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This investigation focusses on the geochemical properties of surficial sediments in the Camel Estuary, Cornwall, UK. The 
geochemistry of the samples were determined by XRF and data for Sn, As, Cu, Pb and Zn are presented. The data for Pb, Zn and 
As shows a down estuary reduction, probably resulting from a combination of increasing distance from a presumed metalliferous 
mining source and mixing with marine sediments. The highest concentrations for As (48 ppm) and Zn (304 ppm) exceed 
sediment quality guidelines. Cu and Pb values are below the sediment quality guidelines. Although elevated Sn concentrations are 
seen in the middle part of the estuary, given that the Sn is likely to be associated predominantly with cassiterite, it is less likely 
to be bioavailable. These pollutants have persisted long after the mining activity of the nineteenth century ceased. Compared to 
other estuaries in the southwest, the Camel Estuary is relatively unpolluted. 
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Background

Industrial activities together with weathering and erosion of 
the bedrock can leave a significant mark on the geochemical 
concentrations of certain elements in sediments and soils. 
Potentially toxic elements are widely known as some of 
the most hazardous contaminants due to their potential 
bioavailability, bioaccumulation and biodegradable behaviours, 
causing adverse effects in a wide range of organisms. Because 
of intense mining activity the discharge of particulate mining 
waste during active mining operations, in particular, has 
led to contamination of river basins and estuaries in the 
southwest of England, being among the highest recorded in 
the UK (Hudson-Edwards et al., 2008). The region contains 
significant metalliferous mineral deposits that have been mined 
from the Bronze Age through to the present day (Barton 
1967; Stanier, 1979; Gerrard, 2000; Rainbow, 2020). During 
the eighteenth and nineteenth centuries the region was one 
of the largest producers of metals in the world. Significant 
quantities of copper, tin, and arsenic were recovered, as well 
as lesser quantities of zinc, iron, lead, and tungsten (Dines et 
al., 1956; Burt et al., 1987). Sediments can retain a record of 
this industrial activity (Cundy et al., 2003; Oyedotun, 2016) 
with mining waste remaining for many hundreds of years. 
Sediments in the Camel, Erme, Fal, Fowey, Gannel and Tamar 
estuaries are considered (Hudson-Edwards et al., 2008) to be 
amongst the most contaminated in the UK for cadmium, lead, 
zinc and copper (e.g., Pirrie et al., 1997, 2002; Rollinson et al., 
2007; Rieuwerts et al., 2014). Nevertheless, detailed records of 
the concentrations and distribution of metalliferous pollutants 
within some of the estuaries of the South-West U.K. are lacking. 
Hence, the aim of this research is to examine geochemical data 
from sediments of the Camel Estuary, Cornwall, UK whose 
catchment encompasses several historically significant mining 
districts, but details of metalliferous pollutants are limited (cf. 
Pirrie et al., 2000). In this study, the spatial patterns of metals 
and metalloids are assessed, that can serve as a geochemical 
baseline, which can in turn be related to bioavailable 
concentration estimates (e.g., Wragg et al., 2018). 

The Camel Estuary 
The Camel Estuary is located on the north Cornwall coast, 

with tidal conditions extending from the coastal town of 
Padstow inland to Wadebridge (Fig. 1). It is approximately 
12 km long. The intertidal area of the estuary is ~6 km2 in 
size (Buck, 1993), and is dominated by intertidal sands and 
muds along with salt marsh areas and formed as a product 
of postglacial rise in sea level (Brew and Gibberd, 2009; 
Oyedotun et al., 2013). The Camel Estuary has an extensive 
river catchment spanning a large proportion of North Cornwall 
(Fig. 2) consisting of the rivers Camel, Amble, Ruthern, Allen, 
and De Lank. The catchments for these rivers include areas 
of past mining activity, including tin streaming operations on 
Bodmin and the Lanivet mining region (Dines et al., 1956; Burt 
et al., 1987). The Camel Estuary supports a diverse range of 
habitats which are of primary marine biological importance 
(Brew and Gibberd, 2009). A range of activities take place in 
the estuary including fishing, sailing, trawling, kayaking and 
water skiing. There are also a number of oyster farms within 
the estuary. The area is designated as an Area of Outstanding 
National Beauty (now called National Landscapes) and a 
Marine Conservation Zone (MCZ).

Geological setting

The geology surrounding the Camel Estuary and catchment 
(Fig. 2) is comprised of metasediments of Devonian age, namely 
the Harbour Cove, Polzeath and Trevose Slate formations 
(Selwood et al., 1998). Basaltic lavas intrude the Harbour Cove 
and Trevose Slate formations to the north of the study area. 
To the east of the study area is the Bodmin Granite where the 
river Camel drains across the western part and subsequently 
drains through the Trevose Slate Formation. The mineral 
deposits of the region typically fall into three groups, (1) east-
west lodes carrying tin and sulphide ores, (2) tin stockworks 
and (3) north-south iron-bearing cross-courses (Dines, 1956). 
Significant mineralisation in the area is associated with veins 
within the volcanic sequences intruded into the Harbour Cove 
and Trevose Slate formations, in which Cu, Sb, Pb, As, and Ag 
are present (Dines, 1956). In the south of the catchment the 
estuary also drains the Lanivet Valley Mining District, where 
the stockwork deposits in Devonian metasediments occur 
just beyond the edge of the St Austell Granite. The banks of 
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Figure 1. Location map showing the catchment area for the Camel Estuary, also indicating areas of sample locations and mines 
sites. 

Figure 2. 
Simplified 
geological map 
showing the 
location of the 
Camel Estuary and 
catchment and the 
mine sites within 
the catchment 
area.
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the estuary comprise of thick 20 m succession of Holocene 
sediments (Pirrie et al., 2000, Brew and Gibberd, 2009). 

Mining history in the Camel estuary catch-
ment 

The earliest mining in the region was thought to have taken 
place on Bodmin, with evidence of tin streaming extending 
back to Medieval alluvial times (Gerrard, 2000). Although 
tin streaming in southwest England typically resulted in the 
release of large volumes of sediment, it is likely to have had 
only a minor impact on the sediment geochemistry as it was 
essentially remobilizing naturally generated and equilibrated 
sediments (Simons et al., 2011). In contrast, hard-rock mining, 
and associated ore processing and transportation, was much 
more likely to be significant in terms of its impact on the 
environmental geochemistry (Pirrie et al., 1997; Simons et al., 
2011). Aside from several small mines close to the estuary, 
major mines that lie within the catchment are associated with 
the Lanivet Valley Mining District (Fig. 2). In particular, the tin 
stock workings at mines such as Mulberry and Wheal Prosper 
were the main locations where a considerable output of tin was 
produced (Dines, 1956). At both mines, quartz-rich veins with 
cassiterite were mined to depths of around 30-40 m. Mulberry 
Mine was active from 1860 to 1913, producing 94.7 tons of 

black tin (cassiterite) at its peak in 1869 (Burt et al., 1987) with 
an annual average yield of 30 tons (Dines, 1956). Records of 
Wheal Prosper’s production begin in 1861, and in 1883 a peak 
production of Cassiterite totalled 52 tons (Burt et al., 1987). 
From the E–W trending sulphide ore deposits Cu and higher 
zone sulphides (Pb and Zn) were mined (Dines, 1956), namely 
at the Lanivet Consols and Bodmin Wheal Mary operations. 
The iron-bearing cross-courses characterised by veins of 
quartz and iron carbonate/oxide yielded significant quantities 
of Fe throughout the nineteenth century (Dines, 1956). Few 
accessory minerals were recovered from the mines associated 
with these deposits. Some mines including Westdowns, 
however, reported returns of manganese at irregular intervals 
(Dines, 1956). The last principal mines in the region closed 
during the 1910s (see Dines, 1956; Burt et al., 1987). 

Methodology 
A total of 95 sediment samples were collected from the 

Camel Estuary, extending from Wadebridge in the east, to 
Padstow and Rock in the west (Fig. 3). 

Approximately 25–50 g of surficial sediments (the top 
centimetre) were collected at regular ~100 m intervals. After 
samples were bagged, they were initially left to dry at room 
temperature for approximately 3–5 days until the majority of 
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Figure 3. Spatial distribution maps for As, Pb, Cu, 
Sn and Zn concentrations in the surficial sediments 
throughout the Camel Estuary, using the Kriging 
interpolation method with Surfer software.
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the water drained. The samples were then placed in an oven 
at 40°C for 36 hours to ensure the samples had completely 
dried. All samples were then, ground and sieved through a 
63μm sieve to reduce any grain-size effects (Ackerman, 1980). 
This size fraction was selected as an intermediary value 
between a number of studies (e.g., Merefield, 1976; Pirrie et 
al., 2002). Samples (<63 μm) were subsequently pressed 
into a flat face, in a mylor film covered cup and analysed 
for a suite of elements using a Niton XL3t 950 He GOLDD + 
portable XRF spectrometer. Measurements were conducted in 
a ‘mining’ mode and with a beam width of 8 mm (equivalent 
to a measurement area of 50 mm2 ) for a total time of 60 s, 
comprising successive counting periods of 30 s at 50 kV/40 μA 
(main filter), 15 s at 20 kV/100 μA (low filter) and 15 s at 50 
kV/40 μA (high filter) (see Turner and Taylor, 2018). This mode 
can detect more than 20 elements in particulate materials 
(from K to Bi) but here we focus on elements that were 
readily detected in previous studies (e.g., Pirrie et al., 2000) 
of estuarine sediments (As, Sn, Cu, Pb, Zn). The pXRF method 
was assessed by repeat analysis of the certified reference 
material: U.S. Geological Survey SdAR-M2. The measured 
levels of Cu, Zn and Pb of the reference sample was within 6% 
of the certified values.

Results

Geochemical maps for the Camel Estuary for As, Pb, Cu, 
Sn and Zn are shown in Figure 3, and the corresponding 
geochemical data are summarized in Table 1. There are marked 
variations in the surface sediment geochemistry throughout the 
estuary, with the eastern part typically showing the highest 
concentrations. The highest concentrations for As (up to 48 
ppm), Zn (up to 304 ppm) and Pb (up to 51 ppm) occur 
close to Wadebridge. The outer part of the Camel Estuary, the 
furthest seaward, showed the lowest levels of contamination. 
As also shows a second area of high concentrations close to 
Oldtown Cove. In contrast the Sn geochemical map shows 
relatively low concentrations in the Wadebridge area, but high 
concentrations (up to 2005 ppm) between Pinkson Creek and 
Little Petherick Creek. The Cu geochemical map (Fig. 3) shows 
relatively low concentrations and a more uniform distribution 
through the estuary. 

Discussion

Previous work on the environmental impact of mining on 
the sediments within the Camel Estuary and catchment has 
principally been undertaken by Bryan et al. (1980), Merefield 
(1982), Pirrie et al. (2000) and Oyedotun (2016). Merefield 
(1982) and Oyedotun (2016) sampled the coarser-grained 
intertidal sediments in the Camel Estuary and revealed up to 
30% Ca within the sediments linked to marine carbonates. In a 
survey of heavy metal contamination in estuaries in South-West 
England, Bryan et al. (1980) analysed bivalve soft parts from 
the burrowing polychaete Nereis diversicolor and the deposit-
feeding Scrobicularia plana and Macoma balthica. They 
also showed that the surface sediments in the Camel Estuary 
contained up to 64 ppm Pb, up to 80 ppm Cu, up to 55 ppm 

As, up to 215 ppm Zn and up to 741 ppm Sn (Table 1). Pirrie 
et al. (2000) in their study of cores from the Camel Estuary 
showed a geochemical anomaly for Sn, W and Zr which was 
thought to correspond to cassiterite, wolframite and zircon 
supplied to the estuary as a result of the release of mine waste 
tailings. Close to Wadebridge, Pirrie et al. (2000) record up to 
842 ppm Sn.

Compared to these studies, the data presented here show 
comparable concentrations of Sn, As, Zn, Pb and Cu (Table 
1). Bryan et al. (1980) only reported data from two sites 
within the Camel which may account for the differences 
observed, as spatial variability in the sediment geochemistry 
can be expected. Zn, As and Pb shows an expected down 
estuary reduction, a combination of increasing distance from 
presumed metalliferous mining source and mixing with marine 
sediments. It is likely that the dominant source of these metals 
is from the mining associated with Bodmin Wheal Mary and the 
open pits of Mulberry and Wheal Prosper (and others) in the 
Lanivet Valley Mining District (Fig. 1). The Cu concentrations 
do vary a little but show no systematic variation. Sn shows 
little variation in the upper and middle part of the estuary. 
High Sn concentrations (reaching the highest concentrations 
recorded) are seen between Pinkson Creek and Little Petherick 
Creek (Fig. 2). Elevated concentrations of Sn in estuarine 
sediments have been related to alluvial tin streaming, resulting 
in the release of large volumes of fine-grained sediment 
(including non-recovered Sn) which would have been carried 
down the estuary (Gerrard, 2000; Pirrie et al., 2000; Simons 
et al., 2011). The G-BASE geochemical survey of South-West 
England of stream sediments and shallow soils also shows 
an area of elevated concentrations of Sn centred over Little 
Petherick Creek coincident with higher Sn concentrations 
seen in this study. The G-BASE stream sediment geochemistry 
corresponds very closely to mapped variations in bedrock 
geology. The bedrock geology here comprises the Trevose 
Slate and Rosenum formations (Fig. 1), grey and black slates 
with siltstone, sandstone and limestone beds particularly in 
the upper part of the formation. Nearby are the Credis and 
Tregonna mines (Fig. 2) which have yielded Cu and Pb ore 
(Dines, 1956), but not Sn. Hence not obviously a source of Sn. 

The higher concentrations of Sn seen between Pinkson 
Creek and Little Petherick Creek may have another origin, 
sourced locally from smelting. Pirrie et al. (2000) in their 
study of the Camel do identify a small number of grains as 
Sn smelt products. As copper required large amounts of coal 
for the smelting and refining processes and it was deemed 
most economical to ship the ores up the Bristol Channel to 
south Wales close to the source of fuel for smelting, whereas 
Sn smelting was much simpler and requiring less fuel which 
enabled it to be smelted locally (Stanier 1979). Major Sn 
smelting of the eighteenth to twentieth centuries works existed 
within that period at about 30 locations in Cornwall (Barton, 
1967), but not in the Camel area. A further possible localised 
point source could be erosion in this area exposing older more 
metal rich sediments (e.g., Pirrie et al., 2000). Without any 
further analysis, the origin of the elevated concentrations of 
Sn centred between Pinkson Creek and Little Petherick Creek 
remains unresolved. 

Table 1. Minimum and maximum and mean geochemical data of surficial sediments from the Camel Estuary.

element Min (ppm) Max (ppm) Mean (ppm) Max published values (ppm) 
(from Bryan et.al., 1980)

Sn 231 2005 477 741

As 11 48 29 55

Pb 16 51 33 64

Zn 107 309 162 215

Cu 30 59 39 80
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Compared to other estuaries in South-West England, the 
Camel Estuary has lower concentrations of Cu, Zn and As 
than in the Hayle (Rollinson et al., 2007), Fal (Pirrie et al., 
1997), Fowey (Pirrie et al., 2002) and the Tamar (Turner 
and Taylor, 2018) estuaries. The Camel does, however, have 
higher Sn concentrations than the Gannel (Pirrie et al., 2000), 
the Tamar (Turner and Taylor 2018) and Fowey (Pirrie et al., 
2002) estuaries. Elevated levels of Sn, Pb, Zn and Cu within 
estuary sediments are of most concern if they are present in 
a bioavailable form. Given that the dominant metal supplied 
to the Camel Estuary is Sn in the stable oxide mineral phase 
cassiterite (Pirrie et al., 2000), it is less likely to be bioavailable. 
This is supported by analyses of bivalve soft tissue samples 
from the Camel estuary (Bryan et al., 1980), which contained 
significantly lower metal values (e.g., for Pb, Sn and Zn) than 
other Cornish estuaries such as the Gannel. 

The UK Environment Agency (Hudson-Edwards et al., 2008) 
has developed sediment quality guidelines, based on the 
Canadian interim sediment quality guidelines with a ‘threshold 
effect level’ (TEL) and ‘probable effect level’ (PEL) approach 
(CCME, 2001). The PEL (levels likely to cause adverse effects in 
a wide range of organisms) can be used to evaluate the degree 
to which adverse biological effects are likely to occur as a 
result of exposure. The highest concentrations for As (48 ppm), 
Zn (304 ppm) just exceed the PEL for As and Zn in Camel 
estuary sediments (41.6 mg kg−1 for As and 271 mg kg-1 for Zn). 
Cu and Pb values are below the sediment quality guidelines. 
PEL levels for Sn are not reported, presumably as metallic tin 
is generally considered as non-toxic in the environment owing 
to its insolubility in water and poor gastrointestinal absorption 
(e.g., Gad and Pham, 2014). In general, the Camel Estuary 
sediments retain a relatively low level of metal contamination. 

Conclusions 
The Camel Estuary data presented here show characteristics 

of sediments that have been affected from the mining areas 
within the catchment. The data for Pb, Zn and As shows a 
down estuary reduction, probably resulting from mixing with 
marine sediments and possibly the increasing distance from a 
presumed metalliferous mining source. 

These pollutants to the Camel Estuary, have persisted long 
after the mining activity of the nineteenth century ceased. Our 
geochemistry data, in comparison to the PEL however, suggests 
that Cu, Zn, As and Pb are unlikely to cause adverse biological 
effects. Although elevated Sn concentrations are seen in 
between Pinkson Creek and Little Petherick Creek, given that 
the Sn is likely to be associated with a predominantly with 
stable oxide mineral phase cassiterite (Pirrie et al., 2000), it is 
less likely to be bioavailable. Compared to other estuaries in 
the southwest, the Camel Estuary is relatively unpolluted.
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