations of other analysed ions in the porewater (Supplementary Tables S1–S4).
3.3 Bulk rock chemistry
UGS rock samples show a narrower range of variation in elemental composition across the Vale of Pewsey (see Supplementary Tables S1–S4). The UGS soft horizons are siliceous (∼65–88 wt% SiO2) containing large amounts of quartz. Within the UGS hard horizons, SiO2 content is lower than in the soft horizons (∼45–65 wt%) and the CaO content is higher (∼10–25 wt% compared to ∼0.5–10 wt% in the soft horizons). Less abundant compounds found in the UGS include Al2O3, Fe2O3, K2O and MgO. These range between 1 and 10 wt% and correspond to the glauconite content in the UGS. The P2O5 concentrations in bulk rock samples are relatively low and range from <0.1 to about 2 wt%. The volatile content measured as LOI ranges between 2 wt% and 21 wt%. Hence, low SiO2 and hard UGS horizons are sandy limestones rich in CaCO3. Although, there is a clear correlation between CaO concentrations and LOI values, this is not observed when comparing between Ca and P concentrations (Figure 4C). The total REE content including yttrium in the UGS ranges from 44 to 144 ppm, with an average concentration of 82 ppm. UGS is enriched in light REE (La to Sm) and depleted in heavy REE (Eu to Lu) and yttrium, which is considered a heavy REE. The average light to heavy REE ratio is 3.3. The ΣREE content is not clearly associated with the P content (Figure 4D). Since there is no relationship between P and Ca and/or REE, data suggest that more than UGS likely hosts more than one type of phosphate minerals.
Most of the UGS samples analysed are very high in SiO2, but this decreases significantly in horizons where CaCO3 (reflected in CaO and LOI measurements) is more abundant. Most of the Fe2O3 content in the UGS corresponds to glauconite that has been visually identified in both soft and hard UGS layers. The bulk P content in the UGS is low and not clearly associated with other elements, most likely because it appears in more than one mineral form in most UGS samples. However, P concentrations higher than 0.5 wt% found in one sample likely indicate the presence of P nodules accumulated in some UGS horizons rather than P enrichment from the use of fertilisers (Figures 2, 3). Fertilisers containing 10 wt% N, 10 wt% PO4 (as P2O5) and 15 wt% K (as K2O) have specific REE chemical patterns (Otero et al., 2005). The UGS samples show a similar REE pattern with a characteristic negative Eu anomaly and very small variations at the heavy REE in all samples (Figure 5). This pattern, normalised against chondrite (c.f. Bao and Zhao, 2008; Sanematsu et al., 2013; Deady et al., 2016; Santana et al., 2015) is similar to the REE pattern reported for Upper Cretaceous Sandstones (Eker and Korkmaz, 2011), indicating that the REE-bearing mineral content seems to be distributed evenly across the UGS bedrock. This similarity suggests a uniform REE pattern in all UGS sites regardless of land use, stemming from the presence of light and heavy REE minerals in the rock matrix rather than application of a fertiliser type with a standard REE pattern in the Vale of Pewsey farms.
[image: Figure 5]FIGURE 5 | Chondrite normalised REE patterns for (A) Frith Copse (B) Potterne Wood (C) Manor Farm and (D) Pure Pastures using McDonough and Sun (1995). Different colours represent the REE pattern for each sample.
3.4 Statistical analysis
The clustered heatmap for all UGS porewater samples shows a positive correlation between the P fractions, some correlation between Cl-, Mg2+, SO42- and K+ and no correlation in other elements (Supplementary Figure S1A). Data analysis with regard to the land use shows different chemistries in porewaters under woods and under farms. In UGS porewaters under woodlands there is a positive correlation between the P fractions, Ca2+, SO42-, Cl-, Mg2+ and K+ (Supplementary Figure S1B). By contrast, the porewater chemistry under farms is clearly different with a positive correlation between the P fractions, Na+, NO3- and F-, reflecting the impact of influx of geochemically different water from the overlying soils as a result of the different land use practices at each site (Supplementary Figure S1C).
The clustered heatmap for all UGS bulk rock samples shows positive correlations in three sets of elements. These represent the hard limestone horizons (CaO, LOI and SrO), the clayey horizons (TiO2, Al2O3, BaO and Na2O) and the main quarzitic glauconite UGS material (Cr2O3, K2O, SiO2, MgO and Fe2O3) (Supplementary Figure S2A). These horizons were identified during core logging of the material collected from drilling sites (Section 2.3.1). The positive correlation between P2O5 and Fe2O3 compared to the slightly positive correlation between P2O5 and CaO indicates that a large proportion of bulk P is deposited in the soft glauconite rich UGS horizons while a lower proportion of it is deposited in the hard CaCO3 rich bands. As far as the trace elements are concerned, there is a strong correlation between the rare earth elements and U and Th due to the presence of REE-bearing minerals. A slight differentiation in the correlation between the light and heavy rare earth elements indicates the presence of various REE-bearing minerals occurring in the UGS. The relationship between Hf and Zr, and Cr and V is due to very low concentrations of zircon and other metallic minerals in the UGS (Supplementary Figure S3A).
Data analysis of bulk rock UGS samples relevant to land use show minor variations in correlations between elements, indicating that the UGS stratigraphy controls the distribution of most elements in the rock rather than the anthropogenic activity on the surface. The woodland sites are comprised of all the three UGS units (Easterton Sandstone, Potterne Sandstone and Cann Sand), whereas the farm sites are comprised entirely of the Cann Sand member (Figure 2). The clustered heatmap for woodland sites (Supplementary Figure S2B) shows a similar correlation between the major elements to this for all UGS samples (Supplementary Figure S2A), while all rare earth elements are grouped together (Supplementary Figure S3B). By contrast, the bulk rock chemistry data for farmland sites show positive correlations in two sets of elements (Supplementary Figure S2C). These include the hard limestone horizons (CaO, LOI and SrO) and the quartz and glauconite-rich UGS horizons (SiO2, Al2O3, TiO2, Fe2O3, MgO, K2O and Cr2O3), with clay-rich horizons not being distinct but rather being incorporated in the glauconitic material. Trace and rare earth elements (Supplementary Figure S3C) show similar correlation to this for all UGS samples (Supplementary Figure S3A). In terms of the bulk P distribution, clustered heatmaps show that P2O5 is more strongly correlated with Fe2O3, MgO and MnO than with CaO and LOI under woods (Supplementary Figure S2B), while the opposite occurs under farms (Supplementary Figure S3B).
3.5 Calculating the background phosphorus concentration arising from natural and anthropogenic sources in the upper greensand
Only the dominant anthropogenic and natural P minerals identified in the UGS, HAP and CFA (Woods et al., 2008; Bingham et al., 2020; Mouchos, 2021), were assessed in the 2D model. As there is substantial overlap in the chemical composition of these two minerals, it is not possible to quantify their relative abundances from the bulk rock chemical analysis of the drill core material (Figure 4C), while the REE phosphate content is negligible (Mouchos, 2021) (Figure 4D). Therefore, two model scenarios were constructed to estimate the contributions of P from natural (CFA) and anthropogenic (HAP) P-bearing minerals to the headwaters of the Hampshire Avon:
Scenario 1: Assumes that all bulk P in the UGS is HAP. This is an unrealistic “endmember” scenario to demonstrate a maximum flux using the most reactive mineral source of P.
Scenario 2: Assumes that all bulk P at the depths where CFA nodules were observed and interpreted (based on UGS stratigraphy), is CFA and that all solid-state P at the other depths (between the nodule layers) is HAP. This scenario is more realistic than Scenario 1 as CFA nodules were observed in the layers where they were modelled (Figure 2), however, some of the P in these layers may be present as HAP and some of the P in the other layers may be CFA, in smaller accumulations. Although the P nodules are abundant, this mineral form is significantly less reactive (i.e., it has slower dissolution kinetics) than HAP (Guidry and Mackenzie, 2003; Zhu et al., 2009).
The model using Scenario 1, where all of the bulk P is HAP, results in high P fluxes to the West and East Avon from the UGS and baseflow P concentrations of 0–0.05 mg/L (Figure 6A), with markedly higher P concentrations in the West Avon than in the East Avon. Scenario 2, where bulk P is attributed to CFA at depths where nodules were found (Figure 2) and the remaining P is considered to be HAP, results in lower P flux from the UGS in both tributaries, with higher P concentrations in the range of 0 to less than 0.05 mg/L in the West Avon, and no P contribution from groundwater in the East Avon (Figure 6B). Under both scenarios, there is substantially more contribution of mineral-P to the West Avon than to the East Avon, with no predicted baseflow contribution of mineral-P to the headwaters of either river. Scenario 2 produces lower contributions of mineral-P to both rivers than Scenario 1, reflecting the slower dissolution kinetics of primary CFA relative to secondary hydroxyapatite. For comparison, SRP concentrations for these rivers reported in earlier work under the Defra PSYCHIC research project for the period 1993–2000, are 0.21–0.32 mg/L in the West Avon and 0.31–0.42 mg/L in the East Avon (Jarvie et al., 2005a; Johnes, 2007). Monitoring data from Wessex Water in the East and West Avon report SRP concentrations in the range of 0.1–0.6 mg/L between 1998 and 2018, while this study reports SRP concentrations in the range <0.03–0.05 mg/L in the UGS porewater samples in 2016 (Mouchos, 2021). More recently (2019), Natural England reports PO4-P concentrations in the range of <0.03–0.8 mg/L in boreholes and springs across the Vale of Pewsey (Mouchos, 2021). Differences in concentration ranges may be attributable to the release of P to these tributaries and to the aquifer from anthropogenic sources in their catchments, with a maximum of less than 0.05 mg/l P contributed to surface waters through dissolution of a combination of primary and secondary minerals in the UGS.
[image: Figure 6]FIGURE 6 | Concentrations of baseflow phosphate attributable to minerals from the UGS in the West and East Avon under the two model scenarios (A) one and (B) two, assuming an average water table. The base maps show the topography of the Vale of Pewsey. Yellow lines indicate 2D transects parallel to groundwater flow paths. The size of the blue circles indicate the P concentrations released to the rivers from dissolution of minerals within the aquifer (mg/L).
4 DISCUSSION
4.1 The importance of land use and stratigraphy
Porewater and bulk rock P concentrations when studied separately do not provide a clear picture of P distribution in the UGS, relevant to their P sources. Therefore, it is necessary to combine the two datasets for a more complete interpretation of the P behaviour, considering spatial information on catchment morphology and land use, in addition to vertical bedrock profile characteristics such as mineralogy and stratigraphy and the groundwater table depth in the area of study. Figure 7 shows that high CaCO3 (LOI) and low SiO2 contents at 5, 12, 34 and 37 m depth in the UGS stratigraphy correspond to the four hard sandstone/sandy limestone bands as illustrated in Figure 2.
[image: Figure 7]FIGURE 7 | Vertical distribution of (A) LOI and (B) Si wt% in the UGS bulk rock. LOI spikes, which represent the CaCO3 rich hard sandstone/sandy limestone bands, increase as the Si rich soft quarzitic sandy material content decreases at 5, 12, 34 and 37 m depth. Red bars illustrate the phosphatic nodule horizon depths as shown in Figure 3. FC: Frith Copse, PW: Potterne Wood, MF: Manor Farm, PP: Pure Pastures, BH 1 and 2: borehole numbers and HD: hand drilling.
The distribution of these hard bands is particularly important as porosity decreases significantly in these horizons and intergranular flow turns to fracture flow (Allen et al., 2014). These horizons likely affect porewater flow pathways within the aquifer and thus, porewater P concentrations therein. Figures 8–11 illustrate the bulk P and Ca wt% concentrations and the porewater SRP fraction concentrations (mg/L) and the ionic Ca2+ and F- concentrations in addition to pH plotted against depth (m) for all drilling sites. Boreholes overlain by farms are located at a lower elevation (metres above sea level) compared to those in woodland sites, and therefore are composed entirely of the Cann Sand UGS member, lacking the overlying Easterton Sandstone and Potterne Sandstone members and their respectively hard bands (Figure 2). This means the trends in the data presented in Figures 8–11 need to be interpreted relative to the stratigraphy shown in Figure 2, rather than as absolute depths below the soil surface.
[image: Figure 8]FIGURE 8 | Chemical profiles illustrating bulk rock (P and Ca) and porewater (SRP, Ca2+, F- and pH) distribution versus depth at Frith Copse woodland drilling site. Bh 1 stands for borehole number.
4.1.1 Woodland sites
The UGS beneath Frith Copse is composed of soft sands interbedded with hard sandstone layers and contains low concentrations of bulk P (Figure 8). The upper part of the profile corresponds to the Easterton Sandstone UGS member. The Potterne Sandstone member appears in the middle part of the profile and corresponds to the highest P (∼0.3 wt%) concentration that is found in the P nodule bearing horizon at about 12 m depth (Figure 2). The lower part of the profile corresponds to the Cann Sand UGS member. SRP concentrations are highest in the upper part of the profile and may be due to lateral P influx to the UGS below Frith Copse from adjacent farmland (Allen et al., 2014; Lloyd et al., 2019), the distance of which from the coring location is less than 100 m Ca2+ concentrations increase with depth at shallower core depths, then fluctuate below ∼7 m, likely due to pH increase to basic values, which favours HAP precipitation and decreases the SRP concentrations in porewater solution (Penn and Camberato, 2019; Bingham et al., 2020). SRP concentrations slightly increase below the P nodule horizon, as this lies below the groundwater table, promoting P mineral dissolution. High F- concentrations which occur at shallow depths are likely to be linked to anthropogenically derived, as fluoride is not removed by conventional water treatment (Edmunds and Smedley, 2013).
The Potterne Wood profile includes the P nodule-bearing Potterne Sandstone member in the upper part which overlies the Cann Sand UGS member (Figure 2). This profile displays high SRP concentrations reaching up to 1 mg/L at about 10 m depth, which is at the level of the water table (Figure 9). Concentrations of SRP below 10 m depth decrease due to dilution of porewater P concentrations at the water table. Ca2+ concentration decreases with depth in a basic pH environment similarly to the Frith Copse profile (Figure 8). However, the P availability is so high in the upper parts of the Potterne Wood profile that, although HAP may form, porewater P vertical enrichment still takes place until the water table is reached (Bingham et al., 2020). By contrast, F- concentration does not show any significant change with depth indicating that CFA dissolution in the upper parts of the profile is low. Thus, a significant proportion of the porewater SRP concentration increases with depth as a result of vertical and lateral mobility of P in solution rather than from the dissolution of P nodules.
[image: Figure 9]FIGURE 9 | Chemical profiles illustrating bulk rock (P and Ca) and porewater (SRP, Ca2+, F- and pH) distribution versus depth at Potterne Wood woodland drilling site. Bh 1 and 2 stand for borehole numbers and HD for hand drilling.
4.1.2 Farmland sites
Bulk P concentrations in the UGS below Manor Farm are relatively low except for a P spike occurring approximately 10 m below the surface (Figure 10), which coincides with the P nodule bearing horizon (Figure 2). Within the soil layer (<1 m depth), bulk solid P and Ca concentrations are extremely low, whereas Ca2+ concentrations in porewater are high at a slightly acidic pH that favours dissolution of P-bearing solid forms (Penn and Camberato, 2019). This suggests that a nutrient input of ∼0.45 mg/L SRP and >200 mg/L NO3- measured in the porewaters within the soil layer (less than 0.5 m below the surface) is likely largely anthropogenic and may enter the UGS bedrock at Manor Farm (Table 3). This SRP concentration is further enriched with depth. At depths below 2 m the pH becomes basic and bulk P concentration increases slightly due to HAP precipitation, as shown in Bingham et al. (2020). However, SRP concentration fluctuations below 10 m depth, in addition to the slight increase in F- concentration in solution are likely due to the dissolution from weathering of the CFA nodule bearing horizon that is in contact with the groundwater mixed with P influxes from the shallower UGS parts and from the soil.
[image: Figure 10]FIGURE 10 | Chemical profiles illustrating bulk rock (P and Ca) and porewater (SRP, Ca2+, F- and pH) distribution versus depth at Manor Farm farmland drilling site. Bh 1 and 2 stand for borehole numbers and HD for hand drilling.
The same P concentration of about 0.45 mg/L SRP is observed in the surface layers of the Pure Pastures profile, which may be linked to the use of fertilisers on farmland in this area (Figure 11). That is because this concentration is almost three times higher than the P concentration of 0.17 mg/L SRP measured in the soil layer of the Frith Copse woodland (Figure 8), which is located close to Pure Pastures (Figure 1). In contrast with Manor Farm site, Ca2+ porewater concentrations near the surface are very low. Below 4 m depth, the pH goes basic allowing HAP precipitation. This increases bulk P content and decreases porewater P concentrations up to 8 m depth where SRP starts to dilute as the groundwater table interacts with the UGS (Bingham et al., 2020). Finally, two P nodule horizons below 12 m depth were identified macroscopically (Figures 2, 3). However, low bulk P content indicates that these nodules are either very small in size or very scattered in these horizons. Despite that, a slight increase in porewater F- concentration provides evidence for both the presence and the slow dissolution of these P nodules in both farmland sites (Figures 10, 11).
[image: Figure 11]FIGURE 11 | Chemical profiles illustrating bulk rock (P and Ca) and porewater (SRP, Ca2+, F- and pH) distribution versus depth at Pure Pastures farmland drilling site. Bh 1 and 2 stand for borehole numbers.
4.2 Mineral and soluble P distribution
The porewater and bulk rock chemical data were interpreted in the context of land use and stratigraphy in the previous section. Overall, SRP and TDP concentrations are not significantly higher in samples collected under farmland than those samples collected under woodland, suggesting P enrichment as a result of fertiliser or manure applications may undergo lateral transport through the UGS aquifer. The high Ca2+ concentrations in porewaters suggest that the UGS aquifer receives Ca2+ rich loads via surface flows and throughflows from the eroding Chalk outcrops surrounding the Vale of Pewsey (Allen et al., 2014) (Figure 1). The very low concentrations of F- (lower than 1 mg/L) in the porewater (Figures 8–11) may indicate minimal dissolution of natural fluoride-containing phosphate minerals (FAP and CFA) in the UGS, as reported in prior research on P-bearing mineral dissolution (Rasmussen, 1996; Marshall-Neill and Ruffell, 2004; Harding et al., 2014). Variations in the Na+, Mg2+ and K+ concentrations are likely associated with the concentration and the weathering rates of mineral glauconite in the UGS (Harding et al., 2014).
No clear trend is evident in the porewater chemistry that indicates a single driving factor controlling the distribution of P in solution in the UGS. SRP concentrations decrease with depth under farmland at Pure Pastures, which may be linked to P accumulation near the surface from farming practices. This P profile is also seen at Frith Copse, which is close to Pure Pastures (Figure 1), suggesting both sites may be responding to the same P inputs to the soil system, with lateral transfers into the UGS below Frith Copse from the surrounding farmland. This is not evident at Manor Farm where SRP concentrations clearly increase with depth, while Potterne Wood has peak SRP concentration in porewater at 10 m depth, which is 8 m below the P nodule horizon.
Porewater and bulk rock P chemistry trends relevant to the profile depth are not co-incident (Figures 8–11). There is no evidence that higher porewater P concentrations occur at the same depth or immediately below the locations with high bulk P content in the rock matrix (those zones where CFA P nodules are abundant). More precisely, high SRP concentrations in the porewaters are never coincident with P nodule bands recorded during logging of core material (Figure 2). Bulk rock P content is mainly controlled by the presence of natural CFA nodules in the UGS rock matrix. By contrast, there is no apparent relationship between the distribution of P nodule bands and P concentrations in the porewaters. Therefore, it is suggested that P concentrations in the porewaters are controlled by other sources, one of which may be the application of P-rich fertilisers and manures to the land surface overlying the aquifer.
The UGS is a heterogenous bedrock incorporating hard, CaCO3-rich bands in a soft sandy to clayey porous material, while both soft and hard horizons show similar Fe and Mn contents (see Supplementary Tables S1–S4). Additionally, UGS porewater pH ranges from 6.2 to 7.8 with an average value of pH 7.3, but pH < 7 commonly occurs in the shallow UGS, in contact with or within the soil. Batch experiments simulating the UGS conditions in the laboratory show a rapid precipitation of HAP at pH > 7, whereas HAP dissolution is favoured at pH 4–7 (Bingham et al., 2020). However, pH values within the UGS range do not significantly change the HAP dissolution rate; instead when the solution is near neutral pH, the rate of HAP dissolution is primarily controlled by porewater P concentrations (Bingham et al., 2020). The thermodynamic saturation state of the extracted porewaters with respect to HAP (a function of temperature, pH, P and Ca concentrations, and HAP mineral solubility) ranges from undersaturated to supersaturated with depth and across sites (Mouchos, 2021), favouring dissolution and precipitation of HAP, respectively. The woodland sites were supersaturated (favouring precipitation) except below 16 m, whereas the farmland sites were strongly undersaturated (favouring dissolution) in the upper few metres, and either strongly supersaturated (Manor Farm) or highly variable (Pure Pastures) deeper (Mouchos, 2021). However, time-series water chemistry data from Wessex Water groundwater wells across the catchment indicate temporal, as well as spatial, variability in saturation state, with undersaturation indicated at most sites most of the time (Bingham et al., 2020). Apart from pH, P and Ca concentrations, the precipitation/dissolution or sorption/desorption of P in the UGS are affected by other factors including the grain surface area, porosity of the UGS matrix and rate of flow through the matrix. Each of these acts as a control on reaction kinetics as these vary with depth (Bingham et al., 2020).
4.3 Natural versus anthropogenic sources and fluxes of P
The data presented here show that HAP dissolution conditions can be met in the soil layer or in very shallow UGS depths adjacent to the soil, where pH is commonly is less than 7. Below this depth, solution phase porewater P moves vertically in the UGS sequence and is likely to precipitate as HAP. Precipitated anthropogenic P-bearing mineral phases in the UGS are likely to dissolve below the water table. Variations in pH below 8 m depth, where it may drop to values <7 and the water table position fluctuates, indicate that chemical conditions in the system change dynamically, leaving too little reaction time for the anthropogenic P-bearing mineral forms to accumulate. Therefore, most of the anthropogenic P is likely to remain in the solution below the water table. By contrast, CFA nodules appear to accumulate in high concentrations at specific depths of the UGS sequence since its formation in the Upper Cretaceous, dissolving very slowly and contributing little P to the porewater P pool in the aquifer.
The modelled UGS P flux under Scenario 1 varies spatially across the Vale of Pewsey due to geochemical and hydrological variability within the Vale. Groundwater chemistry in the north-western side of the Vale, drained by the West Avon tributary is typically more conducive to HAP dissolution (due to lower concentrations of P in the groundwater, which allows mineral dissolution to occur), compared to the north-eastern side of the Vale, drained by the East Avon. This leads to a higher rate of predicted P dissolution and flux to the West Avon than the East Avon from the dissolution of HAP in the UGS. The water table, which also varies in space and time across the vale, also has a significant effect on the results: only a higher-than-average water table produces a baseflow contribution from the UGS to the headwaters, and even then only in the West Avon tributary. The baseflow contribution of P from the UGS also changes down the course of both East and West Avon, reflecting a variable depth to water table and changing groundwater velocity along the length of the river. This is a key input to the models, as a faster velocity results in faster rates of dissolution of both mineral forms, and this too varies between the West and East Avon rivers.
The modelled UGS P flux under Scenario 2 dissolves less mineral-P and results in lower contributions of P from the UGS to baseflow, compared to Scenario 1 (Figure 6). HAP is a highly reactive phase, some of which is replaced by CFA in Scenario 2, which is significantly less reactive. In the model, the CFA nodules, due to their low reactivity, remain largely unchanged by weathering processes, and the groundwater at those depths instead favours the formation of HAP. Thus, the lower P flux from the UGS in Scenario 2 (at or close to zero P flux to porewaters) is not only due to the lower reactivity of CFA nodules and the less HAP available to dissolve, but also due to the reprecipitation of some of the dissolved HAP, actively removing P from the porewaters. Consequently, anthropogenic P in the form of HAP is unlikely to accumulate permanently in the UGS forming a legacy P store in the UGS, but more likely represents a transient store for P, rapidly cycled and transferred through the aquifer until it eventually discharges into the rivers.
5 CONCLUSION
The stratigraphy of the UGS provides a useful basis for exploring the spatial trends evident in bulk rock and porewater chemical data sets and has supported geochemical modelling and interpretation at landscape scale. Through the examination of the mineralogy and geochemistry of the UGS it was found that although total bulk P is very low in the rock matrix, higher concentrations are present in P-rich nodules int three key horizons. The main P mineral form in these nodules is CFA, a natural mineral formed as the rock itself was formed. P is likely released very slowly from these nodules, as high P concentrations in the porewaters in the UGS are not coincident with the location of these horizons. Geochemical modelling work and the experimental findings of other studies on the rates of dissolution of CFA indicates that these contribute very little P flux to surface waters in the Vale of Pewsey.
By contrast, secondary HAP is rapidly formed and is also more rapidly dissolved under the specific hydrogeological and geochemical conditions in the UGS than the primary, natural mineral forms (Bingham et al., 2020). P is released approximately 100–100,00x faster by dissolution of secondary mineral HAP, than by dissolution of the primary minerals CFA and FAP (Valsami-Jones et al., 1998; Guidry and Mackenzie, 2003; Bingham et al., 2020). Secondary P minerals thus comprise a dynamic component of the P transfer system linking anthropogenic activities on the land surface to P in adjacent surface and groundwaters.
While the most abundant mineral phase of P in the UGS is the slowly dissolving P nodules, the secondary mineral P phases are the main transient form of P, forming and re-dissolving in a matter of minutes to days within the UGS as P migrates from land to stream through the aquifer. The majority of P in the porewaters in the UGS is likely to be associated with anthropogenic activity on the land surface, with P flux to the aquifer passing through several phases of precipitation and dissolution in the form of HAP and amorphous Fe oxy (hydroxides) as the P migrates through the unsaturated zone to the water table. Natural or near-natural P concentrations in the aquifer, deriving from the much slower dissolution of natural phosphate minerals in the UGS would be substantially lower than current concentrations, based on the mineralogical, geochemical and modelling evidence. Efforts aimed at defining the P concentration in natural, unpolluted waters as part of efforts to determine the nature, origins and scale of P enrichment in eutrophicated waters, need to take account of the geochemical cycling of P within aquifers. In order to effectively target and control P enrichment of surface waters in permeable catchments, it is important to account for P release to surface waters through weathering of P-bearing minerals hosted within the bedrock. Importantly, however, there is also a need to account explicitly for the differing presentation, exposure to weathering and dissolution processes, and geochemical cycling controls experienced by these primary and secondary P mineral forms when attempting to define the ‘natural’ baseline P concentration in any surface water body.
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