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Abstract
Peat bog records of environmental change from the industrial heartland of NW England are rare, precisely because industrial 
activity and urbanisation have often destroyed or truncated the stratigraphical record of recent times. Here, we present new 
stratigraphical, radiocarbon and heavy metal (Pb and Cu) data for the near-surface peat layers of Holcroft Moss, a lowland 
raised bog located near Warrington, Cheshire. Based on the radiocarbon data and informed by down-core changes in bulk 
density, we derive an age-depth model for peat accumulation during the last ca. 700 years and use the resulting accumulation 
rates to derive estimates of historical Pb and Cu deposition at the site. The study reveals the legacy of the Industrial Revolution 
in terms of peat stratigraphy, peat accumulation rates and heavy metal deposition. Deposition of Pb and Cu peaked in the 
late 19th to early 20th century, reaching 122 and 50 mg m-2 yr-1 respectively, and the timing and magnitude of flux changes 
can be linked to developmental stages in the industrialisation of the Mersey basin and urban expansion of Liverpool and 
Manchester. The study confirms the high value of the site as an archive of regional environmental change through the 
Industrial Revolution. 

Introduction
Lowland peat habitats in NW England are of both conserva-
tion interest (Scott et al., 2006; Davis and Wilkinson, 2004) 
and as archives of historical environmental change (Le Roux 
et al., 2004). However, lowland peat bogs in NW England are 
often heavily impacted by industrial peat extraction. There-
fore, non-disturbed stratigraphic deposits corresponding 
to recent historical times are rare. Holcroft Moss, a lowland 
raised bog located near Warrington, Cheshire, provides a 
rare example of an intact peat-forming habitat in the region 
(Leah et al., 1997). Holcroft Moss was the focus of an early 
palynological investigation (Birks, 1965), which documents 
the vegetation history at the site since the mid-Holocene. 
The value of the site for monitoring conservation status 
and for exploring questions of anthropogenic impact and 
ecological recovery has also been recently highlighted (Scott 
et al., 2006; Valentine et al., 2013). However, detailed palaeo-
environmental research incorporating multiple tracers of 
past change has not been undertaken at the site. The location 
of Holcroft Moss between the industrial cities of Manchester 
and Liverpool underscores the interest of the site as a register 
of environmental impacts of the Industrial Revolution. 
However, in the absence of absolute dating control, open 
questions remain about the timeframe and accumulation 
rates of historical peat deposits at Holcroft Moss. 

Here, we present new stratigraphical and radiocarbon 
data to constrain historical peat accumulation rates for near-
surface peat layers at Holcroft Moss. The objectives of the 
present study are (i) to establish a chronological framework 
for peat accumulation during the historical period, and (ii) 
to assess whether peat accumulation was continuous across 
the Industrial Revolution. We also present high-resolution 
profiles of lead (Pb) and copper (Cu) content revealing the 
history of atmospheric deposition at the site, which may 
provide a useful framework for future stratigraphical cor-
relations within and beyond the site. 

Study Area 
Holcroft Moss [SJ 68478 93315] is located near Glazebrook, 
Warrington, in the hydrographic basin of the River Mersey  
in NW England. The present day bog [19 hectares] is 
delimited to the North by the M62 motorway, and on other 
sides by agricultural fields (Figure 1). The site represents a 
fragment of a larger bog (evident for example in the site map 
of Birks (1965)) and part of a wider regional patchwork of 
extensive raised bogs which have generally been subject to 
historical and/or ongoing peat extraction, including nearby 
Risley and Chat Mosses. Holcroft Moss is a Natural England 
SSSI (Site of Special Scientific Interest) and part of the Man-
chester Mosses Designated Special Area of Conservation 
(SAC). The site is managed by the Cheshire Wildlife Trust. 
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Holcroft Moss presents a grassy bog vegetation with 
Molinia caerulea, Eriophorum spp., Erica tetralix, Vaccinium 
oxycoccus and Sphagnum spp. (S. palustre, S. fallax and S. 
fimbriatum). The bog is surrounded by a wooded fringe 
with Betula, Salix and Pteridium aquilinum. Conserva-
tion measures to enhance moisture retention and reduce 
encroachment of woody taxa include installation of 
impermeable plastic edging at the site margins and grazing 
by hardy Hebridean sheep. The conservation status of the 

site is currently “unfavourable – recovering” with recent 
improvements in vegetation diversity and cover (Holcroft 
Moss SSSI, 2013). Challenges relating to moisture retention, 
nutrient enrichment and historical degradation are evident 
(Scott et al., 2006).

Peat deposits at Holcroft Moss of approximately 4 m 
depth overlie a depression in a sandy-clay substratum and 
reveal a long-term transition from lacustrine to peat-forming 
habitats (Birks, 1965). Observation of the well-known “elm 
decline” palynological horizon near the base of the peat 
sequence suggests a Mid-Holocene age for initiation of 
peat formation (Birks, 1965). In this study, we focus on 
the near-surface peat layers as a register of environmental 
conditions at the site during the historical era including the 
Industrial Revolution. 

Methods
A 50 cm near-surface core was taken in 2015 using a Russian 
corer (Figure 2) which allows recovery of a peat sample 
within a closed chamber to minimise contamination during 
the coring process.  The core was wrapped in cling-film and 
transported in plastic guttering to the Physical Geography 
Laboratories of the University of Manchester. The core 
exterior was carefully cleaned using a scalpel and spatula 
and visual observations on the stratigraphy were noted 
using the Troels-Smith system supported by observations 
of peat-forming components under a low-power binocular 
microscope. The core was then frozen to facilitate regular 
sub-sampling by slicing of fifty 1 cm-thick sub-samples using 
a clean knife (see De Vleeschouwer et al., 2010).  Further 
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Figure 1: Coring location and land use setting for core 
HM15 at Holcroft Moss in NW England.

Figure 2: Field photograph of Russian core HM15, showing the highly characteristic dark sub-surface layer preserved at 
Holcroft Moss. Core segment measures 50 cm; core-top is at the right.
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analysis was undertaken on forty-nine sub-samples; no data 
was generated for the uppermost 1 cm which contained 
only a living root mat and was characterised by limited 
recovery in the coring process. Small volumetric blocks 
of 1–2 cm3 were cut from each sub-sample and measured 
using electronic calipers (a /b/ c axes). These were then dried 
at 105°C, and organic matter content was estimated based 
on weight loss (loss-on-ignition, LOI) at 550°C (Bengtsson 
and Enell, 1986). Bulk density and ash-free bulk density 
were calculated on the basis of the dry weight and ash-free 
weight of each volumetric sample, respectively (Chambers 
et al., 2011). We calculate the definite integral of ash-free 
bulk density (g cm-3) over depth (cm, depths as negative 
values below zero) yielding column density (g cm-2), i.e. the 
accumulated mass of peat per unit area at each subsequent 
depth. This calculation was made in the software package 
OriginPro, using the function “integrate”.

Pb and Cu content was determined by ICP-OES (Induc-
tively Coupled Plasma Optical Emission Spectrometry). The 
method is based on BS EN 22036:2008 for the determination 
of trace elements in soils using a PerkinElmer 8300 ICP-OES, 
with sample preparation by Microwave Digestion in a CEM 
Mars Xpress accelerated reaction system using Aqua Regia 
as the digestion reagent. This method uses a 5 point linear 
calibration with a 99.999% minimum regression, with an 
internal standard to correct for instrument drift and matrix 
interferences. Results were quantified against this curve in 
mg/L, or ppm, at a limit of detection of 0.005mg/L; figures 
below this level are reported as below the limit of detection 
(<LOD). Each sample was measured three times, and an 
average of these replicates was calculated by the instrument.  
The %RSD variance between each replicate is less than 2.5%.

Three samples of bulk peat for radiocarbon dating were 
selected near the base of the core to avoid problems associ-
ated with overprinting of the global atmospheric carbon 
isotopic composition by old carbon from fossil fuel sources 
during the industrial era. The age model was developed 
in Clam v2.2 (Blaauw, 2010), which fits multiple age-depth 
curves through the available radiocarbon data to generate 
an uncertainty range and best estimate for the age at each 
core depth. Radiocarbon dates were first calibrated using the 
IntCal13 northern hemisphere terrestrial calibration curve 
(Reimer et al., 2013). Control points for the age model were 
the three radiocarbon dates and the core-top age of 2015 
AD. The age model is based on a smooth spline (smooth 
= 0.45) and the best estimate for the age at each depth is 
based on the weighted average of the calendar ages of the 
models (est = 1). The number of model iterations was set 
to 10,000 to ensure stable output for uncertainty ranges 

and best estimate ages. As discussed below, the choice of 
a smooth spline model and the specific smoothing factor 
(i.e. flexibility) of the spline were informed by changes in 
ash-free bulk density along the core, with the view that 
lower (or, higher) ash-free bulk-density may imply faster (or, 
slower) peat accumulation. A similar approach was used by 
Anderson (2002) in the dating of Scottish peat bogs whereby 
the radiocarbon-derived age-depth curves were adjusted 
using humification data as an indicator of past changes in 
peat accumulation rates.

Using accumulation rates derived from the radio-
carbon age model, Pb and Cu concentrations were converted 
to depositional fluxes following Rothwell et al. (2010) using 
the following equation: 

[X]flux = [X]conc × BD × AR × 10

where [X]flux is the element flux (mg m-2 yr-1), [X]conc is 
the concentration (mg kg-1), BD is the bulk density of the 
peat (g cm-3), and AR is the peat accumulation rate (cm yr-1). 

Results
Visual observations indicate that Core HM15 is composed 
of partly humified Sphagnum moss peat with a variable 
herbaceous component. Three stratigraphical units are 
distinguished on the basis of visual observations (Table 
1) and can be further characterised by changes in organic 
matter content and bulk density (Figure 3). 

Unit 1 is generally rich in Sphagnum macrofossils and 
displays a gradual upwards trend of increasing herbaceous 
material. Organic matter content is high, with typical LOI 
values of 96–98%. Ash-free bulk density fluctuates between 
around 0.06 and 0.12 g cm-1 and reveals a general upward 
progression from low values to high values. Subtle variation 

 Table 1: Stratigraphic description of Holcroft Moss core HM15. 

Unit
Depth 
(cm) Visual Description

Troels-Smith 
Classification

3 3–0 Moderately humified herbaceous 
peat including living root mat, 
rare Sphagnum leaves

Th4 Tb+

2 9–3 Well humified herbaceous peat, 
rich in black carbonaceous 
particles, Sphagnum leaves 
absent

Th2 Sh2

1 50–9 Weakly to moderately humified 
herbaceous-moss peat, rich in 
herbaceous plant fragments and 
Sphagnum leaves

Tb2 Th2
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in colour and humification status are noted within the 
unit. Unit 2 represents a distinctive layer of very dark peat 
which is present at near surface depths; this dark layer is 
highly evident in the freshly recovered material (Figure 2). 
Sphagnum leaves are absent from this layer. The peat appears 
highly humified and presents a high content of fine black 
carbonaceous particles. Organic content decreases within 
this unit, reaching a minimum LOI of 82%. Ash free-bulk 

density reaches a maximum in Unit 2 exceeding 0.16 g 
cm-1. The uppermost Unit 3 including the living root mat is 
primarily herbaceous in composition with rare Sphagnum 
leaves. Intermediate LOI values around 90% and ash-free 
bulk density of 0.12 g cm-1 are recorded. 

The concentrations of Pb and Cu show similar trends 
through the core, with low values near the base of core, 
increases towards the top of Unit 1, maximum values in 

Figure 3: Visual stratigraphy, down-core analyses and radiocarbon ages for core HM15. Troels-Smith components are Th – 
Turfa herbacea, Tb – Turfa bryophytica, and Sh – Substantia humosa. Box and whisker summary plots below each proxy show 
the median (central line), interquartile range (box) and range (whiskers). Curves for Pb and Cu shown with raw (circles, solid 
line) and 5x horizontal exaggeration (red and blue shading, respectively).

Table 2: Radiocarbon data from Holcroft Moss. 

Lab ID Core Depth 
(cm) Material d13C  

(per mille)
Conventional 

Radiocarbon Age (BP)
2 sigma calibrated 

age range (AD)

BETA 456519 HM15 36–37 Plant Tissue –25.1 550 ± 30 1315 – 1430

BETA 443587 HM15 39–40 Plant Tissue –27.7 560 ± 30 1310 – 1425

BETA 440756 HM15 46–47 Plant Tissue –27.0 650 ± 30 1280 – 1395
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Unit 2 and decreases in Unit 3. Within Unit 1, the patterns 
of rising concentrations differ slightly; Pb values increase 
from very low to sustained levels around 20 ppm from 27 cm 
and then rise sharply above 20 cm depth, while Cu values 
increase more abruptly from background levels <10 ppm 
from 18 cm depth. Maximum concentrations for Pb and Cu 
are 1261 and 561 ppm, respectively. 

Radiocarbon ages from core HM15 are reported in 
Table 2, which are used to constrain an age model (Figure 
4). In addition to the three calibrated radiocarbon dates, a 
core-top constraint (2015 AD) is included and the age-depth 
relationship is informed by the peat stratigraphy, specifically 
the ash-free bulk density. In the case of core HM15, rising 
ash-free bulk density values (highlighted in Figure 4, dashed 
line “A”) yield non-linear values for the integral, column 

density, which display a gradual decrease in slope (Figure 
4, “B”). We contrast this with an alternative scenario where 
bulk density values with a stationary mean (Figure 4, blue 
arrow “a”) would yield a linear increase in column density 
(Figure 4, blue arrow “b”). Since the build-up of peat mass in 
the deposit is a time-dependent process, we suggest that the 
ash-free bulk density and its integral, column density, may 
provide useful proxy information for the deposition time 
and its integral, elapsed time, respectively. In the absence 
of absolute constraints for the middle to upper core section, 
we therefore select a smooth spline age-depth profile which 
approximates to the column density (Figure 4) as opposed to 
an interpolated or linear model. The central age estimates, 
95% confidence range and accumulation rate for each core 
depth are reported in Appendix 1. 

Figure 4: Age model for core HM15, showing ash-free bulk density, the integral of ash-free bulk density over depth (column 
density) and age-depth curve. The age model is based on a smoothing spline and four control points (three radiocarbon dates 
and core-top age of 2015 AD). The degree of smoothing (flexibility) of the spline was selected iteratively so that the curvature of 
the modelled age (red line) approximates that of the column density profile (dashed black line). 
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Figure 5. Concentration and flux estimates for Pb and Cu at Holcroft Moss plotted against modelled age. Concentration curves 
for Pb and Cu shown with the 95% confidence limits from the age model and annotated with the mean age and 95% confidence 
limit for select events, namely the first rise in concentrations (upward triangles), maximum concentrations (stars) and major 
declines (downward triangles). Comparison flux data from previously published studies at Lindow Moss (LM, Le Roux et al., 
2004) and Alport Moor (AM, Rothwell et al., 2010) located in NW England (see inset map). Inset graph shows Pb flux (x10 
vertical exaggeration) at HM and LM for the interval 1280 – 1700 AD.
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The radiocarbon-based age model suggests that the 
uppermost 50 cm of peat accumulated since 1210 – 1350 AD 
(95% range; central estimate 1280 AD), yielding a long-term 
average peat accumulation rate of ~0.07 cm yr-1, equivalent 
to an average deposition time of ~15 yr cm-1. Modelled 
accumulation rates range from 0.11 cm yr-1 to 0.05 cm yr-1 

(Appendix 1). 
The timeline of changes in Pb and Cu concentrations 

incorporating age uncertainty is shown in Figure 5, high-
lighting key transitions in the deposition history of the two 
metals. Deposition fluxes are also presented, reaching peak 
values of 122 and 50 mg m-2 yr-1 for Pb and Cu, respectively. 
Since the flux takes into account the site- and depth-specific 
bulk density and accumulation rates of the deposit, they can 
be compared directly with flux histories from other regional 
sites (Figure 5). 

Discussion
New radiocarbon data from the lowland ombrotrophic peat 
bog at Holcroft Moss indicate that the uppermost 50 cm of 
the peat deposit accumulated since 1210 – 1350 AD at an 
average rate of ~ 0.07 cm yr-1, similar to rates observed in 
other temperate raised bogs (Aaby and Tauber, 1975; Barber 
et al., 1994). Ash-free bulk density values are within the range 
of reported values for temperate peatlands (Chambers et 
al., 2011). Increasing values towards the surface appears 
to reflect a combination of peat compositional changes 
(decreasing Sphagna, increasing herbaceous material) and 
increasing humification status. The age model, param-
eterised with regard to these changes in bulk density, 
suggests accumulation rates exceeded 0.1 cm yr-1 in the 
Sphagnum-rich lower section and reduced to 0.05 cm yr-1 

in the uppermost levels. The dating helps to confirm a 
special feature of Holcroft Moss, namely the preservation 
of deposits corresponding to the historical era. In contrast, 
many lowland peat deposits in the region are truncated 
by cutting, cultivation or other historical disturbance, as 
reported at Lindow Moss (LeRoux et al., 2004), and Danes 
Moss and Astley Moss (Valentine et al., 2013). Stratigraphical 
observations at Holcroft Moss (absence of unconformities 
or disturbance) furthermore support continuous peat accu-
mulation throughout the last ca. 700 years. These findings 
highlight the excellent potential of the site for detailed 
investigation of the trajectory of human impact across the 
Industrial Revolution, as well as climate changes of the Last 
Millennium including the Medieval Climate Anomaly and 
Little Ice Age (e.g. Mauquoy et al., 2002).

Here, we focus on the record of two heavy metals (Pb 
and Cu) which bind strongly to organic material and are 

not remobilised by leaching associated with water table 
fluctuations in peat deposits (Livett et al., 1979; Vile et al., 
1999; Rinqvist and Öborn, 2002). Down-core profiles for 
these metals can therefore be interpreted as a signal of 
changing heavy metal input to the site over time and may be 
highly informative of the environmental impacts of regional 
industrial activities (Lee and Tallis, 1973). We note a strong 
similarity between down-core profiles for Pb at Holcroft 
Moss and blanket peatlands of the southern Pennines, for 
example at Upper North Grain (Rothwell et al., 2005, their 
Figure 2). It does not therefore appear to have been the 
case that Holcroft Moss was used for physical dumping of 
industrial or domestic wastes, such as furnace slag, power 
station ash, night soil and privy wastes. These activities were 
common in many fenland areas of the Mersey basin (Leah 
et al., 1997) and have resulted in a legacy of highly contami-
nated surface soils (Breward, 2003). At nearby Chat Moss, for 
example, a thick (~40 cm) and fairly homogeneous polluted 
soil layer is evident (Atkinson et al., 2012), which lacks the 
characteristic Pb profile of the upland sites (i.e. gradual then 
rapid rise, sub-surface maximum, near-surface reduction). 
In contrast, the characteristic Pb profile at Holcroft Moss 
suggests that the intact raised bog represents a continuous 
archive of atmospheric heavy metal deposition.

The comparison of deposition fluxes at Holcroft Moss 
and Lindow Moss (LeRoux et al., 2004) (Figure 5) is especially 
informative about the early rise of industrial Pb pollution. 
For the 14th to 17th centuries, there is a good match in Pb 
fluxes (both timing and magnitude) (Figure 5). In particular, 
the Holcroft Moss record confirms negligible to low Pb 
deposition during the 15th century followed by the rise to 
a stable, low input of Pb during the 16th century. This 16th 

century increase in Pb deposition may be attributed to the 
well-documented intensification of Peak District mining 
activities supported by technological developments such 
as bellows-powered smelters and implemented by an 
enhanced workforce including German technicians (Ford 
and Rieuwerts, 1969; Kiernan, 1989). Subsequently, both 
sites document an abrupt increase in Pb deposition during 
the mid-17th century, likely associated with the transition to 
coal power in regional industrial activities, notably the salt 
refineries of Cheshire and Liverpool (Barker and Harris, 
1954), as well as the ongoing smelting of Pb ores in the Peak 
District which only diminished in the 19th century. From the 
start of the 18th century, the Pb flux records diverge, with 
lower values inferred at Lindow Moss through the 19th 
century (Figure 5). However, as the Lindow Moss strati-
graphy is truncated, the age attribution of the uppermost 
studied peat layers may be somewhat uncertain.
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At Holcroft Moss, major increases in Pb contamination 
from the mid-17th to late 19th centuries reflect the rise of 
industry and associated population growth in NW England, 
with likely sources in both fossil fuel combustion and 
smelting of Pb ores (Farmer et al., 1999). The major industries 
in the Mersey Basin (e.g. salt boiling, sugar baking, glass and 
pottery making, beer brewing, alkali works, etc.) required 
enormous quantities of coal, in addition to the demands 
of domestic consumption in the growing conurbations of  
Liverpool and Manchester. Advances in transport technol-
ogy, namely canals in the 18th century and railways in 
the 19th century, facilitated large-scale and dependable 
coal transport into the Mersey basin required by both 
industrial and domestic consumption (Barker and Harris, 
1954). Notable examples include the Sankey Canal, which 
opened in 1755 AD with the primary aim of transporting 
coal from the Lancashire coalfield to the Mersey and on to 
the saltfields of Cheshire and Liverpool (Clarke, 2010). These 
advances may help to explain the documented pattern of Pb 
contamination at Holcroft Moss, allowing for uncertainties  
in the radiocarbon age model and the limitations of sampling 
resolution. In this way, the mid-18th century peak in Pb 
deposition may be associated with the dawn of the canal age, 
and the exponential rise of the mid-19th century reflects the 
dawn of the railway age enabling the exponential growth 
of industry and enterprise in the region. The intervening 
stabilisation and modest reduction in Pb concentrations in 
the late 18th century may be tentatively linked to regional 
economic depression around the American War of Inde-
pendence, which certainly impacted on the flow of goods 
and products through the port of Liverpool, even if the 
extent of impact on industrial activity is debated (Barker 
and Harris, 1954; Hill, 2015). 

In any case, the Holcroft Moss Pb record reveals a 
marked increase in deposition from the end of the 18th 
century onwards. This dramatic increase in Pb deposition 
during the 19th century may be related to the very rapid 
growth of population, industry and commerce in Manches-
ter (Douglas et al., 2002). The transition from water to steam 
power in the cotton industry of Manchester began in the 
1780s and was nearly complete by the 1850s. Along with 
dramatic growth in the number of mills, this transition was 
reflected in the number of chimneys – the first in the 1780s, 
some 500 by the 1840s and some 1960 by 1898 in Manchester 
and Salford (Mosley, 2001). A distinctive feature of the 
Holcroft Moss stratigraphy is the near-black layer of highly 
contaminated peat rich in carbonaceous matter (Figure 2). 
The layer would appear to result from intense deposition 
of soot, fly ash and char during the height of the industrial 

era. As such, it represents part of the stratigraphical legacy 
of the industrial revolution, as recognised in peatlands 
across the southern Pennines (Tallis, 1964). Pb concentra-
tions at Holcroft Moss exceed 1200 ppm, very similar to 
maximum values detected in highly polluted blanket peats 
of the southern Pennines (Jones and Hao, 1993; Rothwell 
et al., 2005; Hutchinson and Armitage, 2009). Based on the 
radiocarbon age model, maximum atmospheric deposition 
of Pb (and Cu) occurred in the late 19th to early 20th century 
(age model estimate for peak values of 1908 AD, central 
estimate; 1890 to 1924 AD, 95% range). The timing points 
to the tremendous environmental impacts of late Victorian 
industry, commerce and urbanisation in NW England, and 
possibly also of manufacturing activity during the Great 
War (1914-1918 AD). These activities have left a legacy at 
Holcroft Moss and other sites of NW England of the most 
contaminated ombrotrophic peat deposits in the entire UK 
(Rothwell et al., 2010).

The timing of maximum Pb deposition shows an 
excellent match with Alport Moor (Figure 5). The good 
match between deposition histories based on radiocarbon 
(Holcroft Moss) and 210Pb (Alport Moor) chronologies 
gives confidence in the reliability of the pollution histories. 
Both records on their independent chronologies indicate 
maximum Pb deposition at the height of the industrial era 
around 1900 AD, as much as half a century earlier than 
other regions of the UK or Europe (Rothwell et al., 2010, and 
references therein) and well before the UK national peak in 
Pb emissions in the 1970s (Novak et al., 2008). A mid-century 
increase in Pb and Cu is recorded at both sites, estimated at 
Holcroft Moss to have occurred between 1935 and 1957 AD 
(95% range; central estimate, 1947 AD). This increase may be 
associated with economic activity around the WWII era and 
with the final major peak in UK coal consumption (Farmer 
et al., 1999). As such, the opening of the M62 motorway 
(Figure 1) in the early 1970s probably represents a modest 
epilogue in the heavy metal deposition history at the site 
(cf. Valentine et al., 2013), and does not appear detectable at 
this sampling resolution. 

Copper deposition at Holcroft Moss broadly parallels 
Pb deposition but shows some minor differences in timing 
and trends. The deposition history can be tentatively linked 
to major phases in the development of of the regional copper 
industry, one of the most important nationally, as recounted 
by Barker and Harris (1954). Their detailed account of 
the Lancashire copper industry supports the following 
interpretation. The first noteworthy rise in Cu deposition 
is documented after the initial rise in Pb near the start of 
the 18th century, consistent with the documented revival 
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of copper mining and smelting from 1690 AD following a 
great decline during the English Civil War. A jump in Cu 
concentration in the early 18th century is consistent with 
the first development of the Lancashire copper industry 
with the establishment of the Bank Quay Copper Works at 
Warrington around 1717 AD, which processed ores from the 
mines of Anglesey in North Wales. A second major increase 
in Cu deposition in the mid-19th century is consistent with 
the revival in regional smelting boosted by the import of 
foreign copper ores via Liverpool following the decline in 
output from mines in North Wales. By the end of the 19th 
century, the maximum flux observed at Holcroft Moss is 
approximately 50% greater than at Alport Moor. The impor-
tant levels of Cu are further supported by the observation 
that maximum Cu concentrations at Holcroft Moss are more 
than five times greater than at Burbage Moor in the eastern 
Peak District, even though maximum Pb concentrations are 
equivalent (Hutchinson and Armitage, 2009). Cu concentra-
tions also exceed those observed in marsh sediments of the 
highly polluted Mersey estuary (Fox et al., 1999). Overall, 
these differences may be attributed to the proximity to major 
copper smelting works in the Warrington and St Helens 
areas and a prevailing westerly wind regime resulting in 
a W-E decrease in Cu deposition from the Mersey basin 
towards the Peak District. 

Conclusion
Radiocarbon dating of a near-surface peat core from Holcroft 
Moss near Warrington indicates that the uppermost 50 cm of 
peat accumulated since approximately 1280 AD, yielding a 
long-term average peat accumulation rate of ~ 0.07 cm yr-1, 

equivalent to an average deposition time of ~ 15 yr cm-1. 
Stratigraphic observations and heavy metal (Pb and Cu) 
profiles support continuous peat accumulation throughout 
the last 700 years, without hiatus. The study reveals very 
high levels of atmospheric Pb and Cu deposition, which 
peaked in the late 19th to early 20th century, leaving a legacy 
of a distinct stratigraphical layer of highly contaminated peat 
corresponding to the late Victorian peak of coal-powered 
industry and demographic growth. An especially high 
level of Cu contamination is consistent with nearby copper-
smelting works in Warrington, St Helens and Liverpool, 
and represents a distinctive feature of the pollution history 
of this lowland bog. This study confirms the importance of 
Holcroft Moss not only for conservation of the rare lowland 
bog habitat but as an archive of regional environmental 
change through the Industrial Revolution. 
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Depth
midpoint

(cm)

Mean age 
(±95%) 

Accum.
rate

(cm/yr)

LOI 
(%)

Bulk 
density  
(g/cm3)

Ash-free bulk 
density  
(g/cm3)

Pb
(ppm)

Cu
(ppm)

Pb flux  
(mg/m2/yr)

Cu flux
(mg/m2/yr)

0.5 (2001) 2005 (2007) 0.052 nd nd nd nd nd nd nd

1.5 (1980) 1985 (1990) 0.052 89.5 0.128 0.114 258 86 17.1 5.7

2.5 (1957) 1966 (1974) 0.052 90.7 0.146 0.132 253 91 19.1 6.9

3.5 (1935) 1947 (1957) 0.052 84.9 0.116 0.098 992 324 59.6 19.5

4.5 (1913) 1928 (1940) 0.052 83.8 0.167 0.140 507 204 44.0 17.7

5.5 (1890) 1908 (1924) 0.052 82.0 0.186 0.152 1261 516 122.2 50.0

6.5 (1868) 1889 (1907) 0.052 85.5 0.160 0.137 936 350 78.5 29.3

7.5 (1846) 1870 (1891) 0.053 90.2 0.172 0.155 1165 393 105.2 35.5

8.5 (1824) 1851 (1874) 0.053 93.9 0.177 0.166 476 199 44.7 18.7

9.5 (1802) 1832 (1858) 0.053 94.8 0.134 0.127 606 301 43.1 21.5

10.5 (1781) 1814 (1841) 0.054 96.4 0.124 0.120 379 167 25.2 11.1

11.5 (1760) 1795 (1825) 0.054 96.3 0.096 0.092 331 125 17.1 6.4

12.5 (1739) 1777 (1808) 0.054 97.6 0.086 0.084 262 145 12.3 6.8

13.5 (1718) 1758 (1792) 0.055 97.2 0.087 0.084 340 167 16.2 7.9

14.5 (1698) 1740 (1776) 0.055 95.7 0.141 0.135 284 127 22.2 10.0

15.5 (1678) 1722 (1759) 0.056 97.8 0.090 0.088 262 154 13.2 7.7

16.5 (1658) 1704 (1743) 0.057 97.1 0.091 0.088 201 74 10.3 3.8

17.5 (1639) 1687 (1727) 0.057 97.9 0.117 0.115 133 23 8.9 1.5

18.5 (1620) 1669 (1711) 0.058 97.2 0.122 0.118 82 17 5.8 1.2

19.5 (1602) 1652 (1695) 0.059 98.6 0.087 0.086 117 10 6.0 0.5

20.5 (1584) 1635 (1679) 0.060 99.2 0.092 0.091 47 5 2.6 0.3

21.5 (1566) 1618 (1663) 0.061 98.6 0.073 0.072 15 3 0.6 0.1

22.5 (1549) 1602 (1648) 0.062 97.2 0.081 0.079 32 2 1.6 0.1

23.5 (1532) 1586 (1632) 0.063 97.3 0.109 0.106 29 2 2.0 0.1

24.5 (1516) 1570 (1616) 0.064 97.8 0.089 0.087 24 3 1.4 0.2

25.5 (1501) 1554 (1601) 0.065 98.0 0.089 0.087 18 4 1.0 0.2

26.5 (1486) 1539 (1585) 0.066 97.5 0.085 0.083 22 2 1.2 0.1

27.5 (1471) 1524 (1570) 0.068 98.9 0.085 0.084 7 5 0.4 0.3

28.5 (1457) 1509 (1555) 0.069 97.4 0.098 0.096 2 1 0.1 0.1

29.5 (1444) 1495 (1540) 0.071 98.7 0.077 0.076 6 7 0.3 0.4

30.5 (1432) 1481 (1526) 0.073 97.9 0.061 0.060 5 2 0.2 0.1

31.5 (1420) 1467 (1511) 0.075 98.3 0.061 0.060 2 1 0.1 0.0

32.5 (1408) 1454 (1497) 0.077 98.3 0.064 0.062 1 2 0.0 0.1

33.5 (1396) 1441 (1483) 0.080 98.2 0.073 0.072 <LOD <LOD 0.0 0.0

34.5 (1385) 1429 (1470) 0.083 99.3 0.066 0.065 4 2 0.2 0.1

35.5 (1374) 1417 (1457) 0.086 98.4 0.062 0.061 15 6 0.8 0.3

36.5 (1362) 1405 (1445) 0.089 99.7 0.061 0.061 1 5 0.0 0.3

37.5 (1351) 1394 (1434) 0.092 99.3 0.060 0.059 <LOD <LOD 0.0 0.0

38.5 (1340) 1383 (1423) 0.096 98.2 0.076 0.074 <LOD 6 0.0 0.4

39.5 (1329) 1373 (1413) 0.099 98.7 0.074 0.073 1 2 0.0 0.2

40.5 (1319) 1363 (1404) 0.102 99.2 0.081 0.080 <LOD 1 0.0 0.1

41.5 (1308) 1353 (1395) 0.104 98.0 0.058 0.057 2 2 0.1 0.1

42.5 (1297) 1344 (1387) 0.106 98.0 0.062 0.060 20 4 1.3 0.3

43.5 (1286) 1334 (1380) 0.108 97.2 0.060 0.059 10 4 0.6 0.2

44.5 (1274) 1325 (1373) 0.109 96.6 0.065 0.063 <LOD 1 0.0 0.1

45.5 (1263) 1316 (1366) 0.110 97.7 0.053 0.052 <LOD <LOD 0.0 0.0

46.5 (1250) 1307 (1361) 0.110 97.5 0.065 0.063 <LOD 3 0.0 0.2

47.5 (1238) 1298 (1356) 0.110 97.3 0.060 0.058 <LOD 1 0.0 0.1

48.5 (1226) 1289 (1352) 0.110 98.5 0.055 0.054 <LOD <LOD 0.0 0.0

49.5 (1212) 1280 (1347) 0.110 98.5 0.075 0.073 <LOD 2 0.0 0.2

 

Appendix 1: Data from core HM15, Holcroft Moss, NW England.


