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1.  Introduction 
 
Critical loads methods for toxic metals are currently being developed within the United Nations 
Economic Commission for Europe (UN/ECE) Convention on Trans-boundary Air Pollution 
(CLRTAP), with a view to applying them in a revision of the Protocol on Heavy Metals in 
2004/5. However, there are still major uncertainties about the most appropriate methodological 
approaches to be used when applying the critical load concept to metals, as opposed to acid 
deposition. This project aims both to contribute to the development of improved critical loads 
methods for application within UN/ECE and to develop improved tools to assess the effects of 
changing rates of atmospheric deposition on pools of metals in soils and freshwaters. It builds on 
previous research carried out both for DETR (under contracts EPG 1/3/144 and EPG 1/3/85) and 
as part of the NERC Environmental Diagnostics programme.  

This Report arises from additional work, prompted by discussions of the Expert Group on Effect-
based Critical Limits for Heavy Metals and Methods for their Application, held on 2 – 4 
December 2002, in Berlin, Germany.  The Meeting was attended by members of the Defra project 
(L.Shotbolt, D.Spurgeon, E.Tipping), and by a Defra representative (A.Irving).  One outcome of 
the Meeting was the resolution to develop and publish, within a short time frame, recommended 
procedures for the calculation of steady-state critical loads for Cd and Pb.  This was seen as an 
interim measure, the eventual aim being to move to a dynamic evaluation.  Because the UK 
research team working on the present project (EPG 1/3/188) has contributed considerably to the 
Critical Loads Methodology, it was agreed to carry out additional work, funded by Defra, 
necessary to meet the needs of the steady state approach.  The work was performed during the 
period January – March 2003. 
 
 
 
2.  Outline of the proposed approach to set steady state critical loads  
The discussions in Berlin identified the solution concentration of free metal ion (Cd2+, Pb2+) as 
the key determinant of ecotoxicological effects, and also accepted the evidence for pH 
dependence of toxicity in soils, and dependence on pH, and possibly also alkalinity, in waters.   
Thus, a critical limit would be defined as a free metal ion concentration, dependent upon pH for 
soil, or pH and possibly alkalinity (or hardness) for waters.  We therefore propose that steady 
state critical loads should be based on such critical limits. 

2.1  Soils 
Fig. 2.1 shows schematically the different forms of metal in a soil at steady state with respect to 
metal input and output.  Since the system is in steady state, and the critical limit is defined in 
terms of [Mz+], the solution concentration of Mz+, the metal content of the soil solids does not 
have to be known in order to calculate the critical load*.   

Fig. 2.2 shows how the critical load for a soil would be calculated.  The key points are: 

• Definition of the critical limits, i.e. [Cd2+]CLim and [Pb2+]CLim, given the soil pH.  See Section 
5 for details. 

                                                 
* But it is needed to estimate how long the system would take to reach steady state, i.e. for dynamic prediction.  
Knowledge of the relationship between the sorbed amount and [Mz+] is used to derive critical limits for soils (Section 
5).  Knowledge of solid-soltuion partitioning may be used to estimate the erosional loss of metal (Sections 3 and 7).     
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• Calculation of the total dissolved concent
2+

rations of Cd and Pb corresponding to [Cd2+]crit and 
[Pb ]crit respectively.  This is done by application of the WHAM6 chemical speciation model, 

- 2-

hput of water, to obtain 
ould be equal to the steady state 

oads, e.g. export of metals by harvesting or 

load by taking account of other metal loads.   

u re presented in Section 7. 

 Definition of the critical limits, i.e. [Cd2+]crit and [Pb2+]crit, given the pH and possibly the 
entrations).  See Section 5 for details. 

ppropriate inputs.  See Section 4 for details. 

 Combination of the total dissolved metal concentration with the throughput of water, to obtain 
d corresponding to the critical limit.   

(b) The water pH and possibly hardness. 

ter type 

given knowledge of pH, [DOC], inorganic ligands (principally HCO3  and CO3 ], and 
concentrations of competing metals (principally Mg, Ca, Al and Fe(III)). See Section 3 for 
details. 

• Combination of the total dissolved metal concentration with the throug
the drainage load corresponding to the critical limit.  This w
atmospheric critical load, in the absence of other l
erosion, or input of metals by weathering. 

• Obtain the atmospheric critical 

Thus, the data required for the calculation are: 

(a) The critical limit 

(b) The soil pH 

(c) The soil type 

(d) The concentration of DOC in soil drainage water 

(e) The annual runoff 

(f) Knowledge of other metal loads. 

Ill strative calculations a

 

 

2.2  Surface waters 
Calculating the critical load for a surface water is similar to the procedure for a soil.  The key 
points are: 

•
hardness (i.e. the sum of Mg and Ca conc

• Calculation of the total dissolved concentrations of Cd and Pb corresponding to [Cd2+]crit and 
[Pb2+]crit respectively.  As for soils, this is done by application of the WHAM6 chemical 
speciation model, given a

•
the drainage loa

• Take account of other metal loads.  

Thus, the data required for the calculation are: 

(a) The critical limit 

(c) The wa

(d) The concentration of DOC 

(e) The annual runoff 

(f) Other metal loads. 
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Illustrative calculations are presented in Section 7. 
 

M-DOM 

Solids 
 
Sorbed M 
 
 
DOM, HCO - 

3

Mz+

Solution 

MHCO3

M-input 

MX 

M-output 

Fig. 2.1  Soil at steady state with respect to metal input and output. 
 
• The input load is the sum of the atmospheric deposition and any other 

inputs & outputs (harvest, weathering, erosion etc). 
• The output load is the total dissolved concentration × drainage water flux. 
• The critical load is the output load corresponding to [Mz+]crit. 
• For a given value of [Mz+]crit, the greater is the complexation with X, 

ccurs, the higher is the dissolved concentration, and the HCO3
- and DOM o

higher the critical load. 
• The critical load does not depend upon the amount of metal sorbed to the 

soil, since at steady state this is dictated by [Mz+]crit. 

 15



 
 

 16

Steady state critical load calculation  - soils 

Soil pH Critical limit data 

[free metal ion]CLim

[total dissolved metal in 
drainage water]crit

WHAM6

Soil pH 
[DOC] 

Al equation – 
depends on soil type 

Run off in m a-1

Drainage load of 
metal in mol m-2 a-1

Critical atmospheric load  =  Drainage load - Other metal loads 

Data required 

Soil pH 
Soil type 

[DOC] in drainage 
Annual runoff 

 
Other metal loads, 
expressed as inputs 

 
Critical limit data 

 

Fig. 2.2  Schematic explanation of the calculation of steady state critical loads for soils. 



 
 

3.  Chemical speciation calculations 
 
For both soil waters and surface waters,
aken into account: 

 the following species of dissolved Cd and Pb need to be 

l 

l 
tal is 

 of Cd and Pb 

 temperature 

For the calculation of cr odel would be used “in revers e total 
d oncentrations of Cd and P r m  values of Cd2+ and Pb2+. 

 

3 ting metals in soils and te s
H ractions with ligan ar  etals, notably Mg, Ca, Al and 
Fe(III).  These competition effects e o e taken into account in estimating how mu

eavy metal is complexed.  

.1.1  Mg and Ca 

r 
 

er, 

e(III) 
 the case of Fe(III), it can be reasonably assumed that soils and freshwaters are in equilibrium 
ith iron hydroxides, colloidal forms of which are ubiquitous in both environments.  Therefore, 

ty 3+ - i o   can be 
estim  f o 3

t

• the free metal ions, Cd2+ and Pb2+ (used to express the critical limits) 

• complexes with inorganic ligands, Cl-, HCO3
-, CO3

2-, SO4
2- 

• complexes with dissolved organic matter (DOM) 

 metal sorbed by the soil solids •

The solution concentrations of the different species can be calculated with a suitable chemica
speciation model, given the appropriate input data.  A good choice of model is WHAM6 
(Tipping, 1998; WHAM6 website), which has been developed especially to take account of meta
interactions with DOM.  The input data required to calculate how the total dissolved me
distributed among the different species are: 

 total concentrations•

• concentrations of major competing metals, i.e. Mg, Ca, Al, Fe(III) 

• total concentrations of inorganic ligands 

• DOC concentration 

• pH 

• ionic strength 

•

itical loads, the m e”, to calculate th
issolved c b f o  the critical limit

.1 Compe wa r  
eavy metal inte ds e reduced by competing m

hav  t  b ch of the 
h

 

3

Competition effects by these two alkaline earth metals can be calculated from knowledge of thei
total dissolved concentrations, since they are largely uncomplexed.  Because Mg and Ca behave
similarly with regard to competition, it will usually be acceptable to lump them togeth
assuming them both to be Ca, since it is usually the dominant metal.   

 

3.1.2  F
In
w
the activi

ated
of Fe  the key spec

lubility product of Fe(OH)
es for perf rming chem

. 
ical speciation calculations –

rom the s
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3.1.3  Al 
Aluminium presents greater di lties because concentrations of Al3  not, in ge , follow 
the pattern expected for solub control Al(OH herefore, we assembled literature data 

r soils and waters, and derived empirical equations that can be used to estimate Al3  activity as 

l) 

ineral soils

fficu + do neral
ility  by )3.  T

+fo
a function of pH.  The data used for the analysis refer to temperatures close to 10oC.  We propose 
that Al activities are estimated as follows (CL = confidence limits, in log a 95% when regression, 
suggested when oxide contro

M  

H < 5.5 log aAl3+ =  2.22 -1.59 pH  CL ± 0.9    

H ≥ 5.5 log aAl3+ = 10.0 – 3 pH  CL ± 1.0 

rganic soils

p

p

O  

H < 6  log aAl3+ =  -1.94 -1.02 pH  CL ± 1.8    

pH ≥ 6  log aAl3+ = 10.0 – 3 pH  CL ± 1.0 

Surface waters

p

 

H < 5.5 log aAl3+ =  3.10 -1.90 pH  CL ± 1.2    

H ≥ 5.5 log aAl3+ =  9.5 – 3 pH   CL ± 1.0 

og waters

p

p

B  

H 4-6, dissolved Al sufficiently low to be neglected. 

nts are carbonate species, the concentrations of 
hich can be calculated from the pH and the known or assumed CO2 partial pressure.  Other 

tal 

complexing agent of heavy metals.  If the DOC concentration is 
now oncent of (w t din rganic e 

estimated by assum of t  a ( Tipping 
e wever is antici  that D  
Therefore we have reviewed the literature to attempt to derive resenta  value  Section 

).   

ter pH is a vital input to the calculations.  Knowledge of ionic strength is helpful to 
alculations but in most cases it can be estimated. 

p

 

3.2  Inorganic ligands 
The most important inorganic complexing age
w
ligands that could be taken into account include Cl- and SO4

2-, but their influence on heavy me
speciation is generally small.    

 

 

3.3  Dissolved organic matter  
his is a highly significant T

k n, the c ration 
ing 65% 

“active” 
he material to behave

ith respec  to ion-bin
s isolated f

g) o
ulvic acid 

matter can b
see refs in 

t al., 2003).   Ho , it pated OC concentrations will often not be available. 
 rep tive s (see

4

 

3.4  pH and ionic strength 
The soil or wa
the WHAM c
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3.5  Transfer functions 
These are multiple regression equations that relate free ion activities or concentrations to amounts 
sorbed by the soil solids.  We are collaborating with our Dutch colleagues to determine definitive 
versions of these functions.  In the present work we used transfer functions in the derivation of 
critical limits (Section 5), for estimating soil metal contents (Section 6), and for estimating 
amounts of metal bound to suspended particulate matter (Section 7).   

For mineral soils we used the following “Freundlich transfer functions”, derived from data 
published by Sauvé and colleagues (Sauvé  et al., 1998, 2000); 

pH56.000.5
]Cd[

Cd
log 72.02 +−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+
soil     SE = 0.45 

OMsoil log%0.45pH54.024.5
]Pb[

Pb
log 55.02 ++−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+  

-1

 SE = 0.37 

The units of  Pbsoil are mol g . 
 
For organic soils we used the following transfer functions, based on conventional KD values (mol 
metal per gram soil / [M2+]), published by Tipping et al. (2003); 
 
Cd:  SE = 0.31 
 
Pb:  SE = 0.44 
 
The Sauvé equations were used for mineral soils (< 10% organic matter), and the Tipping 
equations for soils with organic matter contents of > 10%.  This approach leads to some 
incompatibilities, because the equations have not yet been harmonised. 

2.93-pH43.0%log71.0log += LOIK D  

4.36-pH13.1%log60.0log += LOIK D  
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4.  Dissolved Organic Carbon (DOC) levels 
 
 
4.1 DOC concentrations in soil water 
 
DOC strongly complexes many heavy metals, influencing metal partitioning between the soil an
soil solution and metal leaching from the soil profile. DOC is, therefore, an essential parameter 
the calculation of critical loads. Unfortunately, DOC is rarely measured in national soil survey
As accurate DOC data is essential in the calculation of critical loads, a literature review has been
carried out to determine typical DOC concentrations across a range of soils. 
 

d 
in 

s. 
 

 soil 
 lysimeters. Within this dataset, 192 individual or bulked lysimeter results 

ons (Table 
 of one or more years 

nd DOC concentrations presented are mean annual concentrations. Also included are a number 
hat have only measured during the summer months, often due to snow cover or 

tation  Number of samples 

Different soil-water extraction procedures can result in marked differences in the concentrations 
of DOC. Studies reviewed were restricted to those that collected soil solution using zero-tension 
or tension lysimeters. Although no extraction procedure is without drawbacks, the advantage of 
this technique over others such as centrifuging soil samples or creating a soil-slurry through 
mixing with water is that the soil solution is obtained in-situ and can be continuously collected 
over a period of time.  
 
39 studies in Europe and North America have been identified that have determined DOC in
solutions collected in
were obtained. These span a range of soil types, vegetation types (Table 4.1) and horiz
4.2). The majority of studies included have measured DOC over a period
a
of studies t
freezing during the winter. 
 
Soil groups (WRB) Number of samples Vege
Acrisols 30 Coniferous forest 72 
Andosols 3 Deciduous forest 56 
Cambisols 29 Grassland communities 25 
Gleysols 23

 

Sphagnum communities 13 
Histosols 32  Carr (wooded wetlands) 8 
Leptosols 2  Agricultural (cereal) 6 
Podzols 57  Unspecified 12 
Unspecified 15    

 
Table 4.1. Soil groups in the studies reviewed according to the World Reference Base for Soil 
Resources (FAO, 1998) and predominant vegetation type.  
 
Samples from mineral soils were separated into major horizons (i.e. organic (O) horizons, 
mineral/organic (A) horizons, elluvial (E) horizons, illuvial (B) horizons and relatively unaltered 
(C) horizons) for analysis. Samples from deep peat profiles were also considered, though as a 
separate category. Sample distributions were positively skewed (particularly the E, B and C 
horizons) and therefore the median was considered the most appropriate average value. Median, 
10th and 90th percentiles and range of DO

 
 
Horizon no. of 

samples 
median DOC min. DOC max. DOC 10th percentile 90th percentile 

C concentrations are shown below (Table 4.2 and Figure 
4.1a).  
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O 30 33.6 10.0 103.2 14.0 70.0
A 26 24.8 4.6 74.2 6.6 51.2
Peat 32 57.4 12.8 152.8 22.2 104.9
E 16 7.
B 66 9.

1 0.6 60 0.9 44.3
9 1.0 60 2.9 28.1

C 11 1.5 0.4 14.41 0.5 5.9
 
Table 4.2. Summary statistics for DOC concentrations classified by soil horizon. Values are 

 studies used only provide data 
during the growing season. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

th th  
s 

 between soil horizons are apparent (Figure 1a). The more organic soil horizons 
, A and Peat) produce higher concentrations of DOC than the mineral horizons (E, B and C). 

This suggests DOC export from organic soils will be considerably greater than from soils with 
mineral horizons. For the purposes of providing DOC data to input into steady state critical load 
calculations it is most appropriate to simply differentiate between organic and mineral horizons 
(Table 4.2 and Figure 4.1b).  
 

Horizon no. of 
samples 

median 
DOC 

min. DOC max. DOC 10th 
percentile 

90th 
percentile 

calculated from annual mean concentrations although some

 
 
 

Figures 4.1.  (a) median, 10  and 90  percentile and range of DOC concentrations in samples
from major soil horizons; (b) median, 10th and 90th percentile and range of DOC concentration
in samples from organic and mineral horizons. 
 
The range of DOC concentrations measured in the studies reviewed is considerable. However, 
lear differencesc

(O

Organic Horizons  89 34.0 4.6 152.8 12.8 86.0 
Mineral Horizons 94 8.9 0.4 60 1.3 28.8 

 
Table 4.2. Summary statistics for DOC concentration in mineral and organic soil horizons 
 
Results from these horizons can be considered to ineral and 
rganic soils. 

4.2  Waters 
 

 represent typical DOC export from m
o
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Information on DOC concentrations in surface waters draining temperate forests, grasslands and 
wetlands has been taken from the review by Hope et al. (1994).  Fifty-six annual average DOC 
concentrations were obtained.  The median [DOC] was 2.8 mg l-1, and the 10- and 90-percentiles 
were 0.7 and 11.7 mg l-1 respectively.   
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5. Critical limits for Cd and Pb in soils and waters 
 
The theoretical basis for calculating critical limits is that for organisms whose primary mode of 
metal uptake is directly from their surrounding medium (soil water in the case of soil organisms), 
the concentration of the free metal ion (Cd2+, Pb2+) provides the best guide to bioavailability and 
thereby toxic effects.  However, it is also assumed that the bioavailability of the metal depends 
upon the concentrations of other cations, principally pH, but also possibly major metal cations 
(Na+, Mg2+, K+ and Ca2+).  The same assumptions form the basis of the Biotic Ligand Model 
(BLM; Paquin et al., 2000), but whereas the BLM postulates a specific site of action for all the 
cations, our approach is completely empirical; we simply seek equations that describe limiting 
toxicity as a function of solution variables.    

Chronic toxicity data for were collected from all possible literature sources.  Data were collected 
for plants, soil animals, soil microbial processes, aquatic plants and aquatic animals.  Acceptable 

 and/or behaviour were excluded.  In waters, where a 
study explicitly found survival to be more sensitive than any sublethal effect, the survival 

Requirements of soil and water composition, necessary for the calculation of free ion 
concentrations, will be described separately for soils and waters below. 
 
5.1. Soils 
For the calculation of free metal ion concentrations, the soil pH and organic matter (%) were 
required.  For each endpoint the toxic free ion concentration (denoted [M2+]tox) was calculated 
using the transfer functions given in Section 3. 
Calculated values of [M2+]tox are shown plotted against log[H+] in Figs. 5.1 and 5.2.  For each 
metal, considering all species and effects endpoints together, a significant (P < 0.001) correlation 
between log[M2+]tox and log[H+] was seen. It was not possible with current data to determine any 
independent effects of Ca2+ or Mg2+ on [M2+]tox, therefore critical limits as the free ion were 
expressed as functions of log[H+] only.  This was done using a method which is intended to 
combine the species sensitivity distribution approach of Aldenberg and Slob (1991) with a 
description of the dependence of the critical limit, [M2+]crit, upon log[H+]. The method comprised 
two stages: 

1. A weighted linear regression of log[M2+]tox against log[H+].  The weighting of data points was 
done to compensate for the differing number of data points from different studies.  Data points 
from the same study which referred to the same species or effect were grouped together.  Each 
point was assigned a weight nmax/n, where n was the number of data points within the group and 
nmax was the largest group size for that metal.  The best fit regression line was found by 
minimising the sum of squares in the term Σ[(log[M2+]tox - log[M2+]tox, regression)2. nmax/n].  For each 
metal this gave a best fit regression of the form  

log[M2+]tox = a.log[H+] + b    (5.1) 

2. The critical limit, log[M2+]crit, was assumed to be a linear function with the form 

log[M2+]crit = a.log[H+] + b + B   (5.2) 

endpoints for use were the NOEC, LOEC, EC10 and EC20. Where more than one endpoint was 
quoted for the same species and effect/process, the following hierarchy was used to select a single 
endpoint for use: NOEC – EC10 – LOEC – EC20.  Sublethal population effects (i.e. reproduction, 
growth) were allowed, effects on physiology

endpoint was used. 
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where a and b are  the terms in Equation 5.1.  The t
residuals in log[M

erm B was calculated by assuming the 
uted, and applying the expression of 

  (5.3) 

. The value of B was found by optimising the variables µ and β, minimising the term 

n in 
igures 5.1  and 5.2. 

2+]tox to be log-logistically distrib
Aldenberg and Slob(1991): 

B = µ - β. log [(100 – p) / p]   

with p = 95
Σ [(p - pcalc)2. nmax/n]. 

This procedure gave the following expressions for log[M2+]crit: 

log[Cd2+]crit = 0.76log[H+] -3.87    (5.4) 

log[Pb2+]crit = 0.66log[H+] -5.47    (5.5) 

Plots of log[M2+]tox against log[H+], and distributions of residuals in log[M2+]tox, are show
F
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]tox plotted against log[H+], showing the critical limit function (solid 

ne) derived from weighted regression and the distribution of residuals in log[Cd2+]tox (right). 
Solid points in the left  effects on plants and animals, open points are for effects 
on microbial processes i tion was calculated by combining the data on both 
types of effect. 
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Figure 5.2. As Fig. 5.1 but for Pb. 
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5.2 Waters 
Calculation of the free ion concentration in freshwater toxicity experiments was done using the 
WHAM6 speciation model (http://windermere.ceh.ac.uk/Aquatic_Processes/wham/).  For the 
calculation of free ion concentration in a test medium, the ideal parameter set included, in 
addition to the total dissolved Cd or Pb at the toxic endpoint, the pH, the concentrations of Na, 
Mg, K, Ca, Cl, SO4 and CO3 and the amount of dissolved organic carbon (DOC) present. In 

ractice it was usually necessary to accept a smaller data set. The minimum set of chemistry 
arameters re , hard  (assu Ca d ni as  to be CO3).  

For some tes al wa ere u  m erence was m de to USGS 
water quality d bases (htt waterdata.u s.gov/nwis

p
p quired was pH

ts where natur
ness

ters w
med to be 
sed as the

) an  alkali
edium, ref

ty ( sumed
a

ata p:// sg /qw) for estimating missing 
concentrations. 

In calculating Cd2+ or Pb2+ in the edium sues of l losses f  solution and of 
metal complexation by DOC were also conside ignificant losses of me  the vessel wall 
may occur during toxicity testing. erefore, w only no concentrations of metal were 
quoted for a test, calculation of the free ion was done assuming both the quoted nominal 
concentration and a concentration lf the nom l concentr , to give ugh estimate of 
losses.  It was also assumed that in reconstituted test media without added DOC, excretion of 
organic matter by the test organisms might ese s an additional 
calculation of the free ion concentra n, assum OC con ation of 2

Compared to soils, fewer suitable endpoints covering a smaller number of species were found for 
aquatic toxic effects.  Also, the range of pH c red in the ts was lim , with very few 
endpoints measured  pH < 6 an ost poin sured in pH range . No significant 
effect of pH could be seen on va s of log  when considering all species and effects 
together.  The range of hardness covered was representative o ural wate 10-4-10-2M Ca + 
Mg). However, no significant effect of hardness on log[M2+]t  seen.  A the uncertainties 
about DOC and actual Cd or Pb e test edia introduced considerable 
uncertainity into so s.  The un inty was greater for Pb due to 
its higher affinity fo OC than Cd

In the light of these findings, we propose to apply the critical limits derive r soils to waters 
also.  There are seve l reasons for adopting this approach: 
1. There is no theoretical reason why the sensitivities of soil and water anisms to metals 
hould not be similar, assuming that uptake of the free ion from the aqueous phase is the 

figure shows that the majority of the endpoints fall above the critical limit.  The single value of 
log[Pb2+]tox which is below the critical limit line has a large uncertainty associated with possible 
DOC complexation. 

test m , the is  meta rom
red.  S tal to

Th here minal 

 ha ina ation  a ro

occur.  Therefore, in th  case
tio ing a D centr  mg/l, was done.  

ove  tes ited
 at d m ts mea

2+
 the  7–8

lue [M ]tox
f nat rs (~

ox was
m

lso, 
concentrations in som

me of the free ion concentration certa
r D . 

d fo
ra

 org
s
significant mechanism leading to toxicity. 
2. There is overlap between [M2+]tox values for soils and waters, for Cd (Figure 5.3).  As Cd 
is not complexed greatly, uncertainties in the calculated free ion concentrations are not so great.  
Similar overlap between limits has also been found for Zn (data not shown). 
3. There is also some overlap between the [M2+]tox values for Pb (Figure 5.4).  Although 
uncertainties in a number of the calculated free ion concentrations are large, inspection of the 
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Figure 5.3.  Critical values of log[Cd2+] for soils (open symbols) and waters (closed symbols).  
Error bars for the aquatic critical values give the maximum and minimum log[Cd2+]tox taking 
com to account.  The solid line is the critical plexation by DOC and losses to the vessel wall in
limit function for Cd based on the soil data. 
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Figu  tre 5.4.  As Fig. 5.3 bu  for Pb. 

 26



 
 

6. parison w er c
T ical va d i tio  us calcu o ion tical 
limit values for soils and waters, permitting the methods to be compared. 

Conventionally, critical limits for soils have been expressed in terms of l soil content, 
typically in units of mg g-1.  We lculated il metal contents corresponding to the free ion 
critical limits derived in on 5, using the transfer functions of Section 3.  The calculated 
values are dependent upon pH and, except for Cd in m al soils oil orga  matter content.  

s a ompared to conventional values (UK Environment Agency, 1997; Geotechnics 
min d Land oup, 19 ikma  Klok 1) in ollow ables

 

Cadmium (mg kg-1) 

  Com ith oth ritical limits 
he crit limit lues derive n Sec n 5 can be ed to late m re convent al cri

6.1  oils S
meta

 k  ca  so
 Secti

iner , s nic
The result
and onta

re c
C ate  Gr 9 E4; nn & e, 199 t  fhe ing T . 

C ention alues :  – 3 onv al v   0.8

pH 1% OM 10% OM 50% OM 100% OM 

3 2.0 2.0 29.3 48.0 

4 2.1 2.1 13.7 22.4 

5 2.1 2.1 6.4 10.5 

6 2.2 2.2 3.0 4.9 

7 2.3 2.3 1.4 2.3 

8 2.3 2.3 0.7 1.1 

 
Lead (mg kg-1) 
Conventional values :  85 – 500 

pH 1% OM 10% OM 50% OM 100% OM 

3 4.0 11.2 8.2 12.5 

4 6.0 16.8 24.3 36.8 

5 9.0 25.3 71.7 109 

6 13.5 38.0 212 321 

7 20.3 57.1 624 946 

8 30.4 85.8 1842 2790 

 

The
ion ri
inc i e the 
tran

 

 variations in the total soil critical limits with pH reflect the pH dependences of the free metal 
c tical limits, and of the free metal ion concentration.  Note that there are some 

usons stencies in the trends with respect to soil organic matter content; these arise beca
sfer functions for mineral and organic soils have not yet been harmonised (Section 3). 
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6.2  Surface waters 
he free ion critical limit values were converted to total dissT olved concentrations by applying 

 Section 6.  The solutions considered vary in [DOC] and pH, the latter 
 concentration.  The conventional critical limit for Cd in the Netherlands 

l ion values. 

[D C] mg  l-1

WHAM6 as outlined in
being related to calcium
(van de Plassche et al., 1997) is 0.34 µg l-1, and for Pb 11µg l-1.  The following Table shows total 
dissolved metal critical limits, calculated from the free meta

 
O  l-1 pH [Ca]mM Cdcrit µg l-1 Pbcrit µg 

1 4 15 1.7 0 
 5 0 2.6 

08 0.6 
7 0.1 

70 0.03 

 

12 0.8 
76 0.2 
1 0.04 

 

29 1.5
97 0.5
3 0.07 

 0 15
 5 0.032 3.7 1.5 
 6 0.077 2.9 3.9 
 7 0.16 1.1 19 
 8 0.80 0.2 40 

0.4 
 6 0.0 0.3 
 7 0.0 0.8 
 8 0. 1.5 

3 4 0 15 
 2.7 

1.7 
 5 0 0.5 
 6 0.0 0.6 
 7 0.0 2.2 
 8 0.7 4.2 

10 4 0 15 
7 3.0 

1.7 
 5 0.00 0.7 
 6 0.0  1.6 
 7 0.0  7.0 
 8 0.7 14 

30 4  1.9 

 

It is evident from the Table that toxic effects of Cd and Pb on aquatic organisms are expected to 
vary appreciably with solution conditions.  For Cd the main effect is the pH dependence of 
toxicity, which means that higher concentrations can be tolerated at lower pH values.  For Pb, this 
also applies, but complexation by dissolved organic matter counteracts the pH effect, so that the 
critical limit concentration passes through a minimum at pH 5-6.  The values for Cd are generally 
higher than the conventional critical limit, while those for Pb are generally lower.
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7.  Example calculations of steady state Critical Loads 

ty being addressed by 
performing calculations also for 5 and 100 times (see e.g. Buckman & Brady, 1969; 

r information on soil pCO2 values). 
 Na+ (1 mM), Cl- (1 mM), carbonate species (concentrations 

• For an organic soil horizon, the DOC concentration is 34.0 mg L-1, uncertainty being 
addressed by assuming a lower limit of 12.8 mg L-1 and an upper one of 86.0 mg L-1. 

• For a mineral  h t  D n ti .9 m n nty being 
ad  as ing a lower limit of 1  L-1 and an upper one of 28.8 mg L-1. 

• The activ  of Al  is estim
type.  Uncertainty is addressed as indicat  the confi  intervals ction 3. 

• Th of is es  from lo 5°C = 2.5, with an uncertainty of ± 1. 
 
The prog s the ical l oncentrat nd back-calculates to to uxes from the 
above inf  pro g a “ stimate” a wer and ritical lo

he calculation can be refined, and made more certain, if more detailed information about the soil 

 
The following Table gives some example results.  In all cases the annual runoff is 1000 mm.  For 
the mineral soils, the eroded particulate matter is assumed to be 5% organic matter, while for the 
organic soils it is 90%.

 
The example calculations here take account of atmospheric loads, and erosional export loads, but 
not loads due to harvesting ,weathering etc. 
 
7.1  Soils 

7.1.1 Basis of calculation 
We assume here that steady state Critical Loads are to be calculated on the basis of the following 
information, for a given soil horizon: 

• pH 

• soil type (mineral or organic) 

• annual runoff in mm 

• the loss flux and LOI of particulates 
 
The following assumptions are made about the soil solution: 
 

• It has a pCO2 of 20 times the atmospheric value, uncertain

Freeze & Cherry, 1979 fo
• Its inorganic solutes are

determined by pH and pCO2) and Ca2+.  The Ca concentration is obtained within the 
speciation calculation, by forcing a charge balance. 

 soil orizon, he OC co centra on is 8  g L-1, u certai
dressed by sum

3+
.3 mg

ity ated from equations given in Section 3, depending upon soil 
ed by dence  in Se

e activity Fe3+ timated g Kso,2

ram take  crit imit c ions a tal fl
ormation, vidin best e nd lo upper c ads. 

T
solution can be supplied. 
 
 
7.1.2  Example results 
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Cd critical load g ha-1 a-1 Pb critical load g ha-1 a-1Soil eros

type pH g m
ion 

-2 a-1  low medium high low medium high 

Mineral 5 0 26 27 42 4 5 18 
 6 0 5 8 17 1 5 43 
 7 0 1 2 4 2 12 110 
 8 0 1 1 3 18 40 140 

 6 10 5 8 19 2 8 58 

Organic 4 0 150 170 330 17 33 190 
 230 5 0 26 48 170 4 29 
 6 0 6 14 43 3 17 260 
 2 3 6 8 37 320 7 0 

 5 10 27 49 180 5 39 340 
 
For Cd  is 

inly due 

 
7.2  W

7.2.1  B

informa

• 
• particulates and their LOI 

metal concentration will be the same in stream

critical

• 
• M), carbonate species (concentrations 

 

• depending upon water 
als in Section 3. 

• The activity of Fe3+ is estimated from log Kso,25°C = 2.5, with an uncertainty of ± 1. 

he program takes the critical limit concentrations and back-calculates to total fluxes from the 
ation, providing a “best estimate” and lower and upper critical loads. 

, the critical load decreases with soil pH because the critical limit decreases and there
little compensation due to solution complexation.  For Pb, complexation in solution, ma
to DOC, counters the decrease with pH of the critical limit. 
 

aters 

asis of calculation 
We assume here that steady state Critical Loads are to be calculated on the basis of the following 

tion, for a given surface water: 
• pH 
• water type (“normal” or acid bog water) 

annual runoff in mm 
the areal flux of suspended 

No differential effects of a lake and its catchment are considered, since at steady state the free ion 
water, lakewater and soil water, as long as the 

evaporation rates from land and the lake water surface are assumed equal.  Thus the calculated 
 load refers to deposition per unit area of the total catchment. 

The following assumptions are made about the surface water: 
It has a pCO2 twice the atmospheric value.   
Its inorganic solutes are Na+ (1 mM), Cl- (1 m
determined by pH and pCO2) and Ca2+.  The Ca concentration is obtained within the 
speciation calculation, by forcing a charge balance. 

• The DOC concentration is 2.8 mg L-1, uncertainty being addressed by assuming a lower
limit of 0.7 mg L-1 and an upper one of 11.7 mg L-1 (see Section 4.2). 
The activity of Al3+ is estimated from equations given in Section 3, 
type.  Uncertainty is addressed as indicated by the confidence interv

T
above inform
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As for soils, the calculation can be refined, and made more certain, if more detailed information 
e supplied. 

 
7.2.2  Example results 
The following Table gives some example results.  In all cases the annual runoff is 1000 mm.  The 

 Cd critical load g ha-1  Pb critical load g ha-1 a-1

about the surface water chemical composition can b

critical load values follow similar trends to those for soils. 

 
a-1

pH low medium high  low medium high 
No suspended solids 

4 147 149 155 16 17 21 
5 26 27 44 4 5 23 
6 5 8 29 1 6 49 

Erosion of mineral soil 10 g m-2 a-1

4 147 149 157 17 18 28 
5 26 27 45 4 7 33 

 8 30 2 8 64 
2 10 3 25 269 

 0.6 3 6 46 308 
Erosion of organic soil 10 g m-2 a-1

4 148 151 177 17 20 58 
5 26 28 54 5 16 131 
6 5 8 34 4 38 370 
7 1 2 10 12 115 115 
8 0.3 0.5 2 33 319 3066 

7 1 2 8 2 20 246 
8 0.2 0.4 1 5 39 273 

6 5
7 1 
8 0.3

 
 
 
 

 31



 
 

8.  Calculating critical limit exceedances 

al limits derived in Section 5 can be used to determine whether soils and waters are 

awlor and Tipping (2003) reported free metal ion concentrations for upland waters in northern 
ngland.  The results are shown in the following Table, together with critical limit values. 

pH log [Cd2+] log [Cd2+]CLim log [Pb2+] log [Pb2+]CLim

 
The critic
currently impacted by Cd and Pb, i.e. to test for exceedance.  For soils, the critical limit free ion 
concentrations can be inserted into the transfer functions of Section 3 to obtain total active soil 
metal (cf. Section 6), which can then be compared with measured values.  Alternatively, soil 
waters may have been sampled, and the free metal ion concentrations either measured or 
estimated by chemical speciation calculation.  For waters, the total dissolved metal can be 
computed (again see Section 6), and compared with the measured value, or possibly with 
measured free metal ion concentrations. 
 
8.1 Data for upland UK organic soils 
In the study of Tipping et al. (2003), soil solutions from 98 upland UK soils were sampled, 
analysed for total dissolved metal concentrations, and speciated by application of WHAM / 
Model VI to obtain free metal ion concentrations.  Comparison with the critical limits of Section 
5 showed that 14 of the soils exceeded the critical limit for Cd, and 63 for Pb.  It should be noted 
however, that for Cd the data set included sites deliberately chosen because of their naturally high 
Cd levels.  The majority of the Pb exceedances were in acid soils, whereas for Cd the exceeding 
soils were alkaline (pH > 7).  The large number of exceedances for Pb can be attributed to 
widespread mining and smelting activities in the UK uplands in the past. 
 

8.2 UK upland surface waters 
L
E

 

 

UDV D3 5.1 -9.2 -7.8 -8.7 -8.8 

UDV D5 5.6 -9.2 -8.1 -9.0 -9.2 

UDV D8 7.1 -10.0 -9.3 -10.7 -10.2 

GDF X 4.9 -9.6 -7.6 -8.8 -8.7 

Great Y 6.8 -9.7 -9.0 -10.0 -10.0 

 

The waters are all below the critical limit for cadmium, but almost exactly on the critical limit for 
lead.  Again, the high [Pb2+] values probably reflect localised mining and smelting activities in 
the past. 
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Abstract 

 

Published field data on the activity of Al3+ (aAl3+) in temperate soil and surface waters of pH 3.3 

to 7.1 have been assembled, and empirical equations describing the dependence of log aAl3+ on 

pH derived.  For soils, two equations are necessary, one describing mineral, or high-Al, soils, and 

the other low-Al soils.  In each case, the data at higher pH (> 5.5 or 6) can be described with a 

limiting relationship in which aAl3+/aH+
3 was constant, while at lower pH the aH+ exponent is 

smaller, 1.02 for low-Al soils, and 1.59 for high-Al soils.  The majority of data for surface waters 

can be represented by a single equation, involving either a limiting aAl3+/aH+
3 value, or a quadratic 

expression.  Exceptions are acid bog waters, which have appreciably lower values of aAl3+ than 

other waters.  For each equation, estimates of uncertainty are derived.  The equations have been 

used to estimate competition by Al3+ and AlOH2+ for the binding of heavy metals (Cu, Zn, Pb) by 

dissolved fulvic acid under natural conditions, also taking into account competition by Ca and 

Fe(III) species.  The simulations suggest that Al significantly decreases the extents of organic 

complexation of all three metals, but that the concentrations of Cu2+ and Pb2+ are substantially 

more sensitive to competition than is the concentration of Zn2+. 

 

 

Key words 

Aluminium, chemical speciation, heavy metals, modelling, soil waters, surface waters 
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1.  Introduction 
 
The complexation of heavy metals by natural organic matter, especially humic substances, is an 

important process in natural waters, sediments and soils.  Modelling of the interactions has 

improved significantly in recent years, as more data have been gathered, and comprehensive 

models developed (Tipping, 2002).  An important factor has been the recognition of the presence 

of high affinity binding sites for metals in organic matter, present in comparatively small 

amounts.  In laboratory experiments carried out in simple electrolyte solutions and with organic 

matter having been treated to remove interfering metals, such sites appear highly significant for 

metals present at trace concentrations (Benedetti et al., 1995).  However, the role played by these 

systems will be of less importance if competition effects are significant, the most 

kely candidates to exert such effects being major divalent cations (Mg2+ and Ca2+) and Al3+ and 

e3+ and their hydrolysis products (Tipping et al., 2002).   

 In attempting to predict heavy metal speciation in soil and surface waters, using ion 

binding models for humic matter, ideally the activities of Al and Fe(III) species should be known, 

or the total truly-dissolved concentrations of the two metals.  In the case of Fe(III), the 

competitive effect can be calculated by assuming the solutions to be in equilibrium with Fe(OH)3 

to obtain activities of the key competing ions such as Fe3+ and FeOH2+.  This is justified by the 

ubiquity of colloidal iron (hydr)oxides in freshwaters and soils.  For Al however, the situation is 

less clear.  Whereas some studies indicate that soil Al3+ activity is governed by mineral 

dissolution (Zysset et al., 1999; Gustafsson et al., 2001), others report pH - aAl3+ relationships that 

are inconsistent with such a control (Cronan et al., 1986, Tipping et al., 1995; van Hees et al., 

2001).  Similar inconsistency exists in the data for surface waters.  Given the uncertainty with 

regard to Al3+ activity control, a more empirical approach may prove useful, and this is the basis 

of the work described here.  The aim is to analyse available data for dissolved Al in soils and 

waters to establish empirical pH – aAl3+ relationships that can be used to predict the competitive 

effects of Al towards the binding of heavy metals by dissolved organic matter.   

 

sites in natural 

li

F
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2.  Speciation modelling 

he calculations were performed using WHAM / Model VI, based on WHAM (Tipping, 1994), 

o 

llow the creation of regular arrays of bidentate and tridentate binding sites for metals.  Metal 

e3+, Cu2+ etc.) and their first hydrolysis products (AlOH2+, FeOH2+, CuOH+ 

g by humic matter or the binding of individual metals.  Results 

from la

econdly, in 

redict

alculate the total dissolved concentrations, notably including amounts of metal 

bound to humic matter.  In the se tals was computed 

T

with Humic Ion Binding Model V replaced by Model VI (Tipping, 1998).  Model VI uses a 

structured formulation of discrete, chemically-plausible, binding sites for protons, in order t

a

aquo ions (Al3+, F

etc.) compete with each other, and with protons, for binding.  The same intrinsic equilibrium 

constant is assumed to apply to the aquo ion and its first hydrolysis product.  The intrinsic 

equilibrium constants are modified by empirical electrostatic terms, that take into account the 

attractive or repulsive interactions between ions and the charged macromolecule.  Parameter 

values were given by Tipping et al. (2002).  The humic ion-binding model is combined with an 

inorganic speciation model, the species list and constants for which were given by Tipping 

(1994).  The inorganic reactions in this database are restricted to monomeric complexes of 

metals.  Ionic strength effects on the inorganic reactions are taken into account using the extended 

Debye-Hückel equation.  Temperature effects on reactions between inorganic species are taken 

into account using published or estimated enthalpy data, but in the absence of experimental 

information, reactions involving humic substances are assumed to be independent of temperature.  

Tipping (1998, 2002) showed that the model can account for the great majority of published data 

sets describing either proton bindin

boratory experiments involving competition for binding between metal ions and protons, 

and between different metal ions, have also been successfully accounted for.   

Previous use of the model to investigate the humic complexation of Al, Fe(III) and heavy 

metals in surface waters was described by Tipping et al. (2002).  In the present work, the model 

was applied in two ways.  Firstly, in analysing the published field data, it was used to estimate 

activities of Al3+, given the total Al concentration, pH, and other solution variables.  S

p ing competition effects, activities of Al3+ and Fe3+ were taken as input values, and the 

model used to c

cond case, speciation of Ca and heavy me

from total dissolved concentrations. 
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3.  Field data for Al3+ activity 

Data for soil waters were collated from 15 published studies (Table 1).  Most of the data were 

from field measurements obtained using lysimeters, but those from the two studies of Adams et 

al. (199

ciently high in dissolved Al, and low in DOC, that organic complexation 

co lues of pH and Al3+ activity or concentration at 

erte (1989) referred to speciation calculations performed for a temperature 

of 25oC

d the number of soil horizons sampled at each site.  In all cases the values are 

time-averaged or spatially-averaged, or r herefore, although the data 

Data for surface waters are summarised in Table 2.  Again, the sites to which the data 

re l zones.  As for the soil waters, the analytical speciation method 

9, 2001) were obtained by centrifugal separation of pore waters in the laboratory.  All the 

studies refer to field sites in the temperate or boreal zones.  In most cases, monomeric organic 

aluminium was measured using the method of Driscoll (1984), and monomeric inorganic Al 

determined from total by difference, but other techniques were used by Liator (1987), LaZerte 

(1989), Adams et al. (1999, 2001) and Maitat et al. (2000).  The soil waters studied by Mulder et 

al. (1987) were suffi

uld be neglected.   In 8 of the 15 studies, va

field temperature were presented by the authors in the original publications.  In two studies, total 

concentrations of Al3+ and its hydrolysis products were provided, and Al3+ activities were 

calculated using WHAM / Model VI.  In four cases where concentrations of total inorganic Al 

were reported, Al3+ activities were again calculated with WHAM / Model VI, assuming a 

temperature of 10oC, but now taking into account Al complexation by sulphate and fluoride, 

either using total ligand concentrations provided by the authors, or in two cases (Nilsson and 

Bergkvist, 1983; Funakawa et al., 1993) assuming a total fluoride concentration of 2 µM.  The 

data presented by LaZ

; these were recalculated for 10oC using WHAM / Model VI.  Furthermore, the data 

obtained by LaZerte (1989) were so numerous that individual values could not be derived from 

the published figures; therefore, representative pairs of pH and Al3+ activity were selected.  The 

numbers of data points from each study shown in Table 1 refer to the product of the number of 

different sites an

efer to bulked samples, and t

analysis presented here is based on 157 points, these actually represent some 2000 individual 

samples.  A data set published by van Hees et al. (2001) was not used because it referred only to 

Swedish podzols and would therefore have biased the overall results; instead the data were used 

to test relationships derived from the main data.  Similarly, Al3+ activities calculated by Tipping 

et al. (2003) for solutions obtained from upland organic UK soils were used for testing purposes.    

fer are in the temperate or borea

of Driscoll (1984), or a related cation-exchange-based technique, was used in most cases.  The 

exceptions were the study of LaZerte (1989) in which a dialysis technique was used, and the 
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study of Urban et al. (1990), in which only total dissolved Al was determined, Al3+ activities 

being estimated for the present study by the use of WHAM / Model VI.  Some of the data sets 

fer to samples taken from different waters, others to a number of samples from the same water 

of the two sampling schemes.  The 12 studies provide a 

 

re

at different times, others to a mixture 

total of 302 points for analysis.  In two cases (Driscoll et al., 1984; LaZerte, 1989) the data were 

too numerous for individual values to be extracted from the published figures, and so 

representative values were selected.  For the Northern Appalachian streams and Adirondack lakes 

data sets of Sullivan and Cosby (1998), every second point was taken, to reduce bias in the 

overall data analysis.       
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4.  Results 

 

In the following, analytical results are assumed to refer to a temperature of 10oC, which can be 

considered representative of the field sites.  All calculations are performed for this temperature. 

 

4.1 Al3+ activities 

Fig. 1 shows all the soil solution data, as a plot of log aAl3+ against pH.  The plot also includes a 

line of slope –3, to indicate the expected behaviour if aAl3+ were controlled by dissolution and 

precipitation of Al(OH)3.  In previous work (Tipping et al., 2003) it was assumed that log Kso,25 

(solubility product at 25oC) was 8.5, corresponding to a value of 9.5 at 10oC if an enthalpy 

reaction of -107 kJ mol-1 is assumed (Tipping et al., 2002).  The present data in the higher pH 

range (> 5.5) suggest a somewhat higher value for the solubility product, although there is 

appreciable scatter in the data at pH > 6.  It should be borne in mind that Al3+ activities estimated 

for the higher-pH soil waters may be unreliable, since degassing of CO2 from such waters after 

sampling may lead to increases in pH without re-equilibration of Al with soil solid phases, 

leading to dissolved Al concentrations that are unrepresentatively high.  It is not possible, from 
o

Considering only the 132 data points for pH ≤ 5.5, the soils were placed into three 

ategories, namely organic topsoils, mineral soils, and others.  Organic topsoils (total = 33) were 

ose classified as O horizons, and/or having organic matter contents greater than 10%.  Mineral 

oils (total = 89) were those with organic matter contents of less than 10%, or classified as brown 

and C horizons of podzols.  Into the “others” category (total = 10) were placed 

odzol A and E horizons, and one sample from a depth of 8 cm in a dystric cambisol. 

in

the presently available data, to derive a definitive value of log Kso, but a value of 10.0 at 10 C can 

be tentatively proposed.  With this value adopted, the issue becomes how to represent the 

observations at lower pH values.  

c

th

s

soils, or the B 

p

 Data for m eral soils are plotted together in Fig. 2.  They can be fitted with the following 

linear equation  

22.259.1log Al3 +−=+ pHa      (1) 

with r2 = 0.78 and RMSD (root mean squared deviation) in log aAl3+ = 0.44.  The number of data 

points is sufficiently large that the 95% confidence interval for prediction of log aAl3+ from pH is 

well-defined by taking ± 2 × RMSD, instead of the strictly-correct hyperbolic confidence bands.  

The figure also shows the plot of aAl3+ vs. pH for control by Al(OH)3 with log Kso = 10 (at 10oC), 

which crosses the regression line at pH 5.5.  Uncertainty in the log Kso value is set to ± 1 log unit.  
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The range of log aAl3+ values predicted by equation (1) at low pH, and by the solubility relation at 

higher pH, including the uncertainty range, includes 98% (205 out of 210 points) of the data 

given by van Hees et al. (2001) for the B and C (i.e. mineral) horizons of Swedish podzols.   

Data for organic topsoils and for soils in the “others” category fall in the same range, and 

are plotted together in Fig. 3.  The values are much more scattered than those for the mineral 

soils, and a strong trend does not emerge, although the slope is highly significant (p < 0.001).  

The two categories of soil are designated “low-Al” (and for consistency, the mineral soils are 

called “high-Al”).  The combined data set of 43 points for the low-Al soils gave the following 

regression equation: 

94.102.1 −−=+ pH      (2) 

with r

log Al3a

 

ncertainty bands, and the 10.0 solubility line, with a range of ± 1.0, include 

all the 

2 = 0.28 and RMSD in log aAl3+ = 0.91.   The regression line crosses the line for log Kso = 

10 at pH 6.0.  The uncertainty range is large, covering ± 1.82 log units, and this reflects the high 

variability in these soils.  Consequently, there is overlap in the predictions of equations (1) and 

(2), the upper 95% level of equation (2) exceeding the mean value of equation (1) for pH > 4.1.  

Equation (2) and its u

E horizon data (162 points) from van Hees et al. (2001) for Swedish podzols (see Section 

3).  The data of Tipping et al. (2003) for UK upland organic soils with pH ≤ 5.5 are also covered 

(63 out of 65 points). 

Data for aAl3+ in surface waters are plotted in Fig. 4.  For pH > 6, a limiting solubility 

product of 9.5 (at 10oC) can reasonably be proposed, in agreement with the value of 8.5 at 25oC 

chosen previously (Tipping et al., 2002).   After omitting points with pH > 6 and the six low-pH, 

high DOC, outliers identified in the diagram, the remaining 263 points give the following 

regression line: 

73.2pH83.1log Al3 +−=+a    (3) 

for which r2 = 0.68 and RMSD = 0.60.  Equation (3) crosses the line for log Kso = 9.5 at pH 5.8.  

The value of –1.83 for the slope of equation (3) is at the lower end of the range of values (-1.82 to 

–2.34) reported by Sullivan and Cosby (1998) for north American study areas.  An alternative 

way to

results to those obtained with equation (3), combined with log Kso = 9.5.  However, the two 

 describe the surface water data is to fit the whole data set, making no assumptions about 

mineral solubility control.  As shown in Fig. 4B, a good fit is provided by the following quadratic 

curve: 

27.10pH26.3pH49.0log 2
Al3 −+−=+a    (4) 

with r2 = 0.83 and RMSD = 0.61.  In the pH range up to 7, equation (4) provides very similar 
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approaches give divergent results on extrapolation to higher pH; for example, at pH 8 equation 

(4) predicts log aAl3+ = -15.7, whereas the value from the solubility product is –14.5. 

 

4.2  Heavy metal competition effects   

The ch

g the competitive effects of Ca, Fe and Al on the binding of Cu, Zn and 

b.  Activity of Al3+ was calculated using equation (3) for pH 4.5 and from Kso at pH 7, but 

early identical results were obtained with equation (4).  The competitive effects can be gauged 

y comparing the free metal concentrations at a given value of ν  (moles of metal bound per g 

FA); for example, at both pH 4.5 and pH 7, [Cu2+] for νCu = 1 µmol g-1 is c. 103 times greater in 

the presence of Al, Ca and Fe than in their absence.   In the case of Cu at low concentrations, 

binding is slightly more sensitive to Fe than Al, but this trend is reversed at higher Cu 

concentrations, because Al occupies the more abundant FA binding sites to a greater extent than 

does Fe.  Calcium is a far weaker competitor than either Al or Fe.  The binding of Zn by FA is 

most sensitive to Al at pH 4.5, whereas at pH 7 Ca has more effect.  (The competition results for 

Ni and Cd, which also bind comparatively weakly to humic matter, are similar to those for Zn.)  

For Pb, Al is most important competitor at both pH 4.5 and 7.  It can be concluded that 

competition effects are significant towards each of the three trace heavy metals, and that the 

contribution of Al is substantial.  

Competition by Al is much less significant in acid bog waters, represented by the filled 

points in Fig. 4.  Fig. 6 shows simulated free metal ion concentrations as a function of Al activity 

at pH 4.  In these simulations, aAl3+ increases from values typical for the bog waters to values 

found in other freshwaters.  Only when the Al activity reaches 10-7 M, which can be considered 

the transition between the two types of water, does competition become apparent. 

emical compositions of soil and surface waters were simulated by assuming a background 

composition of 0.001 M NaCl / 0.00025 M HCl, different pH values being obtained by the 

inclusion of NaOH or Ca(OH)2.  The CO2 partial pressure was taken to be the atmospheric value 

for surface water and ten times the atmospheric value for soil water.  When Fe(III) solution 

species were present, their concentrations were calculated by assuming aFe3+ to be controlled by 

Fe(OH)3 with a log Kso of 2.5, which is typical for aged ferrihydrite (Tipping et al., 2002).  

Dissolved organic matter was represented by fulvic acid (FA), at a concentration of 10 mg l-1.  

Fig. 5 shows results for surface waters with Al3+ activity following the main trend of Fig. 

4 (i.e. not including acid bog waters).  The simulations are presented as binding isotherms at pH 

4.5 and pH 7, comparin

P

n

b
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 Simulations for soil waters (Fig. 7) compare the combined competitive effects of Al, Ca 

f the concentration of free metal ion and ν.  For Cu, there are quite small effects 

of Al on [Cu2+] in a low-Al soil, and although the effects are larger in a high-Al soil, [Cu2+] is not 

increased by as much as a factor of 10 at any pH.  The effects of Al on νCu are seen at low pH, 

since a very high proportion (close to 100%) of Cu is bound at higher pH.  In the case of Zn, 

there are negligible effects on the free metal ion concentration, since relatively little of the metal 

is bound, but there are large effects on νZn at acid pH.  Similar results were obtained with Ni and 

Cd.  Aluminium has appreciable effects on Pb binding at all pH values, increasing [Pb2+] by more 

than a factor of 10 at higher pH.  The effects on νPb are again greatest at acid pH, because a high 

proportion of the metal is bound at higher pH.  Very similar competitive trends were found when 

the calculations were performed for an FA concentration of 50 mg l-1, again with a total trace 

heavy metal concentration of 10-8 M, although the free metal ion concentrations and values of ν 

were, of course, lower than for 10 mg l-1 FA.   

 Fig. 8 considers the effects of uncertainties in aAl3+, for the two most sensitive of the 

variables considered in Fig. 7, namely [Pb2+] and νZn.  In both cases, the greatest range of values 

is found for acid, low-Al soils, although the ranges at higher pH are also considerable.     

 

 

 

 

5.  Discussion 

 

The plot of log aAl3+ vs. pH for mineral or “high-Al” soils has a slope of less than 3 at pH < 6 

(Fig. 2), indicating that Al solubility is not generally controlled by a single mineral such as 

Al(OH)3 with a constant solubility product.  This does not rule out the possibility that such a 

control may operate in some soils.  For example, Zysset et al. (1999) and Gustafsson et al. (2001) 

have recently provided convincing evidence for mineral solubility control in podzol B horizons;  

according to Gustafsson et al. (2001), the mineral in question is Al(OH)3, whereas Farmer and 

Lumsdon (2002) claim it to be proto-imogolite allophane.  However, in other high-Al soils, 

solution Al is thought to be controlled by complexation / adsorption reactions involving organic 

and Fe with those of just Ca and Fe.  The simulations were performed with aAl3+ calculated from 

equations (1) or (2), or from log Kso = 10.0 at higher pH.  Trace heavy metals were assumed to be 

present at a total dissolved concentration of 10-8 M (~ 1 µg l-1).  The competitive effects are 

judged in terms o
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matter (e.g. Berggren and Mulder, 1995; Tipping et al., 1995).  In general, we cannot tell, simply 

present

this do that a common solubility control mechanism applies.  The equation should 

should at result 

from laboratory experiments in which a soil sample is titrated with acid or base; such 

whereas equation (1) summarises conditions rent soils. 

wide v

respons  reactions, can vary substantially, 

inevita

Cronan

given i as 

been made that Al(OH)3 solubility control applies at the higher pH values.  However, 

have re

the focus has been on acid systems with high Al concentrations.  Nonetheless, aluminium in 

and the

control ems reasonable for neutral soils, it may not operate for surface waters.  Thus, 

as good ction (equation 4).  However, the 

two models give divergent predictions for pH values greater than 7, and, as with soils, this 

contributes significan etals considered.  The binding isotherms (Fig. 5) 

Al, wh onsideration of the simulations of 

Fig. 7 shows that Al has appreciable effects on νCu, νZn and νPb, more so for high-Al soils.  

from the Al3+ activity and the pH, which control is operating.  Thus, although equation (1) of the 

 work provides a reasonable description of Al3+ activity in a wide range of high-Al soils, 

es not mean 

therefore be thought of only as a convenient means of summarising the available field data.  It 

also be noted that the equation is not claimed to predict aAl3+ - pH relationships th

relationships would be governed by the total, constant, amount of reactive Al in the system, 

generated by a range of diffe

Equation (2) provides an approximate guide to Al solubility in low-Al soils, but there is 

ariability in the prediction, probably because the loading of Al onto organic matter, 

ible for controlling Al3+ activity by sorption / desorption

leading to a wide range of log aAl3+ - pH relationships.  For such soils, prediction of aAl3+ is 

bly imprecise, unless additional information about the Al loading can be obtained (cf. 

 et al, 1986). 

Few of the available data for soil waters refer to pH values greater than 6, and for reasons 

n Section 4, those data are considered the least reliable.  Therefore the assumption h

aluminosilicate minerals may also play a role in determining Al3+ activity.  Soils of neutral pH 

ceived little attention in recent research into environmental aluminium chemistry, where 

neutral soils is evidently important with regard to competition effects with trace metals (Fig. 7), 

re is a need for work to establish reliable values of aAl3+ for such soils.  Whereas mineral 

 of aAl3+ se

although the available data (Fig. 4) can be described by assuming Al(OH)3 control at pH > 6, just 

 a description is provided by a continuous quadratic fun

highlights the need for the determination of Al3+ activities at higher pH.     

The simulations of competitive effects with heavy metals (Section 4.2) suggest that Al 

tly for each of the three m

of Zn at low pH, and of Pb at both low and neutral pH, are especially sensitive to the presence of 

ile for Cu, Al exerts a similar effect to that of Fe(III).  C
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However, when competition is assessed in terms of pH variations in free metal ion concentration 

), it is seen that Zn(Fig. 7

total m

more sensitive to Al competition.  These conclusions also apply to surface waters.   

in surfa e controlled by Al(OH)3 with log Kso = 9.5 

at 10oC.  It is evident from the plots in Fig. 4 that this will have overestimated competition by Al, 

effect on trace m

the sim show that it is important to decide upon the Al 

Model 

the com r surface water, the equations for Al3+ activity presented here should 

 

 
 

2+ is insensitive to competition effects, because relatively little of the 

etal is organically complexed.  Of the two strongly binding metals, Cu and Pb, the latter is 

In a previous study (Tipping et al., 2002), competition effects of Al towards trace metals 

ce waters were assessed by assuming aAl3+ to b

especially in the acid pH range, and even more so for acid bog waters, where Al has virtually no 

etal free ion concentrations (Fig. 6).  These considerations, and comparison of 

ulated results for low- and high-Al soils, 

status of a soil or surface water when using a chemical speciation program such as WHAM / 

VI to estimate trace metal speciation.  In the absence of detailed chemical information on 

position of a soil o

provide a useful guide. 

 45



 
 

Acknowledgements 

ork was supported by the UK Department for Environment, Food and Rural Affairs, the 

h Executive, the National Assembly

This w

Scottis  of Wales, and the Department of the Environment (in 

data pr

Northern Ireland) under contract EPG 1/3/188.  Thanks are due to Lisa Baldwin for help with 

ocessing. 

 46



 
 

References 
, M.L., McIntosh, P.D., Patterson, R.D. and Powell, K.J. (1999)  Aluminium speciation in 

seasonally dry high country soils, South Island, New Zealand.  Aust. J. Soil Res., 37, 

Adams

Adams

es. 39, 1003-1014. 

Benedetti, M. F., Milne, C. J., Kinniburgh, D. G., Van Riemsdijk, W. H. and Koopal, L. K. 

Berggren, D. (1999)  The solubility of aluminium in two Swedish acidified forest soils: an 

evaluation of lysimeter measurements using batch titration data.  Water Air Soil Pollut. 

114, 137-153. 

Berggren, D. and Mulder, J. (1995)  The role of soil organic matter in controlling aluminium 

solubility in acidic mineral soil horizons.  Geochim. Cosmochim. Acta 59, 4167-4180. 

Brahy, V., Titeux, H. and Delvaux, B. (2000)  Incipient podzolization and weathering caused by 

complexation in a forest Cambisol on loess as revealed by a soil solution study.  Eur. J. 

Soil Sci. 51, 475-484. 

Campbell, P. G. C., Bougie, R., Tessier, A., and Villeneuve, J.-P. (1984) Aluminum speciation in 

surface waters on the Canadian Pre-Cambrian shield. Verh. Internat. Verein. Limnol. 22, 

371-375. 

Cronan, C.S., Alkwer, W.J. and Bloom, P.R. (1986)  Predicting aqueous aluminium 

concentrations in natural waters.  Nature 324, 140-143. 

Dahlgren, R.A. and Ugolini, F.C. (1989)  Aluminium fractionation of soil solutions from 

unperturbed and tephra-treated spodosols, Cascade Range, Washington, USA.  Soil Sci. 

Soc. Am. J. 53, 559-566. 

Driscoll, C.T. (1984)  A procedure for the fractionation of aqueous aluminium in dilute acid 

waters.  Intern. J. Environ. Analyt. Chem. 16, 267-283. 

1005-1015. 

, M.L., Davis, M.R. and Powell, K.J. (2001)  Effects of grassland afforestation on 

exchangeable soil and soil solution aluminium.  Aust. J. Soil R

Alvarez, E., Martinez, A. and Calvo, R. (1992)  Geochemical aspects of aluminium in forest soils 

in Galicia (N.W.Spain).  Biogeochem. 16, 167-180. 

(1995) Metal ion binding to humic substances:  application of the Non-Ideal Competitive 

Adsorption Model. Environ. Sci. Technol. 29, 446-457. 

 47



 
 

Driscoll, C.T., Baker, J.P., Bisogni, J.J. and Schofield, C.L. (1984)  Aluminium speciation in 

dilute acidified surface waters of the Adirondack region of New York State.  In 

O.P.Bricker (ed.)  Acid Precipitation : Geological Aspects.  Butterworth, London, pp. 55-

Dr  B N and Mulder, J. lu h istry in a forested 

Spodosol.  Soil Sci. Soc. Am. J. 49, 437-444. 

Fa umsdon, D.G. (2002)  A re-interpretation of  ‘Alum  solubility 

 in zons iz y stafsson et al.  Eur. 

3, 671-673. 

Fu irai, H

northern Ky l reference to og c ses nt 

 281-290. 

Gustafsson, J.P.,  Berggren, D., Simonsson, M., Z an , 0  

bility mechanisms in moderately acid Bs horizons of podzolized soils. Eur. J. Soil Sci. 

Hansen, H. J. and Cam . G. C. (1987) Alumi ia r n t

ian Sh te-Nord Du St-Laur c) o e in: 

nd T s (ed. R. P . H .  B.

ester), pp. 372 - 379. Selper Ltd, London. 

van Hees, P., Lundström, Danielsson, R. and Nyberg, L. (2001)  Controlling anisms of 

n s  – an evaluation o zo o .  re 45, 

Hooper, R.P. and Sho  C.A. (1985)  Alu ob  acidic headwater 

stream: tempor ral dissolution equilibria.  Science229, 463-465. 

Lawrence, G.B. and David, M.B. (1997)  Res a b  

ication in soil of a red spruce stand in eastern Maine.  Environ. Sci. Technol. 31, 

825-830. 

aZerte, B.D. (1989)  Aluminium speciation and organic carbon in waters of central Ontario.  In 

T.E.Lewis (ed.)  Environmental Chemistry and Toxicology of Aluminium, Lewis, 

Chelsea, Michigan, pp. 195-207. 

75. 

iscoll, C.T., van reemen, (1985)  A minium c em

rmer, V.C. and L inium

mechanisms

J. Soil Sci. 5

 moderately acid Bs hori  of podzol ed soils’ b  Gu

nakawa, S., H . and Kyuma, K. (1993)  Speciation of Al in soil solution from froest soils 

in 

Nutr. 39,

oto with specia  their ped enetic pro es .  Soil Sci. Pla

ysset, M. d Mulder J. (2 01)  Aluminium

solu

52, 655-665. 

pbell, P nium spec tion in rive s o he Canadian 

Precambr ield (Co ent, Quebe  during sn w m lt.  In Acid Ra

Scientific a

L

echnical Advance erry, R. M arrison, J N.  Bell, and J. N. 

 mech

aluminium i oil solution f 180 pod lic forest s ils Chemosphe

1091-1101. 

emaker, minium m ilization in n a

al variation and mine

ponse of luminium solu ility to elevated

nitrif

L

 48



 
 

Liator, M.I. (1987)  Aluminium chemistry: fractionation, speciation, and mineral equilibria od 

il interstitial waters of an ine wa , Fron a do.  Geochim. 

cta 51, 1285-12

 D il 0 l

r stream pacted by acid deposition, Vosges 

ter Air Soil Pollut. 117, 217-243. 

ic o m m id-sensitive 

hment.  Wa . R 3-2

nd em 98 Im  

oodland soils th II. . 

. (1983)  Aluminium chemistry and acidification processes in a 

shallow podzol on the Swedish westcoast.  Water Soil Air Pollut. 20, 311-329. 

Reynolds, B., Stevens, P.A., Adamson, J.K., Hughes, S. and Roberts, J.D. (1992)  Effects of 

clearfelling on stream and soil water aluminium chemistry in three UK forests.  Environ. 

Pollut. 77, 157-165. 

Sullivan, T.J.and Cosby, B.J. (1998)  Modeling the concentration of aluminium in surface waters.  

Water Air Soil Pollut. 105, 643-659. 

Tipping, E. (1994) WHAM - A chemical equilibrium model and computer code for waters, 

sediments, and soils incorporating a discrete site/electrostatic model of ion-binding by 

humic substances. Computers & Geosciences 20, 973-1023. 

Tipping, E. (1998) Humic ion-binding Model IV: an improved description of the interactions of 

protons and metal ions with humic substances. Aquatic Geochemistry 4, 3-48. 

Tipping, E. (2002)  Cation Binding by Humic Substances.  Cambridge University Press, 
Cambridge. 

Tipping, E., Woof, C., Walters, P.B. and Ohnstad, M. (1988)  Conditions required for the 
precipitation of aluminium in acidic natural waters.  Water Res. 22, 585-592. 

Tipping, E., Berggren, D., Mulder, J., and Woof, C. (1995) Modelling the solid-solution 

distributions of protons, aluminium, base cations and humic substances in acid soils. Eur. 

J. Soil Sci., 46, 77-94. 

 

so  alp tershed t R nge, Colora

Cosmochim. A 95. 

Maitat, O., Boudot, J.P., Merlet, . and Rou ler, J. (200 )  A uminium chemistry in two 

contrasted acid forest soils and headwate s im

mountains, N.E. France.  Wa

McAvoy, D. C. (1989)  Episod response f aluminiu  che istry in an ac

Massachusetts catc ter Resour es. 25, 23 40. 

Mulder, J., van Grinsven, J.J.M. a  van Bre en, N. (1 7)  pacts of acid atmospheric

deposition on w  in the Ne erlands: I Aluminium chemistry.  Soil Sci

Soc. Am. J. 51, 1640-1646. 

Nilsson, S.I. and Bergkvist, B

 49



 
 

Tipping, E., Rey-Castro, C., Bryan, S.E. and Hamilton-Taylor, J. (2002)  Al(III) and Fe(III) 

6, 3211-3224. 

Tipping

 (2003)  The solid-solution partitioning of heavy metals (Cu, Zn, Cd, Pb) in 

binding by humic substances in freshwaters, and implications for trace metal speciation.  

Geochim. Cosmochim. Acta 6

, E., Rieuwerts, J., Pan, G., Ashmore, M.R., Lofts, S., Hill, M.T.R., Farago, M.E. and 

Thornton, I.

upland soils of England and Wales.  Environ. Pollut. in press. 

Urban, N.R., Gorham, E., Underwood, J.K., Martin, F.B. and Ogden, J.G. (1990)  Geochemical 

processes controlling concentrations of Al, Fe, and Mn in Nova Scotia lakes.  Limnol. 

Oceanogr. 35, 1516-1534. 

Zysset, M., Blaser, P., Luster, J. and Gehring, A.U. (1999)  Aluminium solubility control in 

different horizons of a podzol.  Soil Sci. Soc. Am. J. 63, 1106-1115. 

 50



  

Table 1  Summary of data for soil waters.  The soil designations and horizons are as given in the 
original publications.  a Number of data points. 
 

Ecosystem type 
and location 

Soil type(s)  pH  - log 
aAl3+  

na Reference 

Forest, Sweden Podzol 3.8 – 4.6 4.3 – 7.5 12 Nilsson and 
Bergkvist, 
1983 

Forest, New 
Hampshire, USA 

Spodosol 3.6 – 5.2 5.4 – 7.1 10 Driscoll et al., 
1985 

Alpine meadow 
and forest, 
Colorado, USA 

Spodosolic Cryochrept 
Typic Cryumbrept 

5.5 – 6.9 
5.4 – 6.1 

5.3 – 9.1 
5.7 – 6.6 

6
6 

Liator, 1987 

Forest, 
Netherlands 

Haplaquept 
Dystrochrept 
Udipsamment 

3.4 – 4.5 
3.3 – 4.0 
3.7 – 4.3 

3.2 – 5.1 
3.2 – 3.9 
3.5 – 4.4 

4
5
5 

Mulder et al., 
1987 

Forest, 
Washington, 
USA 

Spodosol 3.9 – 5.5 5.2 – 7.5 9 Dahlgren and 
Ugolini, 1989 

Forest, Ontario, 
Canada 

Podzol 4.1 – 5.7 4.9 – 8.0 16 LaZerte, 1989 

Forest, Spain Entic and Typic 
Haplumbrpet 

4.8 – 5.6 6.0 – 8.4 6 Alvarez et al., 
1992 

Forest, Wales Podzol 
Gley 

3.8 – 4.4 
3.7 – 4.3 

4.3 – 5.4 
4.4 – 5.4 

6
6 

Reynolds et 
al., 1992 

Forest, Japan Podzol 
Brown forest soil 

3.9 – 5.1 
4.5 – 5.2 

4.6 – 5.5 
4.5 – 4.7 

6 
6 

Funakawa et 
al., 1993 

Forest, Maine, Spodosols 3.5 – 4.5 4.4 – 5.4 4 Lawrence and 
David, 1997 

Pasture, New 
Zealand 

Brown and recent soils 5.9 – 6.3 7.4 – 8.1 6 Adams et al., 
1999 

Forest, Sweden Inceptisol 
Spodosol 

4.6 – 4.8 
3.7 – 4.1 

4 
3.9 – 4.1 

2
4 

Berggren, 
1999 

Forest, Belgium Dystric cambisol 3.6 – 6.7 5.1 – 
10.9 

6 Brahy et al., 
2000 

Forest, France Podzol 
Acid brown earth 

3.5 – 7.1 
4.0 – 4.6 

5.5 – 
10.2 
4.5 – 4.9 

3 
3 

Maitat et al., 
2000 

Grassland and 
forest, New 
Zealand 

Brown soils 4.0 – 5.8 4.5 – 7.1 26 Adams et al., 
2001 

USA 
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Table 2  Summary of data for surface waters 

Location pH -log aAl3+ na Reference 
 

Québec lakes, Canada 4.5 – 7.0 5.7 – 13.5 18 Campbell et al., 1984 
Adirondack lakes, USA 4.0 – 7.1 5.1 – 13.0 13 Driscoll et al., 1984 
Falls Brook, New Hampshire, USA 4.7 – 6.3 5.0 – 10.1 34 Hooper and Shoemaker, 

1985 
De la Trinité River, Québec, Canada 4.4 – 6.9 6.0 – 10.3 16 Hansen and Campbell, 1987 
Upland streams in northern England 3.9 – 6.0 5.2 – 8.4 34 Tipping et al., 1988 
Lakes and streams, Ontario, Canada 4.3 – 6.9 5.3 – 10.6 17 LaZerte, 1989 
Massachusetts streams, USA 4.2 – 5.5 4.9 – 7.5 34 McAvoy, 1989 
Nova Scotia lakes, Canada 4.0 – 6.1 5.0 – 8.2 33 Urban et al., 1990 
Forest streams in Wales 4.7 – 5.1 5.0 – 5.2 10 Reynolds et al., 1992 
Northern Appalachian streams, USA 4.0 – 6.0 4.6 – 9.5 33 Sullivan and Cosby, 1998 
Catskill Streams, USA 4.2 – 5.9 5.4 – 9.0 28 Sullivan and Cosby, 1998 
Adirondack lakes, USA 4.4 – 5.9 5.4 – 9.0 32 Sullivan and Cosby, 1998 

   a Number of data points. 
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Figure captions 
Fig. 1  Soil Al3+ activities as a function of pH.  The line represents the solubility relationship for 

Al(OH)3 with log Kso = 10.0. 

Fig. 2  Data for mineral (“high-Al”) soils at pH ≤ 5.5.  The solid line is the linear regression 
(equation 1); the dashed line represents the solubility relationship for Al(OH)3 with log 
Kso = 10.0. 

Fig. 3  Data for low-Al soils at pH ≤ 5.5.  The solid line is the linear regression (equation 1); the 
dashed line represents the solubility relationship for Al(OH)3 with log Kso = 10.0. 

Fig. 4.  Data for surface waters.  In panel A, a linear regression (equation 3) represents the data at 
pH < 5.8, while at higher pH solubility control by Al(OH)3 with log Kso = 9.5 is assumed.  
In panel B, the whole data set is fitted by equation (4).  The six solid points represent acid 
bogwaters, and were not included in the fitting.   

Fig. 5  Simulated binding of Cu, Zn and Pb by fulvic acid in surface waters (see Section 4.2).  
The ν of the y-axis is moles of metal bound per gram of fulvic acid.  Each panel shows 
five binding isotherms; no competitors, competition by Ca, Al and Fe(III) individually, 
and competition by their combination. 

Fig. 6  Simulated concentrations of Cu2+, Zn2+ and Pb2+ in a pH 4 water containing 50 mg l-1 
fulvic acid, and different activities of Al3+.  Each trace metal is present at a total dissolved 
concentration of 10-8 M.   

Fig. 7  Simulated concentrations of Cu2+, Zn2+ and Pb2+ (left panels) and ν (right panels), in soil 
waters containing 10 mg l-1 fulvic acid and 10-8 M in each trace metal.  The solutions 
contain increasing Ca with increasing pH, and are in equilibrium with Fe(OH)3 (see text).  
In each panel, a plot is shown for zero Al absent, for Al activity in low-Al soil an
Al soil, and for Al activity controlled by Al(OH)3 with log Kso = 10.0.   

ig 8  Effects of uncertainties in Al3+ activity (Section 4.1) on predicted competition for trace 
metal binding.  The results ([Pb2+] in the upper panel, νZn in the lower panel) are for zero 
Al, Al3+ activity at the lower uncertainty limits in low-Al and high-Al soils, and Al3+ 

t the upper uncertainty limit in high-Al soils.  The results for the upper Al3+ 
uncertainty limit in low-Al soils are virtually the same as those for the high-Al case. 

d high-

F

activity a
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ANNEXE 4: ANALYTICAL METHODS USED IN DYNAMIC 

ted of a funnel (14 or 28 cm dia eter) and a bottle (5 l), both 

inside of a bottle lid (Just Plastics, London).  
Polyethylene inserts provided a wat ort and preparation.  
Prior to deployment, the collectors and associated equipm
an s.  Polyethylene gauze filters were placed in the 

 only the funnel and debris filter.  
uplicate collectors were placed on poles at a height of 1.5 m, away from potential sources of 

ination such as trees, buildings and roads, and within an enclosure to prevent 

alysis of metal concentrations were prepared so that the acid-recoverable 
nd “dissolved” (i.e. fulterable) fractions could be determined.  The acid-recoverable fraction was 

ching with 1 % (v/v) nitric acid for a period of 24 hours and includes both 

etal concentrations in bulk precipitation were determined by Inductively Coupled Plasma Mass 
pectrometry (ICPMS), using a PQ Eclipse (ThermoElemental) instrument.  The ICPMS was 

o give maximum response with good stability.  Batches of 

er standard conditions (i.e. using pneumatic nebulisation) the ICPMS was 
nd some surface waters, 

istral, TJA Solutions) to allow better 
ethod was extensively 

f rom the National Water 
Research Institute, Environment Canada.  Furthermore, quality control was achieved using this 

MODELLING STUDIES  
 

A.J.Lawlor and E.Tipping 
 
 
 
Metal deposition 
Bulk deposition collectors consis m
made of polypropylene.  For easy and efficient cleaning and acid washing, each funnel was 
welded onto, and cut off parallel to, the 

ertight seal for the bottles and aided transp
ent were cleaned with 1 M hydrochloric 

d nitric acids to remove contaminating metal
funnels to prevent the collection of local debris (e.g. insects and grass seeds).  Bulk deposition 
collectors were transported to the field sites triple-bagged, the outer two bags covering the entire 
apparatus and the inner (which had been acid-washed)
D
local contam
disturbance by grazing animals.  To minimise contamination, a strict protocol for changing the 
bulk deposition collectors was followed, based on that of Ross (1984).  On return to the 
laboratory, the collection bottles were weighed to determine precipitation volume and then 
acidified with 0.2 % (v/v) nitric acid to pH <2.  After sealing and re-bagging, the bottles were 
periodically inverted over a two-day period to release any adsorbed metal ions, then the acidified 
samples were transferred to acid-washed polyethylene bottles and stored at 4°C.  Bulk 
precipitation samples collected using 28 cm diameter funnels were prepared to allow the analysis 
of “dissolved” and acid-recoverable metal fractions.  

Sample preparation for metal analysis was carried out under ISO Class 5 conditions (Atlas, 
Pathfinder) using powder-free clean-room gloves.  Double sub-boiling point distilled nitric acid 
(Baker, Ultrex II) and ultrapure Milli-Q water (Millipore) were used throughout.  Surface water 

ples requiring the ansam
a
determined after lea
particulate and “dissolved” forms.  The “dissolved” fraction was operationally defined as that 
which passes through a 0.45 µm membrane filter.  The filters (Puradisc PP 25, Whatman) were 
sealed polypropylene units, operated under positive pressure.  Filtrates were acidified with 1 % 
(v/v) nitric acid as a preservative and stored in acid washed polyethylene bottles. 

M
S
routinely optimised using 115In t
samples (typically 60) were only analysed if the short-term stability was better than 5 % RSD for 
the analytical isotopes (27Al, 55Mn, 60Ni, 65Cu, 66Zn, 114Cd, 115In and 208Pb) at a concentration of 1 
µg l-1.  Operating und
insufficiently sensitive to allow the analysis of Cd in bulk precipitation a
and therefore we employed a desolvating nebuliser (M
detection of this element.  The accuracy and precision of the ICPMS m
tested using a certified re erence material (CRM), TMRAIN-95 f
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CRM and an Analytical Quality Control sample (AQC) that consisted of the metals of interest at 
a concentration of 5 µg l-1 in 1 % (v/v) nitric acid.  AQC solutions were prepared from Claritis 
PPT Instrument Check Standards (SPEX Industries) and analysed at a frequency of one every ten 
samples.  An error of ±10 % was allowed; if the metal results for the AQC fell outside this range 
the analytical batch was repeated.  The figures of merit (accuracy, precision, and detection limits) 
for the determination of metals by ICPMS are given in Table 1.  Field blanks were also analysed 
on four occasions; 500 cm3 of Milli-Q water were carefully poured into the funnel of a bulk 
precipitation collector in the field and processed as normal.  Results (µg l-1) were typically below 
the ICPMS method detection limits and were of the order, Mn: <0.3; Ni: <0.2; Cu: <0.2; Zn: 

 
Soils 
Soils were sampled by digging small pits down to bedrock or collections of large stones.  Bulk 

l analyser.  Soil samples were extracted with 1 mM 
3

t each catchment, 5 or 6 soil samples were taken, and the data were averaged to obtain a single 
o soil layers were defined (L1 and L2).  In catchments with only organic 

 

 

 the study catchments were split into approximate 1 
cm cubes.  Ten cubes with all fresh surfaces were selected from each sample, and washed ten 

<0.5; Sr: <0.1; Cd: <0.1; Ba: <0.2; Pb: <0.1.  
 
 
Metals in streamwaters 
Surface water samples were collected at weekly intervals during the year commencing April 1 
1998.  Three types of bottle were used: stoppered glass for pH determination, high-density 
polyethylene for major components (Na, Mg, K, Ca, NH4, Cl, NO3, SO4, SiO2, conductivity, 
DOC, and suspended particulate matter), and acid-washed high-density polyethylene for Al and 
minor metals.  Bottles were filled upstream of the sampler to avoid any material disturbed from 
the streambed, and below the water surface to avoid floating material and the surface film.  
Samples taken for metal analysis were transported in sealed polyethylene bags to prevent 
contamination and all bottles were kept in a cool box.  Analyses for metals were performed as 
described above for bulk deposition samples. 
 

densities of organic horizons were determined by weighing cut cuboids of known dimensions, 
and correcting for water content.  Bulk densities of mineral horizons were determined by 
excavating known volumes of the soil pits, separating, weighing and correcting for water content 
material of particle size < 4mm, and determining the volume of material of particle size > 4 mm 
from its specific gravity.  Carbon, H, N and S contents were determined by elemental analysis 
with a Universal CHNS-O Vario EL elementa
NaCl at a ratio of 10 g field moist solids to 25 cm  solution.  The suspensions were shaken 
overnight, centrifuged (15,000 × g, 30 minutes), and the supernatants taken for the determination 
of pH (combination glass electrode).    

A
idealised soil type.  Tw
soil (Great Dun Fell, R.Etherow) both were given the same properties, and were of equal 
thickness.  In the other catchments, the upper layer was organic-rich and the lower contained 
more mineral matter.   

 
 
 

issolution experimentsMineral d
 
Samples of local rocks or stones taken from
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times each by sonication for 15 minutes in de-ionised water, with three rinses between each 
sonication.  They were then air-dried. 

Experiments were performed in 500 ml Teflon bottles, acid washed and pre-weighed before use.  
The washed rock samples were placed in the bottles, which were reweighed and sample weight 
calculated.  Approximately 250 ml Milli-Q water was added and the les weighed again to 
determine the total liquid volume.  The solutions were then made 0.001 M with respect to HNO3 
by adding 0.156 M HNO3.  The bottles were incubated at 10oC with gentle shaking.  Solutions 
were sampled after 5, 11 and 20 days.  Sub-samples were taken for the determination of pH (5 

l), silicon (5 ml),  major cations (10 ml) and heavy metals (10 ml).  The sub-samples for metals 

eferences 

oss, H.B. (1984)  Methodology for the collection and analysis of trace metals in atmospheric 
eport CM-67, International Meteorological Institute of Stockholme, Department 

niversity of Stockholm. 

m
(ICPMS) were acidified prior to analysis. 

The samples from Cote Gill were treated separately because they were limestone, and dissolved 
very quickly.  Three replicate samples of limestone rock from the Cote Gill catchment were 
completely dissolved in 1% HNO3 (Baker Ultrex II). 

Solution compositions were determined by ICP-MS (trace metals), ICP-OES (Na, K, Ca, Mg, Fe 
and Al) and colorimetry (Si). 

 
R

R
precipitation.  R
of Meteorology U
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ANNEXE 5: DESCRIPTION OF CHUM-AM 

E.Tipping and S. Lofts 

 

 

T
M

he model used in the present work is CHUM-AM (CHemistry of the Uplands Model – Annual, 
etals).  It is developed from CHUM (Tipping, 1996), but is simpler with respect to water 

Fig. A2.2.1. summarises 

model, others are characterised by input 
data.   

tmospheric deposition   

ll atmospherically deposited elements and species are in solution on entering the plant-soil 
ystem.  The dry-deposited gases NH3, NO2 and SO2 dissolve in rainwater to form NH4

+, NO3
- 

nd SO4
2- respectively.  Deposition of major solutes due to cloud water is taken into account by 

creasing the measured bulk concentrations by a constant factor.   

arbon cycle   

he model does not include an explicit carbon cycling model; instead, the soil carbon contents 
re specified in the input file, either as steady-state (constant) values or as values for individual 
ears.  Elements (N,S, metals) associated with soil organic matter transfer from L1 to L2, to take 
to account mineralization and water transport losses of carbon from L2.  This transfer is 

pecified as an annual fraction.  In a peat, where organic matter is transferred from the acrotelm 
 the catotelm as new organic matter is added to the soil surface, organic carbon is also 

onsidered to be lost from L2 (equated with the bottom part of the acrotelm) by downward 
ansfer, along with associated elements. 

nnual outputs of organic carbon from L1 and L2, as dissolved organic carbon (DOC) and 
articulate organic carbon (POC) in percolating water are also specified in an input file.  All the 
rganic matter comprises 50% C.  The soil pCO2 is specified either as a constant value or by year.  
issolved CO2 in percolation water from L2 enters L3, where it may be supplemented by CO2 
om carbonate dissolution.  Outgassing of CO2 occurs in the stream, to a specified partial 
ressure. 

 

itrogen cycle   

he model simulates N uptake by, and release from, the plant-soil system in L1.  Uptake (mol m-2 
-1) is proportional to the combined annual input (mol m-2 a-1) of NH4

+ and NO3
- : 

movements, and takes account of additional biogeochemical processes.  
the model structure, inputs and outputs, and processes, as applied to stream catchments.  The 
model considers a soil-rock profile consisting of three completely mixed layers (L1, L2, L3) 
through which water percolates, streamwater being drainage from L3. The model is run with 
annual average input data, and annual average outputs are reported.   Some of the processes 
identified in the Figure are explicitly represented in the 
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elease of NH4
+ and NO3

- (mol m-2 a-1) depends upon the size of the pool of soil N (mol m-2) and 
lso on the N/C ratio (mol mol-1) , according to the expression: 

R
a
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Nsoil)N/C(N inorganic of release N2k=    (2) 

hus, the greater the N content of the soil organic matter, the greater is its tendency to release 
organic N.  Inorganic N transformations in L1 are accounted for by specifying the fraction of 
leased inorganic N that is NO3

-, by the constant kN3; the remainder is NH4.  Organic N is 
ansported to and from L2 as dissolved and particulate organic nitrogen; the N/C ratios in DOM 
nd POM are the same as those in bulk soil. 

ulphur cycle   

ptake of sulphur in L1 is proportional to the annual input of SO4
2-, and release is proportional to 

e pool of soil S, according to the equations: 

4S1k=      (3) 

S24 k=      (4) 

rganic S is transported to and from L2 as dissolved and particulate organic sulphur; the S/C 
tios in DOM and POM are the same as those in bulk soil. 

ydrology   

he volume of water falling onto the catchment in a given year is the total precipitation (P) minus 
e evaporation (E).  Water falling directly onto bare rock is diverted onto the soil surface, so the 

olume entering the soil profile is given by the expression (P – E)/(1 – fR), where fR is the areal 
action of the catchment that is bare rock.  Water percolates at a constant rate from L1 to L2 to 
3 and then to the stream.  Each box is completely mixed; there are no macropores as postulated 
 the original CHUM.  The available pore space in the soil layer is nearly completely emptied 

nd refilled at each step.  The number of steps is determined by dividing the annual input volume 
y the pore space and increasing the result to the next highest integer.  At each water replacement 
tep, the equilibrium distribution of chemical species is calculated, solutes are removed in 
rainage water, and new chemical species are added in input water, and from decomposition and 
eathering reactions.  

hysical transport 

he loss of POC from L1 and L2 is specified in the input file (see above), and this governs the 
ansfer of POM, and associated elements, to the stream.  Mineral particulates may also be 
ansferred, and their fluxes are also specified as model inputs; however, they do not transport 
dsorbed elements.  

hemical equilibrium reactions   

he chemical “master species”, i.e. the inorganic species on which all the chemical reactions are 
ased, are as follows; 

ajor cations:   H+, Na+, Mg2+, Al3+, K+, Ca2+, Fe3+, NH4
+  

race cations:   Ni2+, Cu2+, Zn2+, Cd2+, Pb2+

nions and neutral species: OH-, Cl-, NO3
-, SO4

2-, F-, CO3
2-, Si(OH)4 
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In L1 and L2, solutes may bind to organic matter (HA and FA) and to a mineral cation exchanger.  
he organic matter may be in the solid phase, in solution (DOM) or in suspension (POM).  The 

re described using the soil version of WHAM / Model VI (Tipping, 1998; Tipping et 
l., 2003a), in which the basic model is modified to treat the high effective concentrations of soil 

addition, precipitation and dissolution of Al(OH)3, 
e(OH)3 and carbonates may occur.  However, these phases in L1 and L2 are not considered to 

and Fe(OH)3 have similar surface complexation 

fts & Tipping (1998) for the individual pure phases.  Adsorption 

over, calculated pH values for the L3 
yers of the four field sites fell within quite a small range, 4.7 – 6.2 (see below).  Therefore the 

implifying assumption is made that FA adsorption by oxides in L3 is independent of pH.  Thus, 
e obtain; 

T
interactions a
a
organic matter, as described by Tipping (1994).  The model also takes account of reactions 
among inorganic species in solution.  In 
F
have active surfaces capable of interacting with solutes, because the natural organic matter has an 
overwhelming influence.  

In L3, the same reactions as in L1 and L2 are possible, together with surface complexation at the 
surfaces of Al and Fe oxides.  Surface complexation of cations is described with the model of 

ofts and Tipping (1998).  Since Al(OH)L 3 
parameters, the mixed oxide phase in L3 is considered to have constant chemical properties, 
irrespective of the proportions of Al(OH)3 and Fe(OH)3, and the equilibrium constants used are 
verages of those derived by Loa

of SO4 and other inorganic anions by the oxides is ignored.  Adsorption of FA is described with a 
angmuir model.  Although FA adsorption by amphoteric oxides in simple electrolyte media is L

pH dependent (Tipping, 1981; Davis, 1982), the dependence on pH is much reduced, and even 
reversed, in the presence of Ca2+ (Tipping, 1981; Tipping & Heaton, 1983), and presumably also 

y other multivalent cations including Al species.  Moreb
la
s
w

][1
][

FAads
freeFAOx

freeOxFAOxFAOx

FAK
FASKn

+
=      (5) 

here FAads is the FA adsorbed in g g-1 oxide, [FAfree] is the concentration of FA in the aqueous 
hase (g l-1), and SOx is the oxide surface area (m2 g-1).  The Langmuir constants nFAOx and KFAOx 
re assigned values of 10-3 g m-2 and 103 l g-1 respectively, on the basis of data published by 
ipping (1981).  These constants are regarded as only representative, and are used to explore the 
ossible influence of adsorbed FA on the chemistry of percolation water.  The adsorbed FA is 
inds solutes exactly as does FA in solution. 

 streamwater, the reactants are the inorganic components, together with DOM and POM.  
gain, precipitation and dissolution of Al(OH)3, Fe(OH)3 and carbonates may occur. 

hemical weathering   

eathering inputs of major and trace metals, and carbonate, are described with the following 
quation, based on that of Schnoor & Stumm (1986): 

nak +=      (6) 

he weathering rate is in mol m-2 a-1, aH+ is the activity of H+ and kw and nw are constants.  Note 
at kw is simply a calibration parameter, which includes the effects of mineral type and available 

urface area.  Weathering inputs can occur in all three layers.   

emoval of oxide surface in L3   
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T  
an

eathering in L3.  Howe lation of reactive oxide 
urface, either because erosion will remove bulk oxide, or because the mineral surface is 

continually covered by freshly processes control the reactive 
xide surface, and are represented by an annual fractional rate of removal of oxide surface from 
e system.  The removal of Al and Fe is accompanied by removal of inorganic components of 

vy metals, but not of adsorbed FA. 

A m
wit
coe
aim t into the relative importance of metal sequestration by trees.  A 

atem

 

 

Lak

he model permits accumulation of oxides to occur in L3, if the export rate of dissolved Al
d/or Fe(III) in percolating water is smaller than the combined input rate from L2 and 

ver, this does not lead to an indefinite accumuw
s

 precipitated oxides.  These two 
o
th
the oxide phase, including hea

 

Uptake and release of metals by vegetation 

odel with the same format as those for N and S uptake by the plant-soil system was used, i.e. 
h an uptake rate coefficient as a proportion of the total deposition, and a first-order release rate 
fficient that relates metal loss to the pool of metal in the plant.  This is a very simple model, 
ed at obtaining some insigh

more realistic picture would include the uptake of metals from the soil as well as uptake of 
ospherically-deposited metal. 

e sediments 

The incorporation of heavy metals into lake sediment was estimated from the following assumed 
processes; 

tal entry into the sediment by solute exchange from the water column, and adsorption to 
iment solids   

 chemical composition of the lakewater is calculated by keeping a budget of the total inputs of 
chemically-active chemical components and water from the catchment and by direct 

 

Me
sed

The
geo
deposition, and the outflow water.  The sediment pore water composition is calculated using 

ass ), and sulphate to sulphide; these 

 

Meta  surface of “inert” metal 

doe
frac
rem
Han ents involved a stronger extractant (hot, 

ass
acti

 

Me  from eroded particles 

WHAM, and assuming the active sorbent in sediment solids to be humic acid.  The sediment is 
umed to be sufficiently reducing to convert Fe(III) to Fe(II

reactions cause the sediment pH to be higher than that of the overlying water.  Solute exchange is 
described with a simple exchange coefficient. 

l entry into the sediment by direct deposition to the lake

  The conventional method of determining metals in deposition, i.e. extraction with 1% nitric acid, 
s not recover all the deposited metals, but provides an estimate of the “geochemically active” 
tion, which may be about two-thirds of the total.  In the present modelling work, the 
aining metal is considered inert in the catchment soils.  However, the method used by Dr 
dong Yang to extract metal from the lake sedim

concentrated HNO3), and this could release the “inert” metal from the sediment.  Therefore it was 
umed that the inert metal was delivered to the sediment in proportion to the deposition of 
ve metal. 

tal entry into the sediment by release

 68



  

The Lochnagar sediment contains considerable mineral matter, and this could release metals in 
ed by Dr Handong Yang.  Because the atmospheric deposition of metals 

 
 
 

the extraction scheme us
at Lochnagar is relatively low, this post-sedimentation weathering input could be significant.  We 
estimated the metal inputs due to eroded mineral matter by assuming the granite at Lochnagar to 
have typical heavy metal contents (2, 13, 45, 0.06, 49 µg g-1 for Ni, Cu, Zn, Cd and Pb 
respectively), and further assuming that these metals were quantitatively released by the nitric 
acid extraction procedure. 

 

Metal loss from the sediment by “burial” as the sediment accumulates   

The model is used to compute the metal content of the surface sediment, and therefore account 
must be taken of sediment accumulation, which effectively causes the loss of particles, and 
associated metals, into the deeper part of the sediment column.  This loss is taken into account 
when calculating the total metal in the surface sediment. 
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Layer 1

Inputs 
water and major solutes in precipitation 
dry deposition of NH , NO  and SO
deposition of “reactive” heavy metals 

3 2 2

Outputs   
percolation water, solutes, POM 
evaporated water 
elements associated with POM 

Processes  
evaporation 
percolation of water 
chemical speciation (solid and solution) 
mineral weathering 
N & S cycling 
pCO  control 
production of DOM, POM 
“downward movement” of solids 

2

Layer 2

Inputs 
water, major solutes, POM from Layer 1 
solids from Layer 1  
Outputs   
percolation water and solutes 
elements associated with POM 

Processes  
percolation of
chemical spec

 water 
iation (solid and solution) 

mineral weathering 
pCO2 control 
production of DOM, POM 
“downward movement” of solids 

Layer 3

Inputs 
water, major solutes, POM from Layer 2 
Outputs   
percolation water and solutes 
elements associated with POM 

Processes  
percolation of water 
chemical speciation (solid and solution) 
mineral weathering 
removal of oxide surface 
 

Stream

Inputs 
water, major solutes, POM from Layer 3 
Outputs   
streamwater 

Processes  
chemical speciation 
CO2 outgassing 
 

Atmospheric deposition

Fig. A2.2.1  Schematic representation of CHUM-AM. 
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ANNEXE 6: CONSTRUCTION OF DEPOSITION SCENARIOS FOR 
THE UPPER DUDDON VALLEY 

 

E.Tipping, L.Shotbolt and S.Lofts 

 

Major chemical components 

Long-term deposition scenarios were constructed by the following procedure: 

1.  Average rainwater concentrations (in equivalents) were calculated from measured recent 
values.  For each year, the average of the total cation and total anion concentrations was 
calculated, then a charge balance was forced by multiplying each cation concentration by the 
ratio of total average charge to total cation charge, and performing the corresponding 
operation for the anions.     

2.  The overall ratio [Na] + [Mg] / [Cl] in charge-balanced rain was calculated.  A value less than 
the value of 1.054 expected for seawater (Stumm & Morgan, 1996) was interpreted to mean 
that a contribution of Cl (never more than 5 % of the total) came from anthropogenic 
emissions, and all the Na and Mg were attributed to the marine source.  Marine [K], [Ca] and 
[SO4] were calculated from their seawater ratios to marine [Cl].  A ratio greater than 1.054 
was taken to indicate the deposition of non-marine Na and Mg (again, only small amounts 
were required). 

3.  Following other workers (e.g. Reynolds, 1997, Jenkins & Cullen, 2001), non-marine SO4 
deposition in bulk deposition prior to the period of measurement was assumed to be 
proportional to S emissions in the UK.  The ratio of non-marine [SO4] to UK S emissions for 
the period of measurement was determined, and used to estimate [SO4] in the past, by scaling 
to the emission data.  It was assumed that up to 1600 there had been no excess S deposition, 
and that between 1600 and 1850 deposition increased linearly.  The small amounts of non-
marine Cl or non-marine Na and Mg were determined in the same way, i.e. taken to be 
proportional to S emissions. 

4.  Marine [Na], [Mg], [K], [Ca], [Cl] and [SO4] for years before the period of measurement were 
assigned the average values for the period of measurement. 

5.  Both NH4 and NO3 were assumed to come from non-marine sources, and trends were based on 
data compiled by Pitcairn et al. (1995).  It was assumed that until 1940 concentrations were 
one-fifth of the recent averages, and that they rose linearly from 1941 to 1970, after which 
they were constant at the present-day average values. 

6.  From the values obtained in steps 1 to 5, net acidity terms for each year were calculated as 
either [Cl]nm + [NO3] + 2[SO4]nm – [NH4], or [NO3] + [SO4]nm – [NH4] – [Na]nm – 2[Mg]nm 
where the subscript nm indicates non-marine.  From the present-day average data, the ratio of 
ions balancing the acidity term was found, and used to calculate the contributions balancing 
ions in years before the period of measurement. 

7.  Values for the dry deposition of NH3, NOx and SOx to for 1992-1994, were taken from the 
UKRGAR (1997) report, and values for other years were scaled to the wet deposition values.  
Bulk deposition fluxes of major solutes to moorland were increased by 7%, and those to 
forest by 14%, to take into account the inputs associated with cloud water, based on the 
findings of Reynolds et al. (1997) for moorland sites in the Welsh uplands that are similar to 
those in the upper Duddon valley.   
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Hea

Measurements km from the 
uddon valley, since 1972 (Baker, 2001), and in the upper Duddon valley itself in 1998-9 
awlor & Tipping, 2003), and we use here further data for 2002.  The measurements have been 

made after acidifying bulk  HNO3, and therefore are 
asonable estimates of “geochemically active” metal, i.e. the metal fraction that participates in 

olid-solution partitioning, solution complexation, and precipitation-dissolution reactions (Lawlor 

ed sediment metal profiles that 

e made a simple model of metal deposition over time.  Before the year when significant metal 
ollution begins (y0), deposition is assumed constant at the background level (DB).  From y0 to 

ogenic deposition (DA) to a maximum value (DA,max) occurs, 

vy metal deposition 

 of heavy metal deposition have been made at Wraymires, ca. 12 
D
(L

deposition samples to pH < 2, using
re
s
& Tipping, 2003; Tipping et al., 2003).  The data reported by Baker (2001) show that, during the 
period 1972-2000, deposition of Zn fell by about threefold, and that of Pb by about fivefold.   

Sediment core data from Blelham Tarn, a lake ca. 12 km from the Duddon Valley provide 
information on earlier metal deposition trends (Ochsenbein et al., 1983).  We re-analysed the data 
by regressing sediment metal content against % mineral matter for the deeper part of the sediment, 
and then using the regression to “correct” the metal levels nearer to the surface for background 

etal derived from catchment minerals.  This procedure yieldm
could be attributed to variations in anthropogenic atmospheric metal deposition, either directly 
onto the lake surface or via the catchment soils.  The corrections were greatest for Ni, most of 
which is derived from catchment minerals.  The sediment profiles show that atmospheric 
deposition of Ni, Cu, Zn and Cd began to increase in around 1800, while that of Pb commenced 
earlier, in about 1600.  For each metal, the sediment concentrations show upward curvature, with 
peaks being reached at around 1950-1970. 

W
p
1960, an increase in anthrop
ccording to the equation a

n

AA y
yy

DD ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

−
=

0

0
max, 1960

     

where y is the year and n is a constant.  Anthropogenic deposition during the period 1960 to 1970 
is assumed constant.  After 1970, it declines linearly to the present day. 

The metal deposition model was first applied to Pb.  Linear regression of the data from 1972 to 
2002 yielded total deposition values for 1970, by back-extrapolation, and for 2000.  Background 
deposition (DB) was assumed to be 3.0 µmol m-2 a-1, i.e. 20% of the 2000 value, and DA,max was 
obtained by subtracting DB from the total for 1970.  The value of n was found to be 3.5, by fitting 
the sediment core data, with y0 = 1600. Then, given DB and DA,max, deposition from 1600 to 1960 
could be calculated.  The same approach could be applied to Zn.   

) were averaged to estimate the trend since 1972; this procedure can be justified 
y 

Wr
reporte
air con
197  to nd Pb  are given in Table A2.3.1. 

Cop
show a
to those for the early 1970s.  Our own estimate of Cu deposition at the Cockley Beck site in 1998 
(Lawlor & Tipping, 2003) is only 4% of the value reported for Wraymires in the same year.  In a 

Long-term data on Ni and Cd deposition are not available for the Wraymires site.  Therefore, data 
reported by Baker (2001) for Ni at two other UK rural sites (Chilton, Oxfordshire and Styrrup, 
Nottinghamshire
b the similarity in deposition of Zn and Pb at the three monitoring sites (i.e. Chilton, Styrrup, 

aymires).  No long-term deposition data are available for Cd, but air concentrations have been 
d, from 1979.  It was assumed that the rate of decline in deposition was the same as that in 
centrations, and by scaling to recent deposition data, the absolute deposition of Cd from 
 the present was estimated.  Results for Ni, Zn, Cd a0

per presented difficulties, firstly because the data reported by Baker (2001) for Wraymires 
 substantial increase in deposition from 1991 to 1998, returning to the high values similar 
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first ef
justifie d approximately constant Cu deposition 
from 1990 onwards.  Linear regression of the 1972-1998 Wraymires data , and fitting of the 

 deposition and sedimentation ratios for Ni, Zn and Cd, but that the ratios for Cu 
iffer markedly; whereas the sediment records indicate that anthropogenic Cu deposition has 
een about half that of Pb, the estimates based on the measured deposition records suggest that 

 that of Pb.  Given this large discrepancy, a 
econd deposition scenario for Cu, Cu-B (Table A2.3.1), was constructed, based on an estimate 

he analysis of the deposition scenarios has been based on directly measured bulk 

fort to resolve this issue, we ignored the Wraymires data after 1990.  This appeared 
d given that the Chilton and Styrrup sites showe

sediment core data, then gave the parameters shown in Table A2.3.1, for Cu-A.  We compared 
the estimated values of DA,max estimated from the directly measured data with the lake 
sedimentation trends, by taking ratios of the deposition or sedimentation of the other metals to 
those of Pb.  For the lake sediments, increases in metal sedimentation from background levels 
were used.  The last two columns in Table A2.3.1 show that there is reasonably good agreement 
between the
d
b
Cu deposition has been about four times greater than
s
of DA,max of 49 µmol m-2 a-1, calculated by taking half the Pb value, and using the data for Cu 
deposition at Cockley Beck in 1998 (Lawlor & Tipping, 2003) and 2002 (present work).  
Scenario Cu-B gives an estimated deposition of 34 µmol m-2 a-1 in 1981-1983, in reasonable 
agreement with the value of 55  µmol m-2 a-1 reported by Hamilton-Taylor & Willis (1990) as the 
mean for two sites ca. 15 km to the east of the Upper Duddon Valley, and within 2 km of the 
Wraymires site.  Hamilton-Taylor & Willis noted that their trace metal deposition estimates 
agreed with the data reported by Cawse (1980) for Wraymires in 1978 for all metals except Cu, 
for which there was an order-of-magnitude difference; the Cawse (1980) results were part of the 
data set reported by Baker (2001), referred to above. 

To this point, t
deposition values.  In previous work (Lawlor & Tipping, 2003), we proposed adding an 
additional 20% to take account of dry deposition, and cloud water effects.  Therefore, for 
dynamic modelling we followed this procedure, i.e. the scenarios for modelling had the DA,max 
and DB values of Table A2.3.1 increased by a factor of 1.2.   
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Tab A2.3
µmoles m-

Hamilton-T enbein et al. (1984) – see the text for full explanation. 
 

 B A,max A,max

le .1  Heavy metal deposition parameters (see section 2.4).  Deposition (DB, DA,max) is in 
2 a-1.  The final column gives concentration ratios in lake sediments reported by 
aylor (1979) and Ochs

y0 n D D D  / ∆Sed / 
DA,max,,Pb ∆SedPb

N    67          0.88        0.58 i 1800 1.5       1.4    
C 50 
Z
C
Pb 

Cu-B 1800 2.5       3.0       49     0.50     0.50 

u-A 1800 2.5     15     290     3.8     0.
n 1800 4.5     30     620     7.1     6.4 
d 1800 3.5       0.12         2.3     0.071     0.036 

1600 3.5       3.0       76     1.00     1.00 

 

References 
 
Baker, S.J., 2001.  Trace and Major Elements in the Atmosphere at Rural Locations in the UK: 
Summary of data for 1999.  AEA Technology Environment, Abingdon. 
 

Cawse, P.A. (1980)  A survey of atmospheric trace elements in the U.K. Results for 1978.  
H.M.S.O., London. 
 
Jenkins, A. & Cullen, J.M. (2001)  An assessment of the potential impact of the Gothenburg 
Protocol on surface water chemistry using the dynamic MAGIC model at acid sensitive sites in 
the UK.  Hydrol. Earth Syst. Sci. 5, 529-541. 

Hamilton-Taylor, J. (1979)  Enrichments of zinc, lead, and copper in recent sediments of 
Windermere, England.  Environ. Sci. Technol. 13, 693-697.   
 
Hamilton-Taylor, J. & Willis, M. (1990)  A quantitative assessment of the sources and general 
dynamics of trace metals in a soft-water lake.  Limnol. Oceanogr. 35, 840-851. 
 

Lawlor, A.J., Tipping, E., 2003.  Metals in bulk deposition and surface waters at two upland 
locations in northern England.  Environ. Pollut. 121, 153-167. 
 
Pitcairn, C.E.R., Fowler, D., Grace, J., 1995.  Deposition of fixed atmospheric nitrogen and foliar 
nitrogen content of bryophytes and Calluna vulgaris (L.) Hull.  Environ. Poll. 88, 193-205. 
 
Ochsenbein, U., Davison, W., Hilton, J., Haworth, E.Y., 1983.  The geochemical record of major 
cations and trace metals in a productive lake.  Arch. Hydrobiol. 98, 463-488. 
 
Reynolds, B. (1997)  Predicting soil acidification using the SAFE model.  Hydrol. Earth Syst. 
Sci. 1, 717-728. 

 

Stumm, W. & Morgan, J.J. (1996)  A
 

 

quatic Chemistry, third ed. Wiley, New York. 

 75



  

Reynolds, B.R., Fowler, D., Smith, R.I. & Hall, J.R. (1997a)  Atmospheric inputs and catchment 
solute fluxes for major ions in five Welsh upland catchments.  J.Hydrol. 194, 305-329. 
 
Tipping, E., Rieuwerts, J., Pan, G., Ashmore, M.R., Lofts, S., Hill, M.T.R., Farago, M.E. & 
Thornton, I. (2003a) The solid-solution partitioning of heavy metals (Cu, Zn, Cd, Pb) in upland 
soils of England and Wales.  Environmental Pollution 125, 213-225. 
 
United Kingdom Review Group on Acid Rain, 1997.  Acid Deposition in the United Kingdom, 
4th Report.  AEA Technology, Abingdon. 

 76



  

ANNEXE 7: HEAVY METAL DEPOSITION TRENDS IN FIVE UK 
CATCHMENTS: A RECONSTRUCTION BASED ON MONITORING, 

HISTORICAL AND ENVIRONMENTAL RECORDS 
 
 

L.Shotbolt, M.R.Ashmore, E.Tipping. 
 
 
W in the current pr ive t an dynamic models of 
heavy metal accumulation in soils and waters. These models aim  interpret the current metal 
burden in soils and lake sediments, and to forecast the effects of changes in future emissions on 
soil and water metal concentrations. They are based on five rural catchments in the UK: 

te Gill i  Yorkshire Dales, Castle How Beck in the Lake 

re for data on past metal deposition in 
e UK and reconstructs deposition histories for the five catchments from the best available data. 

. Background and aims 

The aerosol metal 
concentrations has increased over the last few centuries to gr urpass natural inputs (Nriagu, 
1 ). T  has had ng er tal pollution. It has 
b a  significant producer of m res over the l two millennia (Raistrick & 
Jennings k, 1 d from the m  century  (the the industrial revolution) 
h y m issions  mining and smelting have been bolstered by other industrial 
emissions including metal refining, energy production, m acturing processes, waste 
incineration and vehicular combustion (Nriagu, 1990). The range of metals used in manufacturing 
( gu, our abil isperse pollu missions 
increase ulati energy cons on to peak in the late 1960s and early 1970s 
(Goodwin et al., 2002).  
 
There are several import rces of heav  emissions in the UK. They can be considered 

 two groups:  

1) General sources. Sources such as vehicular emissions, energy production and 
ss the UK. Although there is some concentration of emissions in 

areas with high population and industry, their widespread distribution means that all areas 

ning and 
smelting on orefields, occur in a few specific areas of the UK. Heavy metal pollution from 

ith oject, a key object is the developmen d testing of 
 to

Lochnagar, north-east Scotland; Co
D

n the
istrict; the River Etherow, Peak District; and Old Lodge in the south-east of England. An 

important input to these models is past heavy metal deposition.  
 
Few long-term records of atmospheric heavy metal deposition exist. Past deposition scenarios 
must be reconstructed largely from other sources such as palaeo-environmental, monitoring and 
historical records. This report reviews the published literatu
th
Analysis of herbarium moss samples (see annexe 8) was then directed at confirming or refuting 
suggested deposition histories and filling any gaps in information.  
 
 
1
 

 importance of anthropogenically-derived emissions to atmospheric 
eatly s

history of atmosph989
een 

he UK  a particularly lo ic heavy me
globally etal o

th
ast 

, 1965; Blic 991) an id 18 start of 
eav etal em  from

anuf

Nria  1990), ity to d tants over a wide area and the intensity of e
d with pop on and umpti

ant sou y metal
in
 

manufacturing occur acro

will be affected, to some degree, by these sources.  
 
2) Isolated sources. Certain sources of heavy metal emissions, most importantly mi
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these sources will be concentrated in the immediate vicinity of these sites, although there 
may also be some regional and national impact.  

 
econstructing trends in metal deposition at specific rural sites in the UK should take into 
ccount both categories of emitters. It is, therefore hypothesised that two deposition histories can 
e reconstructed for each catchment; one reconstructing deposition from ‘isolated sources’ i.e. 
cal mining and smelting related inputs and one reconstructing deposition from ‘general’ UK-
ide sources. These can then be combined to reconstruct trends in total deposition at each 

atchment. 

. ‘General’ deposition records 

 will be assumed that the ‘general’ metal sources have resulted in UK wide deposition patterns 
r each metal that can be described by a single trend. This assumption is based on recent heavy 
etal monitoring data which shows that, since 1972, atmospheric heavy metal composition over 
ral England does not vary greatly spatially (Pierson and Cawse, 1979) although the 

oncentrations of trace elements were found to vary by an order of magnitude between the most 
olluted and least polluted rural sites. The chemical uniformity suggests similarity of origin, 
ng-distance transport or good atmospheric mixing. Whether this is a valid assumption for the 

ast, particularly before the introduction of measures to more widely disperse pollutants by the 

 
 variety of data is available from which to reconstruct general deposition trends. Monitoring of 
eavy metal deposition at Styrrup (South Yorkshire), Wraymires (Lake District) and Chilton 

xfordshire) provides valuable data on recent (post 1972) trends in deposition (Baker, 1999). 
ther useful data has been obtained from emissions estimates (Goodwin et al., 2002). Deposition 

and emissions data show similar trends for post 1972 heavy metal pollution in the UK.  
 
Prior to 1972 there is no direct record of atmospheric heavy metal deposition. However, evidence 
from a range of other sources has been used to reconstruct trends in metal deposition. This 
includes data on metal concentrations in lake and peat records (e.g. Sugden, 1993; Eades et al., 
002; Yang et al., 2002; Rippey, 1990, Rose and Rippey, 2002; Weiss et al., 2002). Spheroidal 
arbonaceous particle (SCP) records of fossil fuel deposition in lake sediments are also useful as 
 surrogate for power station emissions (Rose et al., 1995). Estimates of global metal emission 
stimates (Nriagu, 1979; 1996) have also been considered. 

urces (Goodwin 
t al., 2001). Dominant sources of Cd, Cu, Ni, Pb and Zn include:  

R
a
b
lo
w
c
 
 
2
 
It
fo
m
ru
c
p
lo
p
first UK Clean Air act of 1956 is uncertain, but a necessary assumption for the purposes of this 
investigation.  

A
h
(O
O

2
c
a
e
 
Details of the key data used are provided in sections 2.1 to 2.4. 
 
 
2.1 Heavy metal emissions and deposition data 
 
Emission and deposition data for a range of heavy metals are available from which deposition 
since 1972 can be reconstructed.  
 
Figures 1a to 1e show estimated UK emissions of heavy metals split into key so
e
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i) Industrial combustion (combustion for metal production, cement, ceramics and glass 
industries as well as power stations supplying industry only), which is a significant 
source of Cu and Ni.  

ii) Public power generation (power stations, coke, gas, and nuclear fuel production, 
combustion in refineries, town gas and smokeless fuel production) which is a 
significant source of Cd, Cu and Ni. 

iii) ‘Other fuel combustion’ (i.e. in accidental fires, agricultural, domestic combustion, 
etc), a source of Cd, Cu and Ni and some Pb.  

iv) Road transport is the dominant source of Pb. 
v) Waste incineration is a source of Cd, Zn and a small proportion of Cu.  
vi) Iron and steel production is a major source of Zn and a small amount of Cd 
vii) Non-ferrous metal production is a minor source of Zn (Goodwin et al., 2001)  
 

  
Figure 1a Emission estimates of Cd from 1970 to 1999 (Goodwin et al., 2001) 

2001) Figure 1b Emission estimates of Cu from 1970 to 1999 (Goodwin et al., 
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Figure 2c Emission estimates of Ni from 1970 to 1999 (Goodwin et al., 2001) 

Figure 1d Emission estimates of lead from 1970 to 1999 (Goodwin et al., 2001) 

 

Figure 1e Emission estimates of zinc from 1970 to 1999 (Goodwin et al., 2001) 
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Estimated metal emissions are highest in 1970 (except Pb which peaks in 1973) and decline to 
present. All demonstrate major reductions (72-95%) over this period (Table 1). This trend is the 
result of numerous factors including past economic recession, improvements in emissions control 
and dispersion by taller stacks (Baker, 1999) as well as changing oil prices and the progressive 
removal of Pb added to petrol.  
 

Table 1. Emission reductions based on estimated emissions between 1970 and 1999. 

 1970 emissions (t) 1999 emissions (t) % reduction 
Cd 26.5 6.5 75 
Cu 220 60 73 
Ni 1320 160 88 
Pb 9200 (in 1973) 500 95 
Zn 1580 440 72 

 
Heavy metal deposition has also been monitored since 1972 at three sites in South Yorkshire, 
Cumbria and Oxfordshire (NETCEN deposition monitoring network). 35 elements including Cu, 
Ni, Pb, Cd and Zn have been measured in particulates and 25 elements in rainwater as well as 
nitrate, sulphate and pH (Baker, 1999). Unfortunately monitored data is not available for Cd as 
this element has been consistently below detection limits.  
 
A comparison of emission estimates to monitored air metal concentration confirms that estimates 
are translated into real reductions in metal levels in the atmospheric aerosol, and therefore, 
deposition (Table 2). Only Cu deposition at Wraymires appears to have declined significantly less 
than emission estimates suggest, due to an unexplained increase in the 1990s. 
 
 

Table 2. Temporal change in air concentrations at rural locations: 1972-1997 (Baker, 1999). 

  1972-79 (µg m-2) 1993-1997 (µg m-2) % reduction 
Chilton 9470 4320 54 
Styrrup 13400 3690 70 

Cu  

Wraymires 1430 1080 25 
Chilton 5170 826 84 
Styrrup 3340 992 70 

Ni  

Wraymires 7170 Below l.o.d. - 
Chilton 18600 1590 91 
Styrrup 26000 2490 90 

Pb  

Wraymires 14900 4360 71 
Chilton 46700 15100 68 
Styrrup 81900 26700 67 

Zn  
 
 Wraymires 41200 15800 62 

 
 

.2 Global emission scenarios  

rior to 1970, emissions estimates of metals have only been made on a global scale (Nriagu, 1979; 

 

 
2
 
P
1996). The global pattern pre-1970 is estimated to be one of exponentially increasing deposition 
for all metals except Pb which shows a more consistent rate of increase (Figure 2a & b). 
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Figure 2a. Global lead, zinc, copper and nickel emission estimates (Nriagu, 1979; 1996). Pre-1850s annual emission 

timated for all metals on the basis of constant deposition from 1400 to 1850.  

mates (Nriagu, 1996). Pre-1850s annual emission estimated for all metals 
400 to 1850. Global cadmium emission estimates based on trends in zinc 

es

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2b. Global cadmium emission esti

n the basis of constant deposition from 1o
emissions. 

 
2.3 Heavy metal concentrations in lake sediment and peat records. 
 
Concentrations of metals in dated lake sediment and peat core profiles can be used to reconstruct 
trends in metal inputs through time. Figures 3a to 3e show lake sediment and peat core records of 
heavy metal inputs in areas largely remote from sources of mining and smelting. 
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Figure 3a. Deposition in central cores from Lochnagar (Yang et al., 2002) 

Figure 3b. Deposition in Loch Ness and a peat core from North Uist (Sugden, 2000; Ead

Figure 3c. Concentration of lead and zinc in sediments from the Round Loch of Glenh

es et al., 2002) 
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lth etal deposition, in some cases 

s and catchment soils, 
owever, particles deposited onto soils are unlikely to reach lake sediments because the particles 

gure 3d Concentrations of lead, zinc, copper, nickel and cadmium in Loch Coire nan Ar
R

Figure 3e. Concentrations of lead in Loch Laxford, Northwest Scotland redrawn from Weiss et al. (2002) 

 
In all these remote environmental records, there are clear indications of recent increase in metal 
concentrations, and often a sub surface peak. For Pb (the most commonly measured metal), 
where precise dating has been attempted (Sugden, 2000; Eades et al., 2002; Rose and Rippey, 
2002) peak input appears to occur in the late 20th century.  
 
 
2.4 Spheroidal carbonaceous particle records. 
 
A ough lake sediment records can be valuable records of past m
there are concerns over the mobility of some metals within the sediment column (particularly Zn 
and Cd) as well as the complicating influence of metals input from the catchment rather than via 
deposition directly onto the lake surface.  
 
An alternative source of information in the lake sediment record is concentrations of spheroidal 
carbonaceous particles (SCP). SCP are elemental carbon particles produced only through high-
temperature fossil fuel combustion. SCP are deposited onto lake surface
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are physically very fragile and will not survive transportation through upland streams. SCP 
oncentrations in lake sediments, therefore, are a conclusive indicator of industrial deposition 

ostly from power generation), unaffected by any complicating catchment input.  

CP have been measured in lake sediments across the UK (Figure 4; Rose et al., 1995) and some 
eneral trends have emerged. SCP occur in measurable quantities from the latter half of the 19th 
entury and increase slowly to around the 1950s. From the 1950s numbers rise sharply until the 
id 1970s before declining to present. Although there is no direct link between SCP numbers in 

ediments and metal concentrations this does further corroborates the decline in industrial 
missions indicated in section 2.1. 

 1995). 

 significant deposition by ‘general’ sources 

Measurable numbers of SCP are first seen in the sedimentary records between about 1830 and 

emissions is uncertain. Thus 1830 represents the latest possible date to assign to the start of 
industrial heavy metal deposition.  
 
In general Pb inputs to these lake and peat cores occur prior to the appearance of SCP (Loch 
Coire nan Arr may be an exception although the record does not extend back far enough to be 

c
(m
 
S
g
c
m
s
e

 

 

Figure 4. SCP concentrations in Scottish lakes  (Rose et al., 

 
 
2.5 Identifying the start of
 

1880 (centred on the 1850s) (Rose et al., 1995). There will certainly have been metal emissions 
unrelated to power generation prior to this, from the start of the industrial revolution 
(approximately 1750 in the UK (Ashton, 1997)) but the significance of early heavy metal 
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certain of background Pb concentrations). Zinc records are less consistent, although the general 
icture is of a slightly later increase than Pb. For example, Zn (and Cu) first appear in measurable 

n ‘general’ industrial deposition. Potential mining inputs will be taken into 
ccount in the mining and smelting related deposition profiles. Therefore the start of the Pb 
eposition record in remote lake sediments cannot easily be used to identify the start of the 
eneral’ deposition record. This remains an area of uncertainty, although it can be constrained to 

etween 1750 (start of the industrial revolution) and 1850 (approximate start of the SCP record). 
 lack of pre-1850 herbarium samples precludes resolution of this uncertainty through moss 

nalysis.  

.6 Reconstructing the shape of heavy metal deposition trends from ‘general’ sources 

 further area of uncertainty is the shape of the increase up to the 1970s peak. The SCP records 
emonstrate a broadly exponential increase, or more precisely, a slow increase until around 1950 
llowed by a more rapid increase to peak deposition in the mid 1970s. Prior to 1970, emissions 

stimates of metals have only been made on a global scale (Nriagu, 1979; 1996). The global 
attern pre-1970 is estimated to be one of exponentially increasing deposition for all metals 
xcept Pb (Figures 2a & b). This is similar to trends indicated by SCP profiles in lake sediments. 
he relatively early increase in Pb and the trend (somewhere between an exponential increase and 
 straight line) is similar to trends in the UK Pb lake and peat core records (Figures 5a to e). 

he exact form of metal increases to the 1970 peak is uncertain. It is certain that heavy metal 
missions have increased up to the late 20th century peak. A rapid post-war increase preceded by 
 slower rise from a start date in the 19th century is plausible on the evidence of the lake and peat 

rds  

 Gen

 to 2.4) general metal deposition trends for 
bed as a slow increase from background around 

e start of the industrial revolution, a more rapid increase related to post WWII increases in 
e early 1970s (Figure 5). A start date of 

round 1800 may be considered as a compromise between the beginning of industrialisation in 

only 80% of emissions in 1973. The magnitude of the post 
970s decline in all metals can most accurately be fixed from the emission estimates, but the 

p
quantities around the mid 19th century in Lochnagar sediments although the difference between 
profiles from the two cores and pronounced subsurface peaks for these metals suggests some 
additional influence other than rates of deposition (i.e. post-depositional metal mobilisation).  
 
It is possible that most of the pre-SCP metal input is the impact of long-distance mining and 
smelting rather tha
a
d
‘g
b
A
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.7 eral deposition scenarios 2
 
On the basis of the available information (sections 2.1
Cd, Cu, Ni and Zn across the UK can be descri
th
consumption and a decrease from peak deposition in th
a
the UK and the start of the SCP record.  1950 is suggested as a suiTable date for the start of a 
more rapid increase in deposition based on the SCP record (the metal increase from 1800 up to 
1970 could equally be described as an exponential curve). 1970 is suggested as an approximate 
date for peak deposition based on a compromise between the continuing decline after this point 
indicated in the emissions inventories, and the slightly later date suggested by the SCP profiles 
for power station emissions (average UK lake sediment estimate of 1975). Lead deposition trends 
vary slightly from this. The higher resolution lake and peat records (Figure 3a and 3b) suggest a 
slow increase until around 1850. After which there is a more rapid increase than the other metals 
to peak in 1973 (Figure 5). However, a sharp peak is implied by the emissions inventory, which 
uggests that emissions in 1970 were s

1
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shape of the decrease is estimated from the deposition record. These trends can be used to 
stimate past ‘general’ deposition by scaling to known deposition at any point on the profile.  e

 

Figure 5 Estimated ‘general’ metal deposition profiles for the UK. 
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3. ‘Isolated’ sources of heavy metal emissions: mining-related deposition 
records 
 
Mining of Pb, Zn and Cu have been important industries in the UK although neither Cd nor Ni 
have been mined to any significant extent. Mining-related deposition scenarios for each metal, 

d at each catchment are, therefore, required.  

 
 

erow 

werts (1983) estimate that 3 
 6 million tons of Pb ores have been recovered since mining began in the Peak District. Zinc 

ining has been historically 
bout 50 km from the Etherow, but Cu mining 

ithin the Peak District has only been of minor importance, with around 4000 tons of Cu ore 

techniques. Pre-17 d constructions on the Gritstone edges 
th  occurred in smelt mills located close 

 (Figure 6a). 

an
 
To reconstruct trends for the five catchments, sources of mining-related deposition in the vicinity

f each catchment must first be identified (Section 3.1). The options for reconstructing trends ino
mining-related deposition will be considered in Section 3.2, in particular whether local deposition 
scenarios can be determined from nearby palaeo-records or whether a more generic national trend 
in deposition must be used. Section 3.3 will put forward UK wide mining-related deposition 
scenarios for each metal. Section 3.4 will reconstruct catchment specific deposition scenarios 
where possible and appropriate. Finally section 3.5 will make some concluding observations on 
the deposition scenarios. 
 
 
3.1 Mining around the five catchments 
 
The key non-ferrous metal mining areas of the UK include Cornwall (Sn and Cu), the Yorkshire 
Dales (Pb), the North Pennines (Pb and Zn), the Lake District (Pb and Cu), Northern and 
Southern Wales (Cu and Pb), Southern and North-West Scotland (Pb) and the White Peak area of 
the Peak District (mainly Pb, small amounts of Zn). The Cote Gill, Etherow and Castle How 
Beck catchments are all close to old mining areas. Lochnagar and Old Lodge are, however, 
remote from mining-related sources of metal pollution. 
 

3.1.1 The Eth
 

The Etherow catchment is located between Manchester and Sheffield in the Dark Peak 
(Gritstone) area of the Peak District (Figure 6a). Lead mining has occurred in many areas of the 
White Peak (Limestone) to the south of the Etherow. The most important mines are found in two 
broad bands between Wirksworth and Matlock, and Eyam and Castleton as well as in areas 
centred on Youlgeave, Monyash, Carsington and Hartington (Wood, 2001). Zinc extraction has 
also occurred, although on a smaller scale than for Pb. Ford and Rieu
to
extraction is estimated at around 0.25 to 0.5 million tons. Copper m
important at Alderley Edge, Cheshire, which is a
w
extracted (Ford and Rieuwerts, 1983).  

 

Whether the Etherow catchment could have been directly affected by inputs of Pb and Zn 
generated by mining in the White Peak is debaTable. However, smelting of metals occurred 
primarily in the Dark Peak to utilise the wind or water-power required for early smelting 

th century smelting occurred in low walle
utilising strong winds to smelt the ore. 17  century smelting
to water and a supply of charcoal (Ford and Rieuwerts, 1983)
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O   = site of Featherbed Moss peat core (Lee and Tallis, 1973) 

igure 6a. Mine and smelt sites around the Etherow catchment.  

     = bole smelting areas 
 
   = major mining areas   = approx. area of catchment 
O  = smelt mills  
F

(Mine and smelting sites on this and the Yorkshire Dales and Lake District maps are simply those identified in the 
literature reviewed. There may be numerous others not included). In addition, Willies and Maskall (1995) have 
identified around 100 boles, mills and cupolas on and around the River Derwent and its tributaries of which only a 
few of the most northerly have been included).  
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3.1.2 Mining around the Cote Gill catchment 
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The Cote Gill catchment is close to Malham Moor, at which Zn (and a smaller amount of Pb) 
have been mined and smelted between 1790 and 1830 (Raistrick, 1947). It is also close to the 
Grassington Mines, which was an important Pb mining and smelting site (Figure 6b). Cote Gill is 
also south of the major Pb and Zn mining valleys of Wensleydale and Swaledale (not on the map), 
which contained over forty Pb smelting mills, the oldest operating from the late 16th century 
(Raistrick, 1975).  
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ocated considerably north of the Castle How Beck 
eck Fells, in the Newlands Valley and around 

 at some of the larger sites (Figure 6c). Zinc was 
 Threlkeld and Thornthwaite. Lead was principally 
eck areas (Matheson and Jones, 2000). The copper 
tirely on the Skiddaw slates, particularly in the 
ing, 2000). In the southern Lake District the only 
t Coniston. The Coniston copper mines extracted 
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O   = site of Esthwaite Water record (Sanders et al., 1993) 
X   = mines     
O  = smelt mill    = approx. area of catchment 
   = major mining areas  
 
  = site of Blelham Tarn record (Ochsenbein et al., 1983) 
 
Figure 6c. Mine and smelt sites around the Castle How Beck catchment 

he Lake District mines cannot be discounted as a major Pb producer in the past; however, the 
ines are largely in the north, at least 30 km from the Castle How Beck catchment. With the 

ossible exception of Cu, the prevailing winds and upland topography may have limited any 
pact on the site. 

.1.4 Mining-related deposition at Lochnagar and Old Lodge 

 mining-related heavy metal input to Lochnagar and Old Lodge cannot be discounted. The 
nger lake and peat records from Scotland show low-level Pb inputs prior to industrialisation 
igures 3a and 3b). There is a measurable Pb input into Lochnagar from before the 1860 dated 

orizon, possibly 1790 (Figure 3a) and Loch Ness from around 1650 (Figure 3b) that may 
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indicate a long distance input of metals from mining-related sources. However, remote lake and 
eat records also show peak Pb deposition in the 20th century (Figure 3a to 3e). This is also true 
r Zn where records are available (Figure 3a, c & d) and Cu (Figure 3a). This indicates the 

ominance of industrial and vehicular deposition above mining-related inputs in these remote 
atchments. 

.2 Reconstructing trends in mining production: local or ‘UK-wide’ deposition scenarios?  

he five catchments are located at varying distances from mining and smelting areas. One option 
r reconstructing past mining-related deposition at each catchment is to reconstruct a ‘UK-wide’ 

eposition trend based largely on national production trends appropriately scaled to account for 

chments where there are no good local records of mining-related 
deposition.  

 is reasonable because major trends in ore 

ajor influence not limited 
 specific regions. Regional differences are most likely to be important during early mine 

.3 National mining-related deposition trends.  

.3.1 Post-1700 metal production in the UK  

ecords of mining production in the UK have been collated by Schmitz (1979) from government 
ources and publications of international organisations (Figure 7). These data provide a starting 
oint for reconstructing mine-related deposition of Pb, Zn and Cu, documenting trends in 
roduction from 1700 to present. 

p
fo
d
c

  

 
3
 
T
fo
d
distance from mining sources (further details in section 3.3, Figure 7). This may be most 
appropriate for reconstructing the small, mining-related input at the remote catchments. It could 
also be used for the other cat

 
The use of national mining-related production trends
production would have been determined by technological innovation and, to a certain extent, the 
existence of financers to back operations. For example, a period of growth in the first half of the 
18th century was enabled due to the introduction of steam engines into Pb mines (the first 
introduced in 1715) (Burt, 1984). This would quickly have been introduced into mines across the 
country increasing production nationwide. Subsequently many large ore strikes occurred in the 
second half of this century (Raistrick, 1975). Although local differences (i.e. availability of ore) 
will occur, general economic and technological trends will have had a m
to
production. 
 
However, a ‘UK-wide’ trend is not ideal. Deposition will be primarily influenced by the closest 
mine sources, and local differences in production trends do occur: there will have been 
differences in metal production in any given mine as ore deposits are discovered, exploited and 
finally depleted, even if the national economic and technological environment is an important 
influence. Where possible, it is more appropriate to base mining-related deposition trends on 
more local information such as peat core and lake sediment records.  
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wall and Devon. This is thought to be a slight underestimation due to fluctuating 
mount of Cu ores obtained from Wales, the Lake District and elsewhere. Secondly, significant 

has been extracted than Cu and 
7 times more than Zn. This does not include the significant Pb production that occurred before 

ply to a low point 
 1921. There is a secondary peak and decline between first and second world wars, but post 

947 there has been little Pb production in the UK 

ignificant Cu exploitation began in 1726. Production increased gradually until 1816 and then 
ore rapidly to a first peak in 1837. Production then decreased slightly before rising to a larger 

eak in 1856. There followed a rapid decline until 1890 after which there was little Cu mining in 
e UK. The majority of all Cu production occurred in the south-west. 

inc production began comparatively recently. The first recorded production was in 1855, 
owever, there was clearly some production prior to this. Production rapidly increased to peak in 
882 after which there was an equally rapid decline until 1921. There was very little production 

 
igure 7. Lead, copper and zinc production in the UK (Schmitz, 1979).  F

 
There are some important uncertainties in the mine production data that should be considered. 
Firstly, the early part of the Cu record (1726-1818) is derived from data on public sales of Cu and 
Cu ores in Corn
a
production of Pb occurred before 1700 for which there are no good records. In fact, few data on 
Pb production exist until about 1830: those between 1700 and 1770 are estimates based on trade 
in Pb.  
 
Despite the uncertainties, the mine production record clearly highlights the importance of the Pb 
industry in the UK. From 1700, approximately 8 times more Pb 
1
records began. Production peaked between 1854 and 1871 before declining shar
in
1
 
S
m
p
th
 
Z
h
1

 93



  

throughout the 1920s and 30s although there was an increase in Zn production during the Second 
orld War after which levels have remained low to present. 

ational trends in production indicate the dominance of Pb production and the potential 
portance of 19th century pollution from all three metals. However, while mining operations 

sult in large amounts of waste material and dust affecting the immediate vicinity, it is metal 
melting that has the potential to cause regional pollution. No similar records exist for smelting 
utput, and the link between mining production records and metal emissions, though the best 
vailable, is uncertain. 

.3.1 Pre-1700 metal production and deposition 

K wide, mining-related deposition records can be based primarily on the production record 
hown in Figure 7. However, this does not cover the whole period during which Pb has been 
ined in the UK. In fact, globally, Pb has been extracted and smelted for at least 5000 years and 
u for around 6500 years (Patterson, 1971; Settle and Patterson, 1980; Tylecote, 1992).  

re-industrial metal smelting techniques were initially highly inefficient. For example, Hong et 
l. (1996b) estimate that from 2500 BP to AD 1750 Cu emissions were 15% of production for 

ion factor decreases linearly 
om 15% to 1%. It is possible that early metal smelting, though a very small industry in 

levels rise from 1000 AD, with various peaks and troughs 
orresponding to documented changes in Europe, until the 1970s. These trends are corroborated 
y Renberg et al., (1994) who show similar trends for numerous Southern Swedish lakes. 
uropean emissions of Pb at this time were also extensive enough to reach Greenland ice core 
cords (Hong et al., 1994), although were less 1 % of inputs in the 1960s (Boutron et al., 1995).  

W
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P
a
sulphide ores. From AD 1750 to AD 1900 they estimate the emiss
fr
comparison to that in the 19th century, may had a disproportionate polluting effect. It is, therefore, 
important to establish an estimate of early metal pollution. 
 
Early lead pollution 
The earliest significant extraction of Pb in the UK occurred during the Roman period. Pre-
industrial Pb inputs can be clearly identified in Scandinavian lake sediments (Renberg et al., 
1994; Renberg et al., 2002), much of which is likely to have originated in the UK (Figure 8). The 
four lakes sampled from northern Norway show Pb deposition from around 1000 AD (Renberg et 
al., 2002) (Figure 8). Lead 
c
b
E
re
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Figure 8. Varved lake sediment pollution lead concentrations. Pollution lead derived from the proportion of lead 
with a different isotopic ratio than local soils (determined by Pb-isotopes (Renberg et al., 2002)). 

It is probable that there has been a significant pre-1700 contribution to Pb emissions and 
deposition. Brannvall et al. (1999) calculate that 50% of total Pb deposition onto Norway 

ccurred before 1800 AD (from the lake inventories in Figure 8). Renberg et al., (1994) concur 
tating deposition from 600 BC to 1800 AD was at least as large as the cumulative deposition 

 close to extensively mined areas 
e records from Glenshieldaig and North Uist. The oldest samples (15th century) from 

ores from Grassington and Moor House show Pb levels considerably higher than background 
round 100 µg/g). These early inputs are small in comparison to later inputs, but could be 

otentially significant if they extended over a long period. Early inputs to the Featherbed Moss 
ore are lower (around 50 µg Pb g-1), however, similar levels extend back for 2000 years, around 
6% of the total Pb present in this core.   

 

 

o
s
during the industrial period (AD 1800 to present).  
 

Significant early Pb deposition in parts of the UK is also indicated by a number of dated UK peat 
cores (Figure 9). These records are from peat cores collected
except for th
c
(a
p
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Figure 9. Lead concentrations in UK  peat cores (Lee & Tallis, 1973; Livett et al., 1979; Martin et al., 1979; S

993). The Featherbed Moss data is based on the few dated horizons shown in Lee & Tallis (1973) and a 
ugden, 
peak at 

t 
rge enough to be measurable in Greenland ice cores (Hong et al., 1996a). Nriagu (1979, 1996) 

1
1850 as indicated in Livett (1988).  

 

Early copper pollution 
Copper also has a long history of mining and smelting. Like Pb, Roman use of Cu had an impac
la
estimates pre-1850 Cu emissions to be 15% of total global emissions compared to his estimate of 
12 % for Pb. In the UK, it is likely that Cu was mined at Coniston and Alderley edge by the 
Romans (Matheson and Jones, 2000). Enough Cu was mined in the Lake District to justify the 
building of a smelter at Keswick in 1565 (Postlethwaite, 1889).  

 

Despite the evidence of early Cu production, the Grassington record seems to largely agree with 
production records (Figure 7) of an early 18th century take-off point (Figure 10). Grassington is 
not close to any Cu mines, therefore, this might equally represent the start of the general 

dustrial pollution record. At Moor House (Figure 10) pre-industrial inputs are similarly low at in
around 5 µg/g between 1500 and 1730, after which they rise slowly to peak around 30 mg/kg at 
the surface. There is perhaps some indication of pre-1730 increases in the Gordano Valley record, 
however, Cu has fluctuated between 0 and 10 µg/g back to the start of the record around 9000 BP 
so any increase within this range cannot definitely be ascribed to anthropogenic sources.  There 
is, therefore, little evidence of significant Cu deposition prior to the early 18th century. 
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Figure 10. Copper concentration in UK peat cores (Livett et a
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l., 1979; Martin et al., 1979).  

’ have been mined and smelted for much longer. 

e core records from Greenland do not show any evidence of increased zinc deposition until the 
st 250 years (Hong et al., 1997). However, natural background inputs of Zn are high enough to 

nsure anthropogenic inputs of Zn at the same order of magnitude as Pb and Cu would not easily 
e identifiable. 

n production data goes back to 1855 (Schmitz. 1979), although, at 3200 tonnes, Zn production 
ad clearly been in operation before this (Figure 7). In fact, there are records of Zn being 
cognised as valuable and extracted from old Pb slag heaps in the northern Pennines from 1794 
 1831 (ref). Unfortunately the peat records from Grassington, Moor House and the Gordano 
alley cannot provide any information on pre 1700 Zn deposition as they are likely to be 
fluenced by solubilisation and leaching  processes (Figure 11).  

nt degree. 

 
 
 
 
 
 
 
 
 

 

Early zinc pollution 
Recognition of Zn as a smelTable metal occurred relatively recently. Reduction of Zn from 
calamine was first reported in Germany in 1746. However, it is known that Zn was used to make 
brass probably as early as 4000 BP (Darling, 1990). It is also found in association with many Pb 
deposits and must ‘accidentally
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Figure 11 Zinc concentrations in UK peat cores (Livett et al., 1979; Martin et al., 1979) 

 
.3.2 UK-wide lead, copper and zinc deposition histories. 

11 yr running mean, Schmitz, 1979) and are therefore presumably 
ably accurate reflection of trends. Trends between 1700 and 1835 are based on the trade 

s suggested by 

(Figure 9), Scandinavian lake sediment records (Figure 8) and ice core records all 
uggest a remarkably long history of Pb deposition. The general pattern determined from the 
mote paleo-records is of is a slow increase from around 1000 to 1400 followed by a more rapid 

 
 
 
 
 
 

 
 Figure 12. UK mining lead deposition trend based on production records. 
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A suggested national deposition trend for Pb is shown in Figure 12. Trends post-1835 are based 
on the UK production data (an 
a reason
records of Schmitz (1979) - the line is a best fit through the wide scatter of point
the trade records (Figure 7). There are no records between 1000 and 1700. However, peat cores 
from the UK 
s
re
increase until the 19th century. 
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Although Cu mining was in operation before 1726 (the date Cu production is first recorded 
(Schmitz, 1979) it is likely that outputs before 1726 were small scale. A nationally applicable 

  

 to naturally 

ure 14).  
a

zinc deposition trend based on production records (using an 11 year running mean). 

deposition profile may be based entirely on the production records, as below (Figure 13).
Production records, based on a reconstruction of Pb and Cu records in Figures 12 and 13 
indicates UK Cu extraction may have been only 8% of Pb production which would account for 
the lack of evidence of early Cu deposition in remote lake sediments in addition
higher background levels. 

 
Figure 13. UK mining copper deposition trend based on production records (using an 11 year running mean). 

Zinc production records extend back to 1855, however, the first part of the record appears to be 
missing (Figure 7). An exponential increase from 1800 to 1855 is suggested  (Fig
N tionally, Zn production is only 4.5% of the Pb production.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 14. UK mining 
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3.4 Catchment-specific deposition scenarios. 

he above depos a igures 12 to ) can be used ti  the small, but 
ut fr rly m  to the atchme re rem m g and smelting. 

 also be l for the remaining catchm there o usable local records of 
on. 

u loca rds of m tal deposition, however, these should be used. There 
 re al rec of emissions, de ine production. Thus the potential 

 reconstruct catchment-specific deposition sc ll de d on e availability and 
liability of local peat and lake sediment records. 

.4.1 The validity of using peat cores and lake sediment records to reconstruct deposition 

ingle sample may cover decades or more of 
eposition. Lake sediment records, though often higher resolution, may be difficult to interpret 

uts remain constant, which is likely not to be true as soil metal stores accumulate.  

 final consideration is that, by using local palaeo-environmental records, reconstruction of past 
ly on a small number of sources. This will be peat cores from Grassington (8 km 

om Cote Gill) and Featherbed Moss (8 km from Etherow) (Figures 9 to 11) and lake sediment 
cords from Blelham and Esthwaite Tarn (both about 14 km from Castle How Beck) (Figures 15 

it confidence in the resulting deposition scenarios, but is the best that can 
urrently be achieved with the available information. 

3.4.2 Trends in lead deposition onto the Cote Gill, Etherow and Castle How Beck catchments  
 

The peat core from Featherbed Moss, close to the Etherow catchment shows increased lead inputs 
from around 1400 (Figure 9). The early Pb input plausibly reflects the impact of pre-17th century 

oint due 
to the low sampling resolution, but occurs in the 19  century, corresponding reasonably well with 
the national Pb mine production peak of 1870 (Schmitz, 1979).  
 

Peak Pb deposition in the peat core from Grassington, close to the Cote Gill catchment, occurs 
around 1870 before declining to present (which matches closely the national production peak) 
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3
 
Various authors have questioned the stability of heavy metals under the acid conditions in peat 
(Jones & Hao, 1993).  Mobility of metals including Zn and Cd that are not strongly sorbed by 
organic matter is likely. Whether there will be any mobilisation of metals that are strongly sorbed 
by organic matter has not been fully resolved in the literature.  The potential for Zn mobility 
means that reconstructing the history of Zn deposition must rely on national production records. 
 
A further consideration is the accuracy of dating techniques and the low resolution of peat 
records. Livett et al. (1979) found peat accumulation at a number of sites in the UK to vary 

etween 0 and 18 cm per century, which means a sb
d
due to the complicating influence of heavy metals from the catchment as well as directly from the 
atmosphere. Catchment inputs can be estimated by normalising the record to concentrations in the 
oldest sediments, assuming that this represents background concentrations. This enables an 
estimated atmospheric concentration (or flux) to be determined. However, it does assume 
catchment inp
 

A
deposition will re
fr
re
and 16). This does lim
c
 

smelting on the nearby Gritstone Edges.  Peak deposition in this core is difficult to pinp
th
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(Figures 7 & 9). This is slightly later than the decline in mine production at Grassington (Table 3) 
which declined rapidly from 1851. However, smelting continued at Grassington from 1605 to 
1882 (Gill, 1993) and smelting is likely to have the bigger effect on deposition.  
 

Table 3. Grassington: Ore production (Burt, 1984) 
Date Production (tonnes) 
1851 2200  
1861 1000  
1871 200  
1881 0  

 
The Esthwaite Water sediment record indicates that the highest Pb inputs occurred around 1940 
(Figure 15, Sanders et al., 1993). This record does not indicate any significant 19th century inputs. 
There is, however, some evidence of a relatively small, early Pb input to the more slowly 
accumulating Blelham Tarn sediments (Figure 16, Ochsenbein et al., 1983). A significant flux of 

b occurs from 1600 (and may extend even further back as it has been assumed the fairly 
onstant input prior to 1600 (average of 47.5 µg/g) is the natural background input. There is also 

s peak. This 
may be related to Pb mining in this sediment core. 
 
The most significant mining in the Lake District occurred in the north of this region. The distance 
from these mines to the Castle How Beck catchment (and the lake sediment records) in the south 
Lakes, suggests no major input of metals can be expected. A small mining-related input is 
however, plausible, as some of the Lake District mines were very productive. For example, 
Greenside mine, Helvellyn, is thought to have produced in the order of 2,400,000 tons of Pb ore 
(Matheson and Jones, 2000).  
 
 
 
 
 
 
 

P
c
a peak in Pb inputs around the mid 19th century, about 20% of the size of the 1970

 
 
 
 
 
 
Figure 15 Copper  and lead profiles from Esthwaite Water (Sanders et al., 1993) 
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igure 16. Estimated anthropogenic flux of metals in coF
n

re from Blelham Tarn (data from Ochsenbein et al., 1983 

). 
th th

om general 
dustrial sources. The high late 18th and early 19th century Cu levels suggests the impact of Cu 
ining and smelting needs to be accounted for.  

ormalised to pre-1600 sediments).  

  

3.4.3 Trends in copper deposition onto the Cote Gill, Etherow and Castle How Beck 
catchments  

 

opper profiles from Grassington and Moorhouse peat cores show some similarity (Figure 10C
Both show increased inputs from the early 18  century to a peak in the mid 19  century. There is 
then a decline in in both cores at about the point where employment figures indicate a major 
decline in Cu mining (from 1861, Burt, 1984: Figure 10 & 17). Levels then rise in the 20th 
century presumably due to ‘general’ industrial Cu inputs. Neither Grassington nor Moorhouse are 
close to significant Cu mining areas. It is therefore likely that Cu concentrations in the peat cores 
are related to long distance Cu emissions, first from mining and smelting and later fr
in
m
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Unfortunately Cu profiles have not been published for the peatcore from Featherbed Moss, 
erefore, the extent of Cu deposition at the Etherow cannot be determined. 

Conversely, there is little evidence of any significant mining-related Cu input to Esthwaite or 
Blelham Tarns. Despite the proximity of the Coniston Copper mines. In Esthwaite Tarn, Cu 
concentrations peak around 1950 with lower concentrations before about 1880 (around 35 µg/g) 
(Figure 15). This does not correspond to the metal production history of the Coniston mines 
which peaks in 1856 and was in decline by 1860 (Fleming, 2000). The anthropogenic flux of Cu 
to Blelham Tarn increases from the mid to late 19th century (around 25 cm) again indicating no 
correspondence to the production record at the Coniston Copper mines (Figure 16).  
 

3.4.4 Trends in zinc deposition onto the Cote Gill, Etherow and Castle How Beck catchments  
 
Although the peat records are not suiTable for reconstructing Zn deposition, Zn mining and 
smelting on the nearby Malham Moor is likely to have had an impact on the Cote Gill catchment. 
Whether any impact from Zn mining in the Wharfedale and Swaledale valleys to the north of 
Cote Gill is possible, or similarly, whether Zn mining in the White Peak could have reached the 
Etherow is unresolved. 
 
National production records may be the best option for reconstructing trends in mining-related 
deposition of zinc. The problem with using national production trends is that zinc production was 
concentrated in Wales, Cornwall and the Isle of Man (Table 4) and the amount produced in the 
Peak District and Yorkshire is relatively small. Although Cumberland will have included the 
Lake District, the relatively large amount of extraction will have been predominantly from the 
Northern Pennine mines.   
A significant input of Zn to the Etherow and Castle How Beck catchments seems unlikely. It is 
possible that there has been a significant impact on Cote Gill from the Malham Moor mines; 
however, all that is known about these is that they were in operation between 1790 and 1830 
(Raistrick, 1947).  
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Table 4. Zinc production in 1881 (Burt, 1984) 

 Zn ore eMetal   Zn or  Metal 
 (tonnes) ) 

Denbighshire 5602   Cornwall 3507 

(tons) 

2531

  (tons

7792 

(tons) 

Flintshire 4233 1863  Isle of Man  3480 
Cardiganshire 345  mberland 71 
A 230  96 
M 41 23 61 
C 92  Derbyshire 
   15 

7567
173 1544  Cu 284 

107 nglesea 5 632  Shropshire 1
ontgomeryshire 1

7
4 
 

610 
291 

 Scotland 3
40 16 arnarvonshire 

  Yorkshire 35

 
3 position n e and Castle How Beck catchments 
 

Peat and lake sedim re  close to the catchments are used to describe trends in 
deposition until the late 19 t ake lect 
the significant contribution from ‘general’ as well as ‘mining-related’ so e latter part 
of the record, therefore, a history based on the production records is more appropriate. This is 
reasonable as the reduction in  at least partly due to the 
d as  d str and resulting cheap imports 
( ). Fur m a ing  decline in Pb production and 
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Figure 18a Suggested lead deposition trends for the Etherow based on peat core and production 
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post peak production d uc coecline from prod tion re rds

trend from Grassington peat core

1000 1200 1400 1600 1800 2000

 
Figure 18b Suggested lead deposition trends for Cote Gill based on peat core and production records 

post peak production decline from production records

trend from Blelham Tarn core

1600 1650 1700 1750 1800 1850 1900 1950 2000

Figure 18c Suggested lead deposition trends for Castle How Beck based on lake sediment and production records 

 

3.4.6 Copper deposition scenarios for the Castle How Beck, Cote Gill and Etherow catchments 

e Esthwaite Water and Blelham Tarn records do not 
how any significant increases before the mid to late 19th century. It must, therefore, be assumed 
at the topography may have prevented emissions reaching Castle How Beck.  

here is no major source of Cu mining close to either the Etherow or Cote Gill. Despite the peat 
19th century, it was decided that national 

eposition profiles should be used for these catchments due to concerns over the accuracy of 

 

Mining is a possible source of Cu to the Castle How Beck. It is close to the Coniston Copper 
mines, a major source of Cu. However, th
s
th
 

T
core records, which show Cu peaks in the late 
d
there records, given the lack of Cu emission sources identified.  
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3.4.7 Zinc deposition onto the Cote Gill, Etherow and Castle How Beck catchments 

 
3.5 Conclusions on the estimated trends in mining-related deposition 
 
Lead has been the only metal for which there is sufficient, locally-relevant data from which to 
reconstruct catchment-specific deposition scenarios. Lake sediment and peat records have been 
used to reconstruct catchment specific deposition histories for the period up to peak mining 
activity in the late 19th century. National production trends (Schmitz, 1979) have been used after 
this point due to the complicating inputs from general sources such as vehicular emissions and 
power stations.  
 
These records reveal significant local differences in Pb deposition, justifying the use of local 
sources of deposition data.  In particular, Pb smelting on the Gritstone Edges of the Dark Peak 
has led to a much greater pre-industrial (1400-1700) input of Pb to the Etherow catchment than to 
the other catchments. A significant drawback, however, of using these peat and lake sediment 
records is that the accuracy of the deposition scenarios becomes very dependent on the reliability 
and representitiveness of one or two sources.  
 
For Cu and Zn, despite acknowledging that there will be local differences in deposition from 

ining and smelting, there is little local information on which to base deposition scenarios. Zn 
obility in peat and lake sediments makes them potentially unreliable. For Cu, the peat record at 

 Cote Gill, but there is no 
row. There is no evidence of any significant mining-related input 

f Cu in the Lake District lake sediment records. The national production trends of Schmitz (1979) 
ining-related deposition of these metals.   

e scarcity of suiTable data means that the accuracy and precision of the mining-related 
eposition scenarios is considerably less than that of the general deposition scenarios. 

 

Unfortunately, not enough is known about Zn mining and close to these catchments to reconstruct 
a useful deposition history. Neither are peat and lake sediment records of Zn reliable. A lack of 
information on Zn mining means that, where the Zn mining history is thought important, it must 
be based on the national trends as in Figure 17. 
 

m
m
Grassington could possibly be used to reconstruct deposition at
equivalent available at the Ethe
o
remain the primary resource for reconstructing past m
 
It is assumed that there is no mining-related deposition of Ni and Cd as these metals have not 
been mined in any significant quantity. However, there is some, unquantified potential for some 
pollution, particularly for Cd which does exist in association with some Pb and Zn ores. In 
general, th
d
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4. Reconstructing actual deposition rates for the five catchments 

Table 5 
lists monitored and estimated (from peat and lake sediment records) rates of deposition at the late 
19th century mining maximum, the 1960s/1970s general deposition maximum and current 
deposition. Accurate deposition data from the early 1970s to present is available from the 
NETCEN monitoring station data, but these sites are not close to the catchments.  Peak mining-
related deposition is best estimated from the flux to peat cores from Yorkshire and the Peak 
District (Livett, 1988) and cores from Blelham Tarn (Ochsenbein et al., 1983) (Table 5).  

 

In addition, recent rates of metal deposition have been monitored as part of the current project at 
the 5 catchments (between 2002-2003) at all catchments and between 1999 and 2003 at 
Lochnagar (data from Yang and Rose) (Table 6). 
  

 
4.1. Determining relative importance of mining and general deposition at each catchment 

 

Mining and general deposition scenarios for each catchment can be combined to produce an 
overall deposition history. To do this, and to establish absolute rates of deposition from these, 
largely, relative records, deposition at some points on the trend profiles must be known. 
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Table 5 Deposition rates estimated from peat cores and anthropogenic input to lake sediments 

 

 Deposition 
at mining 
peak 

Deposition at 
industrial peak 

Industri
al peak 
as % of 
mining 
peak 

Deposition 
at present 

  µg cm-2 yr-- µg cm-2 yr--1 µg cm-2 yr--1

Grassington1  Pb 3.6 (1870) 1.3   (approx. 1970) 36.1
Featherbed Moss1 Pb 4.8 (1850) 3.5   (approx. 1970) 72.9
Ringinglow Bog 
(nr Sheffield)1 Pb 6.5 (1930) 3.9   (approx (1970) 60.0  
Buxton1 Pb 3.0 (1880) 2.2   (approx. 1970) 73.3
Glenshieldaig1 Pb  0.15 (approx. 1970)
North Uist2 Pb 0.2 (1880) 0.46 (1952-75)
Loch Ness3 Pb 0.4 (1860) 1.0   (approx. 1950) 0.65 (1990) 
Fladdabister1 Pb  0.63 (approx. 1970)
Loch Lomond4 Pb 4.0 (1860) 4.5 (1950-60) 110
Blelham Tarn 5 Pb 0.7 (1871) 3.4 (1974) 476.3
Wraymires6 Pb  2.9   (1972) 0.37 (1994-
Styrrup6 Pb  3.8   (1972) 0.26 (1995-
Chilton6 Pb   2.8   (1972)
   
Featherbed Moss1 Cu 0.9 (1890) 0.8   (approx. 1970) 88.9
Buxton1 Cu 0.5 (1880) 0.4   (approx. 1970) 80.0
Grassington1 Cu 0.23 (1850) 0.25 (approx. 1970) 90.0
Glenshieldaig1 Cu  0.0   (approx. 1970)
Fladdabister1 Cu  0.18 (approx. 1970)
Blelham Tarn 5 Cu  0.66 (1974 not peak)
Wraymires6 Cu  1.7   (1972) 1.48 (1994-
Styrrup6 Cu  2      (1972) 0.48 (1994-
Chilton6 Cu  0.8   (1972)
   
Grassington1 Zn 0.9 (1890) 0.42 (approx. 1970) 88.9
Featherbed Moss1 Zn  1.7   (approx. 1970)
Ringinglow Bog1 Zn 7.3 (1940) 4.4   (approx. 1970) 60.3
Buxton1 Zn 0.9 (1880) 0.4   (approx. 1970) 44.4
Fladdabister1 Zn 1.8 (1910) 0.9 (approx. 1970)
Blelham Tarn5 Zn  8.4 (1974)
Wraymires6 Zn  6.4   (1972) 1.83 (1994-
Styrrup6 Zn  18    (1972) 2.32 (1994-
Chilton6 Zn  3.8   (1972)   
   
Blelham Tarn5 Ni  0.22 (1974)
Styrrup6 Ni  0.39 (1972)
Chilton6 Ni  0.29 (1972)
   
Blelham Tarn5 Cd  0.08 (1974)

 
1 Livett (1988) The date of 1970 is an estimate based on the date of publication of the original sources as date of 

 Eades et al. (2002) 
4 Farmer et al. (1997) 

 
 
 

core collection is not mentioned in Livett (1988) 
2 Sugden (1993) 
3

5 Ochsenbein et al. (1983) 
6  Baker (1999) soluble metal deposition. 
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Table 6. Bulk deposition of heavy metals (µg cm-2 a-1). 

Site dates Ni Cu Zn Cd Pb 
Castle How Beck 2002-2003 0.06 0.07 0.70 0.005 0.20 
Old Lodge 2002-2003 0.02 0.04 0.34 0.003 0.08 
River Etherow 2002-2003 0.06 0.11 0.76 0.006 0.30 
Cote Gill 2002-2003 0.07 0.08 0.76 0.005 0.19 
Lochnagar1 1999-2003 0.02 0.03 0.47 0.003 0.10 

1 data of Yang and Rose. 

 

The NETCEN monitored Pb deposition in 1972 for Styrrup (just east of Sheffield) of 3.8 µg cm-2 
yr-1 is very similar to that estimated in the early 1970s from the Featherbed Moss peat core of 3.5 
µg cm-2 yr-1, and Ringinglow Bog (just west of Sheffield) of 3.9 µg cm-2 yr-1. This gives us 
confidence to the accuracy of the peat bog Pb deposition inventories. The Cu deposition at 
Styrrup in 1972 (2 µg cm-2 yr-1) is twice that estimated from Featherbed Moss (0.8 µg cm-2 yr-1) 
however, Zn estimates from the peat cores for 1970 (Featherbed Moss 1.7 µg cm-2 yr-1 and 
Ringinglow Bog 4.4 µg cm-2 yr-1) are less than a quarter of the Styrrup deposition estimate (18 
µg cm-2 yr-1) probably reflecting the mobility of Zn in the peat profile and further indicating that 

e NETCEN monitored Pb deposition in 1972 at Wraymires is reasonably close to that 

 

proportions of each contributing to Pb and Cu deposition at Cote Gill and Etherow. 
This can only be an approximate estimate as: i) the estimate must be based on data from only one 
peat core; ii) the peat cores are close to, but not from the catchments of interest; iii) although 
there can, perhaps be some confidence in the Pb record, Cu is less certain and this will not be 
possible for Zn. Nevertheless, this is currently the best option available for estimating past 
deposition. 
 

Actual rates of deposition are determined by scaling the deposition trends to currently monitored 
rates of deposition at the five catchments.   
 
 
4.2 Lead deposition scenarios 
 

4.2.1 Lead deposition onto the Etherow catchment 
 

Lead deposition in the 1970s, as measured by the Peak District peat cores is between 60 and 73% 
of peak mining deposition (Featherbed Moss (73%), Ringinglow Bog and Buxton). Deposition of 
0.30 µg cm-2 a-1 has been measured at the Etherow catchment in 2002 to 2003.  

Zn records in peat cannot be relied on. 
 

Th
estimated from the Blelham Tarn sediments in 1974 (2.9 µg cm-2 yr-1 in comparison to 3.4 µg cm-

2 yr-1). However, Cu concentrations measured at Wraymires are considerably higher than the flux 
to the tarn sediments. Zinc flux to the sediments at Blelham Tarn, despite concerns over post-
deposition mobilisation, is only slightly higher than the deposition flux measured at Wraymires 
(8.4 µg cm-2 yr-1 in comparison to 6.4 µg cm-2 yr-1) 

The relative concentration at peak mining and peak industrial deposition can be used to estimate 
the relative 
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Using the general deposition trends and the m
1

ining trends for the Etherow catchment (Figures 7, 
8a) and scaling to the 2002/3 deposition (Table 6), an estimate for historical Pb deposition can 
e obtained (Figure 19a). The combined deposition estimate highlights the importance of 

ndustrial and vehicular 
minor  importance in 

omparison to the mining-related input. 

b
historical smelting in this area. Although the input of Pb from ‘general,’ i
sources of pollution is higher than in the other catchments, it is of 
c
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te for historical lead deposition onto the Etherow catchment.  

.2.2 Lead deposition onto the Cote Gill catchment 

e obtained (Figure 19b). Mining-related Pb inputs are relatively large to this catchment. 

 
 
Figure 19a. Estima

 

4
 

Lead deposition in the 1970s, as measured in the Grassington peat core is 36% of peak mining 
deposition. Deposition of 0.19 µg cm-2 a-1 has been measured at the Cote Gill catchment in 2002 
to 2003.  

 

Using the general deposition trends and the mining trends for the Cote Gill catchment (Figures 7, 
8b) and scaling to the 2002/3 deposition (Table 6), an estimate for historical Pb deposition can 1

b
Athough this is likely, as it is a very rural catchment, but close to historical mined areas, it should 
be noted that the Grassington peat core is nearer Pb mines than the Cote Gill catchment so there 
is a possibility that the mining peak may be overestimated. 
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Figure 19b Estimate for historical lead deposition at Cote Gill.  

 

4.2.3 Lead deposition at the
 

 Castle How Beck,  

he Blelham profile suggests a minor mining-related Pb input, only 21% of the 1970s peak input 

he general deposition trends and mining-

003 deposition, an estimate for historical Pb deposition has been obtained (Figure 19c).  

T
(based on comparitive flux at 1880 and 1970, although the changing sedimentation rates and few 
dated horizons mean this is uncertain). Deposition of 0.20 µg cm-2 a-1 has been measured at the 
Castle How Beck catchment in 2002 to 2003. Using t

ent (Figures 7 and 18c) and scaling to the 2002 to related trends for the Castle How Beck catchm
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Figure 19c. Estimate for historical lead deposition estimated at Castle-How Beck.  
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4.2.4 Lead deposition at Lochnagar and Old Lodge. 

arly inputs to remote lakes and peat bogs indicate some mining input is likely to these 
atchments. The flux of Pb to sediments in Loch Ness and a peat core from North Uist suggest 
at inputs in the late 19th century were around 40% of peak inputs in the late 20th century. This 

alue seems high, especially in comparison to the estimate for the Lake District (although some 
 general deposition). However, it is the best available information on which to 

etermine the relative mining and general contributions for Lochnagar and Old Lodge.  

eposition of 0.10 µg cm-2 a-1 has been measured at the Lochnagar catchment in 2002 to 2003 
nd 0.08 µg cm-2 a-1 at the Old Lodge catchment. Using the mining and general deposition trends 
etermined (Figures 7 & 12) and scaling to the 2002 to 2003 deposition, an estimate for historical 
b deposition at these catchments can be obtained (Figures 19d & e).  
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 Figure 19d. Lead deposition at the Old Lodge catchment.  
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Figure 19e. Lead deposition at the Lochnagar catchment.  

 

 
4.3 Copper deposition scenarios 

 
4.3.1 Copper deposition at Cote Gill and the Etherow catchments 

 

Reconstructing Cu deposition in the Cote Gill and Etherow catchments is problematic. The peat 
profile data suggests a mining-related input comparable with the levels in the 1970s. However, 
the lack of Cu mines in the vicinity of either catchments casts doubt on the peat profile data. If 
the peat core data is considered reliable, deposition profiles may be estimated as in Figure 20a 
and b.  

 

Copper deposition in the 1970s, as measured in the Featherbed Moss core is 89% of peak mining 
deposition. In the Grassington peat core 1970s Cu deposition is 90% of  of peak mining 
deposition. Deposition of 0.11 µg cm-2 a-1 has been measured at the Etherow catchment and 0.08 

g cm-2 a-1 at the Cote Gill catchment in 2002 to 2003.  µ

 

Using the mining and general deposition trends (Figures 7 and 13) and scaling to the 2002 to 
2003 deposition, estimates for historical Pb deposition have been obtained (Figures 20a & b). 
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Figure 20a. Estimate for historical copper deposition at the Etherow catchment, assuming the Cu profiles in nearby 
peat cores can be used to estimate the mining-related input.  
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If t eat
suggests th
estimates may be based on the general deposition profile (Figure 7). Scaling this to the 2002 to 

n gives the following deposition scenarios (Figurew 21a & b). There is 
onsiderable difference between Figures 20a & b and Figures 21a & b. 

re 20 Copper deposition at the Cote Gill catchment assuming the Cu profiles in nearby peat cores can be used 
e mining-related input.  

he p  record is considered unreliable (and there is nothing apart from the peat cores that 
ere should be high historical Cu deposition at these catchments) Cu deposition 

2003 depositio
c
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Figure 21a. Estimate for historical copper deposition at the Etherow catchment, assuming no significant mining-
related input 
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Figure 21b. Estimate for historical copper deposition at the Cote Gill catchment, assuming no significant mining 

There is no evidence of a mining-related Cu input to the Castle How Beck catchment from the 
nearby Blelham Tarn record, in fact Cu concentrations do not appear to increase above 
background until the late 19th century (Figure 16).  Neither is there likely to have been a 

related input 

 

 

4.3.2 Copper deposition at Castle How Beck, Old Lodge and Lochnagar 

 

 115



  

significant mining-related Cu input to the Old Lodge and Lochnagar catchments. Copper 
deposition estimates may, therefore, be based on the general deposition profile. Scaling this to the 
2002 to 2003 deposition gives the following deposition scenarios (Figure 22).  
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Figure 22. Estimated historical copper deposition onto the Castle How Beck, Lochnagar and Old Lodge catchments.  
 

le reliable data on which to base Zn deposition histories. It is fairly certain that the 
Cote Gill catchment will have been influenced by deposition from local mining and smelting. It is 

eak 
District. It is, however, unlikely that the other catchments have been affected by any mining-

to the Cote Gill catchment. 

ent is problematic. There has almost 
eans by 

For the remaining catchments it can be assumed that the mining-related zinc input has been small 

exploitation in the UK in comparison to the Pb exploitation). 

 
4.4 Zinc deposition scenarios 

 
There is litt

also possible that the Etherow has been influenced to a small degree by Zn mining in the P

related inputs.  

 

4.4.1 Zinc deposition on

 

Reconstructing zinc deposition onto the Cote Gill catchm
certainly been a significant input of Zn from mining, however, we currently have no m
which to estimate this input. Analysis of herbarium moss samples from this region may provide 
an estimate for historical deposition.  

 

4.4.2 Zinc deposition onto the Etherow, Castle How Beck, Lochnagar and Old Lodge catchments. 
 

in comparison to general sources of deposition (given the lack of close Zn mines or smelters and 
the relatively small amount of Zn 
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Zinc deposition estimates may, therefore, be based on the general deposition profile (Figure 7). 
Scaling this to the 2002 to 2003 deposition gives the following deposition scenarios (Figure 23).  
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Figure 23. Estimated historical zinc deposition onto the Etherow, Castle How Beck, Lochnagar and Old Lodge 

s 
can be approximated from the general deposition records in Figure 7 scaled to the 2000 to 2003 

 

catchments.  
 
 
4.5 Cadmium and Nickel 

 
Cadmium and Ni have not been mined in the UK, and therefore historical deposition scenario

deposition in the five catchments (Figures 24 and 25).  
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Figure 24. Estimated historical cadmium deposition onto the Etherow, Cote Gill, Castle How Beck, Lochnagar and 
Old Lodge catchments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 25. Estimated historical nickel deposition onto the Etherow, Cote Gill, Castle How Beck, Lochnagar and Old 
Lodge catchments.  
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5. Conclusions. 
 

he UK has a long history of metal extraction and production and a relatively long history (in 
s) of general indus sion of heavy metal emission 

ources into ‘mining and smelting’ and ‘general’ s e 
ccounted for.  

 deposition scenarios 

or the Cote Gill and Etherow 
se and downwind of mining and smelting sites. Peat core records 

therow and Cote Gill catchments indicate that deposition from mining and 

atchment. 

stant from mining 
to h e y unaffected, ,  and lake sediment records from 
eas  d re small long-

i ns. Lead flu
(from Loch Ness and t deposition eak (around 1880) is 

el n opper to the five catchments are uncertain. Peat cores 
o the  hments suggest an input comparable to that in the 1970s. 

However, the reliability of this record is questionable. Mining-related copper inputs to the other 
catchments are unlike t.  

-related input ly to en o many Zn 
n the i l  n  estimate rates 

tion. Mining-related inputs of zinc to the o ered likely to be 
e. 

 

T
global term trial and vehicular pollution. The divi

ources allows regional differences in each to bs
a
 
5.1. Mining-related
 
It has been possible to estimate UK wide trends in the deposition of Pb, Cu and Zn from mine 
production records (Schmitz, 1979). There are two key uncertainties with these trends: i) how 
mine production relates to emissions and deposition, as smelting will presumably have a much 
greater impact on deposition; and ii) the accuracy of the early part of the production record. The 
early part of the record is particularly important for Pb as the lake sediment records indicate early 
Pb deposition could be highly significant. Production from 1000 to 1700 is, therefore, estimated 
from general trends indicated in peat and lake sediment records. Pb production from 1700 to 1838 
is estimated from the trade records. On this basis, Pb emissions from mining-related activity are 
shown to have been particularly significant in the UK: Pb production has been 12 times greater 
than Cu and 22 times greater than Zn production. Nickel and Cd have not been mined to any 
significant extent in the UK. 
 
The long and intensive history of Pb production means that it has been most important to 
reconstruct mining-related deposition for this metal, and especially f
catchments, areas that are clo
from close to the E
smelting has been more important that other industrial and vehicular deposition. Lead deposition 
fluxes determined from these peat cores (Livett, 1988) have been used to estimate the relative 
contributions of mining-related and ‘general’ deposition onto these catchments. Lake sediment 
records from Blelham Tarn in the southern Lake District have shown that mining-related inputs 
of pb are less important in this area, and have provided useful estimates of trends in Pb deposition 
onto the Castle How Beck c
 
It is likely that the Lochnagar and Old Lodge catchments are sufficiently di
sources ave be n largel however the peat
remote ar
distance effect of m
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ning-related emissio
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Despite the general lack of data for many of the catch atchments that 
are most likely to have been affected by mining-re te Gill and 
Etherow) are the ones for which the deposition record

5.2. General deposit
 

 from ve neral indus l structed from a 
on -1 ates, post-1 ote lake and 

dime is tim 6). Post 1972 
deposition monitoring at sites in South Yor Cu East demonstrate clear 
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The “take-of  position is  at 1800, the 
mid point between 1750 (the estimated start of the industrial revolution) and 1850 (the start of the 
SCP record). Another uncertainty is the shape of the increase in metal deposition up to the 1970 

slow s ntil he id increase 
e e SCP record (Rose ission 

N u, 19 ly e n t ake sediment Pb 
 the globa s s a ound 1850. 
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ii) Determini ounts of deposition at each catchment (for example, 

determining how m at Castle How Beck as compared to 
nt mining-related Cu input 

to this catchment). 

). 
iv) Determining the importance of early (1850 to 1900) deposition onto the Lochnagar 

and Old Lodge catchment could indicate whether there is any mining-related input to 
these catchments. 
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 ANNEXE 8. HERBARIUM MOSS SAMPLE  RECORDS OF HISTORICAL 
METAL DEPOSITION 

 
L.Shotbolt, P.Büker, M.R.Ashmore. 

 
 
1. Introduction 
 
A ctive f the ject is he d t and testing of dynamic models of heavy 
m l acc a on in s and . hes odels  to interpret the current metal burden in 
soils and lake sediments, and to forecast the effects of changes in future emissions on soil and 
water me n entrat . They a ed o e rur tchments in the UK: Lochnagar, north-
e cot C te Gi  the Y i  Da stle How Beck in the Lake District; the River 
Etherow, Peak District; and Old e n the th-e  England. An important input to these 
m els i t eavy al de o  To onstruct past heavy metal deposition we have 
carried out an extens literat e ew  dev  deposition scenarios based on the 
available data (instrum l rec h toric  recor d environmental records such as peat 

ogs and lake sediments – see Annexe 7). However, few records exist and there are major 
ncertainties associated with the deposition scenarios. To improve these scenarios and provide 

d metal content in herbarium 
oss samples collected over the last 150 years in the vicinity of the 5 study catchments. This 

.1 Background   

here have been few retrospective studies of heavy metal concentration in mosses. Most are 
sted in Table 1. In the UK there have been only two such studies: Farmer et al. (2002) 
vestigated trends in Pb isotope deposition in Scotland, and Lee and Tallis (1973) compared Pb 

etal concentrations in surface peats in historically 
m ned regions of the UK.  
 
Table 1. H dies of te poral changes i tmospheric heavy metal deposition 

A Metals thod tion inding

 key obje  o current pro  t evelopmen
eta umul ti soil waters  T e m  aim

tal co c ions  are b s n fiv al ca
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Lodg  i  sou ast of
od s pas h met positi n.  rec

dive ure r
 

vi an
l

eloped
 anenta ords, is a ds

b
u
temporal records of historical metal deposition we have analyse
m
report presents the results of the herbarium moss sample analysis.   
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concentrations in herbarium samples to m
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erbarium based stu m n a
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Farmer, et 
a

Pb, Pb 
isotope
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 sam from RB 
rden u 1 
amp d,
ed a ested in 
O3. ICP-MS 

an resen soto ults which 
ompa ironmental 
cords bog ake 

ediments). 1830 0. 

l. (2002) 
188 ples 
Ga , Edinb rgh. 0.
g s les use  dry 
ash
HN

nd dig

Scotl d P ts Pb i pe res
c re well to other env
re  (peat s and l
s to 200

J
a
ohansson 
nd 
asmussen 

Pb, V, 
Zn, Cd, 
Cr, Cu, 

rogo gra
collected from a single 
tree between 1944 and 

analysis. 1 g digested 

nd
Denmark 

nly Pb d Zn ed significant 
and linear increase.  

Pte nium cile Jutla , O , V an  show

R
(1977) Fe, Mn, 

Ni. 
1976 in Jutland. Un- 
washed prior to 

in 40 ml 50% HNO3. 
Hallingback 
(1992) 

 Comparison of species 
found today with 
her

Skane, 
Sweden 

Decline in at least seven species 
including Hy.sp, suggests air pollution 

barium species is the cause.  
Herp
Markert et 
al. ( ) 

d digested (400 µg) 
with 5 ml HNO3. 

of 7) are compared to similar 
locations and species in 1991. As and 

in, As, Cd, 
Cr, Cu, 

28 herbarium samples, 
all compared to 1991 

Germany (Samples from 1845-1974, 1991). 
Divided into 4 periods. Lowest 

1997 Pb, Ni, 
V, Zn 

levels. Not washed, 
dried at 40oC, ground 
an

concentrations between 1845 to 
1901. Metal concentrations (median 
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Pb herbarium samples are higher 
than 1991. Cd and Zn generally 
higher. Ni and V however, are higher 
in 1991. Cr and Cu are less uniform.   

Lee and 
allis (1973) 

Pb H. cu. Compared 
herbarium samples to 

1850 to 
1900 at 6 

Some very hig
contemporaryT

contemporary (19
1973) samples, cl

72-
os

original si ash
efore an

UK sites. 

h historical and 
 moss concentrations. 

No significant temporal changes 
except T here dro
respon tion o om 

µ -1.

e to 
ed tes. W

b alysis. 

eesdale w
se to cessa

pped in 
f industry fr

> 215 gg-1 to 71 µgg   
Penuelas 
and Filella 
(

V, Cr, 
Ba, Sr, 

3 bryophytes 
throughout 20th cen

oxy tracer of oil pol
entially increased in latter 20th 

ntury als s
ase in 995. 

2002) Al, Fe, 
Pb, Cd, 
Ti 

tury 
North 
and 

V (pr
expon

Eastern 
Spain.  

ce
decre

lution) 

. Other met
1985-1

how recent 

Pott and 
T
(

m 
er ed 
wa rie

igested in HNO

ect ree p
, 1 1993

ea etal  
urpin 

1996) 

Pb, Cd, Isotheciu
Cr, Ni, 
Zn, Mn 

stolonif
g. Not 

um. Us
shed, d

0.1 
d 

. 

Valley, 
Canada 

1966
decr

and d  3

Fraser Coll ed during th eriods: 1960-
975-1980, 
se in most m

. Significant 
s except Mn.

(Rasmussen 
(1977) Cr, Cs, 

Fe, K, 
Mg, 
Mn, Na, 
Ni, Pb 
V, Zn. 

species
from the same trees
Jutland in 1951, 1973, 
1975. Pools results of 5 
species to get mean for 
each year. 

rk 
 Cu, nd 

betwee and 1975. Short term 
variation may obscure long term 
trends in concentration under some 
circumstances. 

Ca, Cd, 5  collected 
 in 

Jutland, 
Denma

Cr,  Fe, Ni, Pb, a
n 1951 

V increased 

Rao et al 
977) 

Cu, Cd, 
Cr, Ni, 
Pb, Zn 

1905-1971. Several 
species. 

Montreal
Canada 

Increases in mean concentration of all 
metals except Cu. (1

Ruhling and 
yler (1968) 

Pb Hy. sp; H. cu; Pl. sc. 
Not washed. Dried at 
37oC, digested with 
HNO3 + HClO4 (4:1).  

Skane 
Sweden 

20 µgg-1 in 1860-75, more than 
doubling between 1875 and 1900,  
not significantly changing in the first 
half of the 20th century (though wide 
range). Increased to 80 – 90 µgg-1 in 
1968.  

T

R
T

uhling and 
yler (1969) 

Pb, Zn, 
Cu, Ni, 
Cr 

Hy. sp; H. cu; Pl. sc. 
Not washed. Dried at 
37oC, digested with 

Sweden Samples collated from between 1870 
to 1968, split into 4 periods. Cu 
increase from the 1870-99 period to 
the 1900-1919 period, but not into the 
20th century.  Zn increased around 

th

HNO3 + HClO4 (4:1). 

1900. Ni, in the 20  century. No 
change in Cr. 

Sergio, 
Seneca et 
l. (1992) 

Cd, Cu, 
Fe, Pb, 
Zn 

Herbarium samples 
from 1924 and 1981 

Northern 
Portugal.  

 

a
Weiss et al. Pb, Pb Sphagnum species. 

wa a
and sonicate  
(dil  p ), the
dig it O3 
and HF (semi-
sequential extraction) 

Switzer- Pb isotope records show pollution 
records in good agreement with other 

rom Switzerla t, 
sediment, ice). Very little Pb in the 

 no contam nation. 

(1999) isotope Used 0.25 to 0.8 g, land 
s shed, m cerated 

d in HCl
uted to H 2.4 n 
ested w h HN

archives f nd (pea

supernatant, i

 

Pl. sc = P reberi; Hy l ium sp  H forme 

 
Key issues for reconstructing records of past dep in ese studies are i) the 
possibility of contamin f r he h ) e variability of metal 
c n o l n ositi se two issues were considered in 
d n ling and analytical me gy. 
 

leurozium sch . sp = Hy ocom lendens; H. cu = ypnum cupressi

osition raised th
ation rom sto

variatio
age in t erbarium; and ii th

once trations due t spatia  in dep on. The
esig ing the samp thodolo
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2. Sample collection 
 
Samples of four moss species, Hylocomium splendens, Hypnum cupressiforme, Pleurozium 
chreberi and Rhytidiadelphus squarrosus, were collected from herbarium collections. These 

nts and metals predominantly from the atmosphere and are 
erefore particularly useful for the study of atmospheric metal deposition. They have been used 

nchester Mu m 
ural Histor seum, on (inc g the fo r herbar

nal Muse ales, Cardiff 
 The Royal Botanical Gardens Edinburgh 

 
samples were obtained from on, 55 m Cardiff, 24 from Edinburgh and 47 from 
nchester. 69 samples of Hypnum cupressiforme were c ted, 31 ylocomium splendens, 
of Pleurozium schreberi  and 14 of Rhytid elphus rrosus. tal 143 samples have 
n collected and ana . 

 g of each sample were collect nd store  paper  until a is. Samples were not 
lected where there w suffici aterial llow the oval of 0.1 g, or where the sample 
 been glued onto sh of pape ce the c ical co ition of glue and consequently 
 potential influence e heavy tal analysis was not known. 

 five target sites w epresen satisfac y betwe 850 and 0 (Castle How Beck: 
samples, Cote Gill: amples, River Ethe : 25 sam s, Loch : 23 samples and Old 
ge: 15 samples), however, it was not possible to find specimens fo Old Lodge site for the 

 1850 till 1900 (Fi  1). 

s
species are thought to obtain nutrie
th
across Europe to monitor heavy metal deposition (Ruhling, 1987; 1996; Buse et al., 2003). The 
most recent UK survey of metal content in mosses (Ashmore et al., 2002) used these species and 
made an assessment of differences in metal uptake between species. While none of these species 
cover the whole of the UK, in combination they will provide the potential for doing so. 
 
We aimed to produce a deposition history for five catchments:  

 
 Old Lodge, Ashdown Forest, South of London (grid reference: TQ4529) 
 River Etherow, Peak District (grid reference: SJ9892) 
 Cote Gill, Yorkshire Dales (grid reference: SD9470) 
 Castle How Beck, Lake District (grid reference: NY2300) 
 Lochnagar, Scottish Highlands (grid reference: NO2586) 

 
To reduce the impact of spatial variation mosses were collected within a suitable vicinity of the 
five target sites - at the most 50 km, dependent on source rock and landscape units but generally 
much less. Mosses were not collected from sites close to the sea (in order to exclude competition 
from sea-salt cations) or quarries (which could results in highly localised increases in dust and 
metal loading). 
 
The following British herbaria have provided samples for this survey: 

 
 The Ma seu
 The Nat y Mu

um of W
Lond ludin rme ium of Kew Gardens) 

 The Natio

17 Lond  fro
Ma ollec  of H
29 iad squa  In to
bee lysed
 
0.1 ed a d in bags nalys
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igure 1. Distribution of moss samples between regions and time periods. 

. Analytical methods 
 
 

nalysis of heavy metal concentrations in herbaria moss samples was adapted from the methods 
sed in the 2000 moss survey. Key aims of the analysis were: 

 To extract all metals held on and within the moss 
 To produce results that can be compared to UK moss deposition survey data 
 To identify samples that had been contaminated by soil or during storage in the herbarium, 

and to quantify the contamination. 
 To produce results with a usable level of accuracy and precision 

 
ome differences have been introduced to speed up the digestion process and also to account for 
e greater likelihood of contamination. The main variation introduced is the inclusion of a pre-

igest sample washing step. The purpose of washing samples prior to digestion and analysis was 
ck fragments. This may also have the 

dvantage of removing surface contaminants introduced in the herbarium including preserving 
7) report that a 

c on  and pres aper. Although 
unproven, this could lead to contamination fr n the ink.  
 
The was ere retained and analysed a  in the 
washing minate ples. Washing samples has, however, been 
suggested to result in the loss of some m component is 

F
 
 

 
3

A
u
 

S
th
d
to reduce any surface contamination by soil particles or ro
a
treatments such as pesticides or through drying samples: Herpin et al. (199
omm  practice has been to dry s samples between layers of newsp

d iom metals such as Pb, Cr, Ba and C

hings w nd the presence of high metal concentrations
d sams used to identify any conta
ore soluble metals. If the soluble 
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s ca present con lysis of washings 
m h
 

ther dif ces include:    

 the use of microwave digestion 

 Moss digestion 

 a 50 ml acid washed centrifuge tube after removing any 
obvious soil, grass or other particles. Approx 10 mls of double distilled water was added and 

ere evaporated at 70 C.  
 Washed moss samples were decanted into acid washed microwave digestion tubes.  5 mls of 

 washed centrifuge tubes and made 

ernal standard. 
. Samples were diluted x10 prior to analysis by ICP-MS. 

imar nitric acid was 
added to the evaporated centrifuge tubes and shaken. This was poured into the digestion tubes 

eated with a further 2.5 mls HNO3, then 2 sets of 2 ml DDW. (i.e. digest 
carried out on 5mls HNO  and 4 mls DDW).  

3.2

Acc
acc

nalytical Centre at Sheffield (i.e. made up by a different operator than the standards used in the 

ignifi
eans t

nt and not thought to re tamination, the retention and ana
at this could be accounted for.  

O feren
 

 the smaller weight of sample used (0.1 g in comparison to 1 g). Only small samples could be 
collected from the herbaria 

 the larger amount of acid relative to the sample size 

 analysis of all metals using ICP-MS (previous method analysed base cations by ICP-AES). 
 

 
3.1
 
1. 0.1g of moss was weighed into

the sample shaken gently. The moss sample was then removed using plastic tweezers and 
rinsed thoroughly with DDW. Approximately 100 mls of washings were generated from this 
(two centrifuge tubes). A plastic sieve was used to retain any small pieces of moss.  

2. The washings w o

3.
Primar nitric acid were added (used to wash any remaining sample from the centrifuge tubes 
if necessary) followed by 2 mls of DDW. 

4. Samples (10 samples, 1 CRM or duplicate, 1 blank) were digested at full power for 30 
minutes. 

5. Extracts were transferred quantitatively to new 50 ml acid
up to 25 mls.  

6. 2 mls of 1000 ppb In was added as an int
7
8. Washings from the same batch were analysed immediately after the moss samples, thus 

removing the necessity to thoroughly wash digestion tubes. 2.5 mls Pr

and the process rep
3

9. The same digestion procedure was followed for the washings from this point (points 4,5,6 and 
7). 
 

 
 Precision and accuracy assessment 

 
uracy of the ICP-MS and accuracy of the whole analytical procedure was assessed. ICP-MS 

uracy was determined through analysis of known standard solutions made up by the 
A
calibration). These standards were measured every 10 samples throughout the run. ICP-MS 
accuracy was found to be acceptable (Table 2), although Ni and As were consistently measured to 
be 9% and 11% higher than the known standard concentrations. No correction has been made for 
this at present. 
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Total analytical accuracy was assessed by the analysis of certified reference samples that had 
been digested and analysed alongside the moss samples. Measured concentrations were compared 
to the certified concentrations. Total analytical accuracy was found to be acceptable, although Ni 
appears to be slightly overpredicted and Cd underpredicted.  

 
Table 2. Accuracy assessment 

 

Accuracy of 
the ICP-MS
* 

Mean 
measured  % extracted 

Total analytical 
accuracy**  

mean measured 
CRM % extracted 

Ni 5  5.44 ± 0.17 108.76 2.47± 0.07 2.90 ± 0.42 117.27 
Cu 10  10.05 ± 0.13 100.50 7.03 ± 0.19 6.98 ± 0.67 99.33 
Zn 50  51.95 ± 0.67  103.91 100.6 ± 2.2 108.52 ± 3.81 107.87 
As 6  6.68 ± 0.14  111.34 0.85 ± 0.07 0.84 ± 0.04 99.11 
Cd 5  5.07 ± 0.05  101.39 0.56 ± 0.02 0.5 ± 0.03 89.45 
Pb 50  49.42 ± 0.26 98.84 40.9 ± 1.4 38.67 ± 0.70 94.55 

± are 95% confidence limits 
d by different operator) 

m
A

sam

 whole analyical procedure 
ere also measured. The ICP-MS precision was assessed by determining variability in repeated 
easurement of an Analytical Centre standard solution. This was found to be excellent 
onfidence intervals of less than 4%). Analysis of the variability in the certified reference 
aterial enabled the precision of the digestion procedure and ICP-MS to be quantified. Although 

, particularly for Ni and Cu, overall 
 remai d ac ptab e. Th  gre ion lo  by sub-sampling (Table 

s assess  analys f t ariability in d ica m . This is unavoidable due 
the small sample size available from the herbaria.  Subsampling errors may be overestimated 

as, to n lic  sa les, smaller amounts of m ria ow o 0 g) was used. 
on error and 95% confidence lim

an of up to .

le 3. Precisi se nt 

* Assessed using Analytical Centre Standard solutions, standards made up separately (an
fro  standards used in the calibration. Mean of samples measured at 10 sample intervals throughout the analysis. 
** ssessed against a Certified Reference Material (BCR 482 (lichen)) thus incorporating any errors arising from 

ple preparation and instrumental analysis. 
 
Precision of the ICP-MS, the digestion procedure and ICP-MS and the
w
m
(c
m
the digestion procedure introduced further loss of precision
precision ne ce l e atest precis ss is introduced
3). This wa ed by is o he v upl te sa ples
to 
slightly  gai  dup ate mp ate l (d n t .06
Nevertheless, this results in significant precisi its around the 
me  30%   
 
Tab on as ssme

 
Precis f ICion o the P-
MS*  

Prec  digestioision of the n
pro re I -MS** cedu  and CP

Precis of wh pr ure ion  the ole oced
includ su p  d tion ing b-sam ling, iges
and IC S ysP-M anal is*** 

  mean  % CI mean % CI %Mean nd se* (sta ardi d)  CI 
i 5.44 ± 0.17 3.13       2.90 ± 0.42      15.83 1.20 ±   0.33 27.69 
Cu 10.05 4 ± 0.3  3.39       6.98 ± 0.67 10.45 1.04 ±   0.18 16.93 

 51.95 7 ± 0.6 1.28   10  ±8.52  3.81 3.84 Zn 0.90 ±   0.25 25.65 
 6.68 ± 0.17 2.54       0.84 ± 0.039 5.04 As 1.12 ±   0.28 24.67 

Cd 5.07 ± 0.05 0.91       0.5   ± 0.032 6.90 1.27 ±   0.39 30.40 
Pb 49.42 6 ± 0.2 0.52     3  ±8.67  0.679 1.92 1.11 ±   0.21 19.20 

± are 95% conf  l
ecision asses na l e a lutions 
recision assessed u R
precision a    st rd du t

idence imits 
* pr sed using A lytica  Centr  stand rd so
** p sing C M  
*** ssessed using anda ised plica es.  
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4. Assessm o n in o

taminatio h ri o am ld occur u

 Attachment of soil to moss samples.  

 

o research could be found on possible sources of contamination to herbaria moss samples 
uring storage. Although contamination could be through the application of insecticides or 
ngicides, it is likely that the main insecticides used were repellents such as naphthalene 
othballs) and paradichlorobenzene (a similar substance) rather than direct application to the 

ple.  A further possibility is the contamination of samples from newspaper ink, which may 
ave contained heavy metals in the past, although most black newspaper inks no longer contain 
eavy metals.  

he greatest potential source of contamination, however, is from soil. To reduce the impact of 
is source of contamination, samples have been washed prior to analysis. However, washing 

amples introduces a real possibility of removing metals that we want to include – either metals 
om dry deposition, or possibly metals on exchange sites that could easily be desorbed. The 
roportion of metals removed during the washing process varies (Table 4). It is, however, 10% or 
ss for four key elements of interest (Pb, Cd, Cu, Zn) indicating washing will not remove the 
ajority of these metals. It is, however, 17% for As and 18% for Ni. Similar concentrations of Al, 
h, Li, V and Ga are found in the washings to As and Ni – these are elements most likely to be 

rom soil particles. Note also the very high concentrations of Na and K, elements that are 
articularly soluble and perhaps found largely at the surface of the mosses. 

able 4 Median concentration in washings as percentage of concentration in moss. 

Element   Element   Element  

ent f co tam ati n  
 
Con n of erba um m ss s ples cou  thro gh: 
 

 Use of pesticides or fungicides in herbaria or storage in newspaper  
 During collection (e.g. collector smoking) 
 At any stage of the analysis

 
N
d
fu
(m
sam
h
h
 
T
th
s
fr
p
le
m
T
f
p
 
T
 

Fe 14%  Zr 25%  Sr 7% 
Al 16%  Se 5%  Ca 6% 
Th 20%  As 17%  Mg 2% 
Cr 14%  Pb 4%  B  25% 
Co 12%  Cu 10%  Ba 9% 
Ni 18%  Sb 11%  Mn 10% 
V 13%  Sn 12%  Na 76% 
Li 18%  Zn 10%  K 65% 
Ga 10%  Cd 9%    

 
 
4.1 Contamination during digestion and instrumental analysis 

nalysis of blanks and other quality control data indicates very little contamination has been 
troduced during the digestion procedure (Table 5). 

 

 
A
in
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Table 5. Analysis of instrumental and method blanks 
 instrumental blanks   method blanks  
 LOD  mean min max mean min max 
 (mean + 3*st.dev.)       
Ni(PPB) 0.008 0.003 0.003 0.007 0.067 0.000 0.320
Cu(PPB) 0.053 0.026 0.009 0.049 0.123 0.000 1.100
Zn(PPB) 0.235 -0.086 -0.220 0.084 1.111 -0.270 3.087
As(PPB) 0.033 0.014 0.003 0.028 0.006 0.000 0.058
Cd(PPB) 0.008 0.003 0.003 0.010 0.016 0.000 0.068
Pb(PPB) 0.008 0.003 0.003 0.009 0.068 0.000 1.112

 
 
4.2 Identification of contaminated samples  
 
We need to be concerned about samples where the washings contribute significantly to the 
overall metal concentration or have an unusually high proportion of pollutant metals. To identify 
such samples we have: 

i) noted samples that either looked like there was soil on the moss, or had material 
remaining after digestion (resistant material may be mineral) (Table 6) 

ii) noted samples where a large proportion of metals are found in the washings (greater 
than 50%)  

iii) carried out ordination analysis to identify samples that have high scores for pollutant 
metals (Figure 2). 

 
i) samples identified as potentially contaminated during analysis. 
 
Table 6. Suspected contaminated samples 
Sample Location Year Comments Species Location 
73 South East 1934 Washings cloudy. 

Digest and digested 
washings also cloudy 

Pleurozium Balcombe 
Tunnel 

46 Yorkshire Dales 1957 Some material left 
after digest 

Hypnum Nr. Malham 
Tarn 

217 South East 1954 A little material left Hypnum Balcombe 

after digest m 
Glen Doll 

after digest 
215 Yorkshire Dales 1926 Soily but rid of most 

before washing 
Hypnum Chapel-le-

Dale 
208 Cairngorms 1967 A little material left Hylocomiu
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ii mples with h c n n th shing
 
There are a few samp w n al igh concentrations  in  washings and 
contamination m e on  hi mples er etal concentration in the washings is 
greater than that in the actual s  ied ( le
 
T le 7. Samples w gh l c nt s shings. 

on ar o es oc tes

) sa igh once tratio s in e wa s 

les ith u usu ly h  of metals  the
ay b  resp sible for t s. Sa  wh e m

 mos were identif Tab  7). 

ab ith hi  meta once ration  in wa
No. Locati Ye C ntam

nts 
Speci L ation No  

-ina
gorms 5  ozium dy 419 Cairn  196  Zn Pleur Loch Bra  

353 Peak Distri 3  um el gh 
i

Reservoir 

or
n per 

73 South East 1934 Ni, Cd Pleurozium Balcombe Tunnel  
217 South East 1954 Cd Hypnum Balcombe  
7 South East 1923 Pb Hylocomium Worth Forest Stored in a 

plastic bag 
46 Yorkshire Dales 1957 Cu Hypnum Nr. Malham Tarn  
55 Yorkshire Dales 1898 Ni, Cd Hypnum Bank of R. Hodder  
324 Yorkshire Dales 1878 Zn, As, 

Cd 
Hypnum Skipton  

326 Lake District 1883 Ni Hypnum Witherslack, 
Westmorland 

 

346 Yorkshire Dales 1871 Cd Hypnum Craven  

ct 190 Hypn B ow Hi or  As
L ghtwood 

St ed in 
ewspa

 
This is a rather subjective method of identifying contaminated samples. As a less subjective 

ethod, principle components anlaysis has been utilised to identify samples with an unusually 
rge contribution of pollutant metals in the washings.  

)  Principle Components Analysis 

rdination techniques aim to reduce a multidimensional data set to a few dimensions in order to 
isualise relationships between the data without losing important variability. A commonly used 
near method of ordination is principle components analysis (PCA). Based on eigenanalysis 
ielou, 1984) a process of linear transformation of the original data extracts a new axis that 

ummarises as much of the data as possible.  The remaining unexplained data (residuals) is then 
ubject to further analysis to extract a second orthogonal axis that explains as much of the 
maining data as possible and so on.  Each axis is described by an eigenvalue indicating the 
ount of variance summarised by each axis. Ordination techniques produce axes that explain 

t of variables, but have no direct physical meaning and cannot, 
erefore, directly be used to directly relate the multivariate data set to external variables. 
owever, we can determine how strongly each metal (factor) is associated with each axis (factor 
adings – see table 8). By analysing a wide range of metals and determining how strongly each 

m
la
 
ii
 
O
v
li
(P
s
s
re
am
much of the variation in a se
th
H
lo
relates to the axes, it should be possible to draw some conclusions as to their source.  
 
To carry out the PCA, the amount of each metal in the washings was expressed as a percentage of 
the metal concentration in the moss sample. Values were logged to bring sample distributions 
close to normal. The dataset was standardised by dividing each logged value by the log mean. 
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Principle components analysis was carried out in SPSS. Varimax rotation was used to simplify 
the explanation of factors (Table 8).  
 
Table 8. Factor loadings for each element on the five principle factors identified by PCA. . 
% washings  

Eigen-values 5.53 4.00 3.74 1.79 1.35
%
ex

 of variation 
plained 22.10 15.99 14.95 7.15 5.41

Factor loadings 
 1 2 3 4 5 

Li 0.83 0.24 0.06 0.23 0.04 
Al 0.81 0.23 0.33 0.01 0.01 
Th 0.80 0.16 0.15 0.05 -0.01 
Fe 0.78 0.33 0.39 -0.01 0.01 
Co 0.77 0.31 0.20 0.30 -0.14 

r 0.73 0.10 0.21 0.08 -0.03 

2 -0.03 0.20 0.06 
u 0.33 0.46 0.34 0.35 0.05 

13 0.15 0.67 -0.02 
 0.01 -0.14 0.00 0.13 0.66 

Z
V 0.65 0.41 0.44 -0.01 0.04 
Sn 0.47 0.04 0.10 0.43 0.23 
Zn -0.01 0.69 0.23 0.42 0.26 
Sb 0.30 0.65 0.17 -0.06 -0.08 
As 0.45 0.64 0.21 -0.10 0.07 
Pb 0.24 0.63 0.42 0.18 -0.09 
Cr 0.42 0.62 0.19 0.02 0.13 
Ni 0.34 0.6
C
Cd -0.05 0.46 0.21 0.25 -0.32 
Mn 0.33 0.37 0.62 0.35 -0.02 
Mg 0.32 0.06 0.65 0.19 -0.05 
Ca 0.27 0.24 0.71 0.40 0.06 
Sr 0.27 0.32 0.73 0.33 0.15 
Ga 0.14 0.06 0.69 -0.28 0.13 
Ba 0.19 0.41 0.56 0.15 -0.11 
Na 0.11 0.
K
B -0.04 0.28 0.11 -0.09 0.75 
Factor loading over 0.3 is generally considered the cut-off point, over 0.4 weak, 0.6 strong. 
 
 
In the analysis above, much of the variation in the percentage of elements in washings is 
described by the first three factors. The first factor is dominated by elements that are most likely 

 be derived from local soil inputs (Al, Li, Th, Ga, Fe).  The second factor however is dominated 

or each sample a score can be derived that represents the importance of each factor in 
etermining its composition. For example a high score on factor 2 means there is likely to be a 

high proportion of metals Zn, Sb, As, Cr, Ni and Pb in that sample.  Figure 2 shows ranked 
sample scores on factors 1 and 2. For each factor there are 4 samples with an unusual influence 
(Figure 2). These are shown in Table 9.  
 
 
 
 
 
 

to
by elements (i.e. Zn, Sb, As, Pb, Cr, Ni, Cu, Cd) that may be more associated with atmospheric 
deposition.  The remaining factors seem most influenced by elements such as Mg, B, Na, Sr, Ca 
that are probably derived from marine aerosols, but may also represent differences in uptake of 
nutrients by the mosses from adjacent vegetation or substrate. 
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igure 2. Frequency distribution of sample scores on factors 1 and 2.  

able 9. Samples with either high (more than 2) or low (less than –2) scores on factors 1 and 2.  
 Factor 1 Factor 2 

 

-3

-2

-1

0

1

 5
 
 
 
 
 

0 50 100 150

 
 
 
 
 
 
 
 
 
 
 
F
 
T

High 
(> 2) 

412 (Hylocomium) Braemar, 
Cairngorms 
367 (Pleurozium) Milnthorpe, Lake 
District 
10 (Hylocomium) Crowborough, 
South East 

324 (Hypnum) Skipton, Yorkshire Dales 
55 (Hypnum) River Hodder, Yorkshire 
Dales 
73 (Pleurozium) Balcombe Tunnel, South 
East 
326 (Hypnum) Witherslack, Lake District 

Low 
(< -2) 

410 (Hypnum) Cairngorms 
407 (Hypnum) Shap, Lake District 
31 (Hypnum) Worth Forest, South 
East 

405 (Hypnum) Braemar, Cairngorms 
205 (Hylocomium) Cheedale, Peak District 
423 (Rhytidiadelphus) Shap, Lake District 

 
The samples identified as having material remaining after digestion do not correspond to those 

entified by ordination analysis (except sample 73). However, all the samples identified as 
aving more than half of their metals in the washings are identified by the PCA. Samples with 
igh loading on factor 2 (324, 55, 73 and 326) are considered most likely to be contaminated.  

his will not definitely indicate contamination. High metal concentrations in the washings could 
e the result of the retention of dry deposition. However, contamination is likely and therefore 
ese samples have been excluded from the concentration and deposition graphs shown in section 

. 

.3 Conclusions on contamination 

ed, however, four samples are identified that are 
ost likely to be affected. In fact, very few samples showed any positive indication of 
ntam s that this is not likely to be a 

or the purposes of further statistical analysis two datasets are analysed, firstly one including all 
amples and secondly with all the outlying samples identified in the PCA of the washings 

id
h
h
 
T
b
th
7
 
4
 
Contamination cannot unequivocally be establish
m
co ination. This does not rule it out, but perhaps indicate
significant factor. 

 
F
s

2

3

4

-5

-4

-3

-2

-1

0

4

0 50 100 150

1

2

3 sample scores
on factor 1

sample scores
on factor 2



  

(positive and negative) removed. The analysis of the dataset with outlying samples removed is to 
etermine if these will have any effect on the interpretation.  

. Assessment of sources of metals  

 addition to the possible influence of contamination, a variety of factors mean that moss metal 
oncentration may not be directly related to rates of atmospheric deposition. 

he main reasons are: 

 There may be an influence from marine cations. Competition effects may result in coastal 
moss samples having lower concentrations of heavy metals relative to rates of deposition than 
those out of the range of influence of marine aerosols. 

 There may be some uptake of metals from non-atmospheric sources, either from substrate or 
from adjacent or decomposing vegetation. 

 Differences in macro and micro-environmental conditions and possibly also the influence of 
pollution on growth rates which will influence the concentration of pollutants (i.e. a faster 
growing plant will have a lower pollutant concentration under the same deposition conditions). 

erg and Steinnes (1997a) and Berg et al. (1995) have used PCA to identify the factors 
fluencing metal concentration in Scandinavian mosses. They found that the dominant factors 

xtracted by the PCA represented the influence of long-range atmospherically transported 
elements (Bi, Pb, Sb, Mo, Cd, V, As, Zn, Tl, Hg, Ga), windblown mineral particles (Y, La, Al, Li, 

, Th, Ga, Fe, V, Cr), three local emissions sources (Ni, Cu, As; Zn, Cd, Hg; Fe, Cr, Al), 
ansport from the marine environment (Mg, B, Na, Sr, Ca) and contributions from higher plants 
s, Rb, Ba, Mn). PCA may, similarly, be useful for identifying sources of metals to UK mosses. 

rdination analysis of the UK moss samples has, therefore, been used to identify the sources of 
etals and influences on metal concentration.  As with the washings, samples were logged and 

tandardised (although samples were multiplied by 100 in order not to create negative values 
hen logging them and complicate interpretation). Analysis was carried out on moss 

oncentrations including and excluding the contribution in the washings. In addition, a number of 
ifferent runs were carried out on: the whole data set, individual areas, with all samples, with 

various possibly contaminated samples removed, with outliers identified by the PCA on the 
ashings removed, on a correlation matrix (i.e. standardised variance), on a covariance matrix 
ot standardised variance), on individual moss species, on time periods, limiting the number of 

ble 1  for the whole dataset (including outliers) with and without 
ashings. Results show: 

 The first factor is dominated by Al, Li, Fe, Cr, Th, Co, Ni, V, Ga, Cr.  
 The second factor is dominated by Pb, Cu, Sb, Sn, As. Zn and Cd have significant loading on 

this factor, but also on the 3rd factor.  
 The third factor is dominated by Zn, Cd and Ba 
 fourth and fifth factors are dominated by marine derived elements 
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Table 10. Factor loadings on whole dataset with and without washings. 

 removed 
washings  1 2 3 4 5

B including   
washings  1 2 3 4 5

values 7.95 3.84 1.97 1.89 1.86 7.81 3.71 2.06 1.91 1.38

A

Eigen-
% 
variation 31% 15% 8% 7% 7% 30% 14% 8% 7% 5%

 Factor loadings
AL 0.92 0.04 -0.08 0.02 -0.13 AL 0.91 0.08 -0.10 0.08 -0.04

 0.91 0.04 -0.04 0.17 0.04 LI 0.83 0.03 -0.04 0.08 0.09
0.91 0.20 -0.06 0.11 -0.16 FE 0.92 0.22 -0.05 0.12 -0.09

R 0.90 0.18 0.04 0.09 0.00 CR 0.86 0.16 0.18 0.10 -0.03
H 0.90 0.05 -0.06 0.10 -0.04 TH 0.89 0.09 -0.10 0.11 -0.07
O 0.87 0.14 0.04 0.08 -0.17 CO 0.87 0.16 0.03 0.16 0.03
I 0.82 -0.03 0.25 -0.07 -0.03 NI 0.80 0.00 0.34 0.02 0.05
 0.79 0.00 0.26 -0.03 0.07 V 0.81 0.02 0.20 -0.04 -0.13

GA 0.76 0.37 0.06 0.03 -0.06 GA 0.77 0.34 0.03 -0.01 -0.19
0.66 0.34 0.05 0.06 0.08 ZR 0.69 0.37 -0.05 0.05 -0.06

S 0.52 0.73 -0.17 0.08 -0.21 AS 0.54 0.71 -0.06 0.08 -0.10
E 0.36 0.16 0.06 0.11 0.12 SE 0.31 0.24 -0.19 0.12 0.00

0.11 0.84 0.26 -0.03 0.02 SB 0.13 0.83 0.29 -0.04 0.02
CU 0.25 0.79 0.06 -0.06 0.02 CU 0.26 0.78 0.13 0.01 0.16

-0.01 0.78 0.15 0.07 0.29 SN 0.00 0.76 0.24 -0.03 0.17
B 0.23 0.69 0.23 -0.04 -0.27 PB 0.23 0.73 0.17 0.10 -0.14
N 0.05 0.45 0.63 0.09 0.25 ZN 0.08 0.37 0.69 0.19 0.14
D -0.02 0.36 0.73 0.05 0.18 CD 0.06 0.31 0.74 0.10 0.02
A 0.30 0.09 0.65 0.17 -0.38 BA 0.33 0.14 0.47 0.39 -0.17
A 0.03 0.11 0.04 0.88 0.13 CA 0.03 0.12 0.09 0.80 0.07
R 0.16 -0.14 0.26 0.80 -0.15 SR 0.20 -0.09 0.11 0.89 -0.12
A 0.02 0.06 -0.13 -0.13 0.70 NA 0.00 0.07 -0.14 0.06 0.79

-0.12 -0.03 0.33 0.19 0.65 B -0.16 -0.08 0.25 0.04 0.08
-0.27 0.05 0.17 -0.48 0.47 K -0.20 0.04 0.25 -0.13 0.67
0.15 -0.36 -0.21 0.24 0.33 MG 0.21 -0.31 -0.45 0.36 0.25

N 0.05 0.07 0.09 0.02 0.15 MN 0.08 0.04 0.04 0.04 -0.03

LI
FE 
C
T
C
N
V

ZR 
A
S
SB 

SN 
P
Z
C
B
C
S
N
B 
K 
MG 
M
Factor loading over 0.3 is generally considered the cut-off point. Over 0.4 weak, 0.6 strong.  

terpretation of the meaning of factors is also assisted by plotting component scores on each 
ctor against time (Figure 3). 
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Figure 3. Component scores from analysis A (including washings) for first four factors identified by the PC) (graphs 

here washings excluded look very similar). 

actor 1. Berg and Steinnes (1997a) attribute a factor which contains Li, some Th, Fe and V to 
oil dust.  Berg et al., (1995) attribute a factor containing high loadings of Li, Al, Ga, and Th to 
indblown dust (elements associated with mineral particles). Probably this is the case here, 
articularly as scores do not change through time (Figure 3). However, it might be worth 
onsidering that these are also elements that will be contained in coal and oil fired power station 
missions (especially Al, V, Fe, Ba). 

ickel is predominantly associated with this factor, and As partially, suggesting Ni 
oncentrations in mosses do not reflect deposition and As may only partly reflect deposition. 

actor 2 is dominated by Pb, As, Cu, Sb and Sn. Samples generally score highest in the late 19th 
entury, and decrease recently. These metals are not (with the exception of As) at all associated 

 of scatter, the highest loading on this factor occur in 
t.  This is consistent with the trends in mining-

lated annexe 7 and possibly indicates 
lained by factor 2 is influenced by historical heavy 

etal deposition, largely from mining-related sources.  

actor 3 is dominated by Cd, Zn and Ba. Although again there is a lot of scatter, scores indicate 
n increasing trend, at least up until about 1970. This factor may be better reflecting a ‘general’ 
eavy metal deposition trend which peaked in the 1960s/early 1970s (i.e. deposition of metals 
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from non-mining sources such as other industry and energy production – see annexe 7). It is 
teresting that Cd and Zn are picked out.  

ther factors. The remaining factors account for variation in Ca, Sr, Na, B, K, Mg and Mn. 
puts of these metals may be from marine aerosols, uptake from substrate or leaching from 

adjacent vegetation. Variation in concentration of these elements is unrelated to the pollutant 
etals such as Pb, Zn, Cu, Ni and Cd, and therefore there is no evidence of any influence of 

ompeting marine cations or uptake from soils on heavy metal concentrations. 

between trends with and without washings. The same analysis 
on the dataset with outlying samples removed creates some minor differences, although in 

eneral the patterns shown by the analysis are remarkably consistent.  

able 11. Factor loadings on dataset with 13 high or low samples removed (with and without washings) 
C With washings but removed samples with unusual % of 
metals in washings D Without washings but otherwise as C 

in
 

O
In

m
c
 

There is no significant difference 

g

 
T

No of samples = 131  No of samples = 131 
Eigen-values 7.85 4.16 1.79 1.58 1.43  7.80 4.00 1.85 1.82 1.55
% 
variation 30.18 15.99 6.89 6.08 5.48  29.99 15.62 7.13 6.98 5.98

 1 2 3 4 5 1 2 3 4 5

FE 0.91 0.18 0.11 -0.17 0.01 FE 0.91 0.19 -0.18 0.10 0.06
AL 0.90 0.04 0.05 -0.20 0.04 AL 0.89 0.02 -0.22 0.03 0.09
TH 0.89 0.05 0.10 -0.06 -0.05 TH 0.90 0.04 -0.06 0.08 -0.01
CR 0.87 0.17 0.09 0.03 0.07 CR 0.91 0.17 0.03 0.08 0.03
CO 0.86 0.17 0.11 -0.16 0.13 CO 0.84 0.15 -0.18 0.09 0.21
NI 0.83 0.05 -0.05 0.10 0.21 NI 0.80 -0.01 0.07 -0.10 0.28
V 0.81 0.06 -0.04 0.25 0.13 V 0.78 0.03 0.30 -0.07 0.10
LI 0.80 0.06 0.10 -0.05 0.04 LI 0.90 0.06 -0.04 0.20 0.02
GA 0.76 0.36 -0.03 0.03 -0.03 GA 0.77 0.39 0.06 -0.04 0.01
ZR 0.69 0.40 0.05 0.05 -0.01 ZR 0.67 0.39 0.15 0.03 -0.07
SE 0.34 0.18 0.24 0.16 -0.22 SE 0.33 0.19 0.10 0.13 0.05
AS 0.55 0.68 0.10 -0.28 -0.14 AS 0.54 0.70 -0.27 0.10 -0.08
PB 0.27 0.70 0.05 -0.19 0.26 PB 0.24 0.69 -0.17 -0.03 0.37
CU 0.26 0.78 0.03 -0.08 -0.01 CU 0.23 0.79 -0.06 -0.02 0.06
SB 0.18 0.86 -0.02 0.11 0.11 SB 0.15 0.86 0.19 -0.04 0.09
SN 0.04 0.83 -0.01 0.23 -0.07 SN 0.01 0.80 0.30 0.02 -0.08
ZN 0.06 0.53 0.15 0.47 0.34 ZN 0.05 0.49 0.50 0.11 0.40
CD 0.05 0.45 0.08 0.51 0.39 CD -0.02 0.40 0.64 0.03 0.38
SR 0.18 -0.08 0.84 -0.03 0.35 SR 0.13 -0.12 -0.01 0.80 0.44
CA 0.03 0.11 0.84 0.13 -0.04 CA 0.03 0.09 0.20 0.87 -0.09
MG 0.21 -0.43 0.35 -0.14 -0.22 MG 0.12 -0.42 -0.14 0.30 0.00

B -0.10 -0.05 0.77 0.12 -0.16
BA 0.32 0.19 0.21 -0.05 0.75 BA 0.27 0.14 0.02 0.11 0.82
MN 0.06 0.08 0.02 0.14 0.05 MN 0.06 0.07 0.14 0.02 0.06

0.07 0.13 -0.01 -0.17
0.27 K -0.33 0.11 0.14 -0.41 0.10

B -0.14 -0.05 0.06 0.80 -0.13

NA -0.03 0.09 0.11 0.12 -0.28 NA -0.04
K -0.24 0.10 -0.18 -0.03
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Figure 4. Component scores for analysis C (including washings), first four factors identified by the PCA. 

he main difference occurs in the location of Zn and Cd. In the previous analysis, Zn and Cd 
ere loading on Factor 3 with Ba, with a lower loading on Factor 2 with Pb, Cu, Sn and Sb. In 
is analysis Zn and Cd are loading on Factor 2 with Pb, Cu, Sn and Sb, on Factor 4 with B and 
actor 5 with Ba and Sr (with washings). Without washings, Zn and Cd are associated 
pproximately equally with Factor 2 (pollutant metals), Factor 4 (Sn and B) and Factor 5 (Ba and 
r). Factors 3 to 5 explain little variance in comparison to the first 2 factors. It is difficult to 
xplain why Zn and Cd may be related to concentrations of these metals, but this does 
introduce the possibility that Zn and Cd are affected by something other than atmospheric 

eposition of these elements. 

.1 Conclusions on sources of metals 

et indicates that variation in sample metal 
oncentrations can be largely explained by the first two factors. These factors probably represent 

deposition of anthropogenically-
rived

oncentrations of soil derived elements (factor 1) do not show any temporal trends. In contrast 
omponent scores on factor 2 (which is strongly influenced by Pb, Cu and As) are highest in the 
te 19th century coincident with peak mining production in the UK and decline to present. 
omponent scores on factor 3 (which does not explain much variation, but is strongly influenced 
y Zn and Cd) increase from the 1850s to peak in the 1970s coincident with peak heavy metal 
eposition in the UK (Baker, 2002).  
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Nickel varies in a similar way to soil derived elements and it is likely that the largest Ni inputs to 
osses are from this source. Analysis of moss Ni concentrations will not, therefore, provide any 

formation on past rates of Ni deposition. Copper and lead concentrations are, however, 

s were removed, variability in Zn and Cd is complicated, 
ading on three factors that are difficult to account for.  

m
useful in
largely associated with other pollutant metals and are thought, therefore to largely come from 
atmospheric deposition. Arsenic is most associated with atmospheric deposition, but has a 
significant soil-derived component. 
 
Cadmium and zinc are partly associated with the other anthropogenically derived metals, but 
partly load on a third factor (sometimes fourth or fifth) that shows an increasing trend (at least 
until about 1970) and may be anthropogenic in origin, but may be influenced by an unknown 
actor. When the outlying samplef

lo
 
In summary, the source of lead and copper concentrations in mosses can confidently be attributed 
to atmospheric deposition. Cadmium and zinc are probably reflecting atmospheric inputs, do not 
reflect soil inputs, but there may be other factors involved. Arsenic concentrations are partly 
related to atmospheric inputs, but there may also be an input from soil dust. Nickel concentrations 
do not primarily reflect atmospheric deposition but are mainly derived from soil inputs.  
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6. Metal concentrations in mosses  
 
The following figures show the concentrations of metals found in mosses around each of the five 
catchments. Concentrations with and without the contribution in washings are shown. 
Concentrations in samples collected from the same five areas as part of the 2000 moss survey are 
also shown for comparison.  All samples are shown but samples with more than 50% of the total 
metal content found in the washings (and therefore possibly contaminated) are circled.  

 

 
Figure 5. Nickel concentrations in herbaria moss samples 
 
 Samples with relatively high concentrations in washings are circled 
 Samples off the scale coloured red 
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Figure 6. Copper concentrations in herbaria mosses 
 
 Samples with relatively high concentrations in washings are circled 
 Samples off the scale coloured red 
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Figure 7. Zinc concentration in herbaria moss samples 
 
 Samples with relatively high concentrations in washings are circled 
 Samples off the scale coloured red 
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Figure 8. Arsenic concentration in herbaria mosses 
 
 Samples with relatively high concentrations in washings are circled 
 Samples off the scale coloured red 
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Figure 9. Cadmium concentration in herbaria moss samples 
 
 
 Samples with relatively high concentrations in washings are circled 
 Samples off the scale coloured red 
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Figure 10. Lead concentration in herbaria moss samples. 
 
 Samples with relatively high concentrations in washings are circled 
 Samples off the scale coloured red 
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6.1 Trends in metal concentrations in mosses.  
 

Nickel 
Concentrations of Ni in the mosses are generally between 0 and 20 µg g-1. It has already been 
established that Ni concentrations are primarily related to inputs from the soil rather than from 
deposition. This probably explains the lack of any temporal change in Ni concentrations in the 
mosses (although the Ni concentrations found in the 2000 survey mosses are low in comparison 
to levels in most of the herbarium samples). Neither are there major differences in concentrations 
between sites although there do appear to be generally slightly lower levels in the Cairngorms 
and Lake District than elsewhere.  
 

Copper 
Copper concentrations in the mosses are generally between 5 and 40 µg g-1. Concentrations in the 
Cairngorms and South East are generally lower than in the Northern England sites. At these sites 
levels measured in mosses collected in 2000 as part of the moss deposition survey are low but 
comparable to historical levels. Some of the highest concentrations are also found in mosses from 
the late 19th and very early 20th century (e.g. Lake District, Peak District). In the Nothern England 
sites, current levels (2000) are low in comparison to historical deposition. 
 
Zinc 
Concentrations of zinc generally vary between around 20 and 150 µg g-1 although there are some 
samples with levels significantly higher than this. Concentrations are generally below 100 µg g-1 

in the Lake District, Cairngorms and South East. Levels in the Yorkshire Dales are generally 
similar, but there are a significant number of moss samples with considerably higher Zn 
concentrations. As the Yorkshire Dales is a historical Zn mining area, these samples may be 
influenced by this. Some Peak District samples also have higher Zn concentrations – again this 
area has been subject to some Zn mining, although much less than in the Yorkshire Dales. In 
general, however, the highest levels do not occur (as they do for Cu, As and Pb) in the 19th 
century but around the mid 20th century. 
 
Arsenic 
Levels of arsenic generally vary between 0 and 15 µg g-1 although concentrations in the South 
East and Cairngorms remain below 5 µg g-1. In the Northern England sites, the highest levels of 

ples (pre 1900). Levels then appear to decline to present, although 
ere is considerable scatter. 

admium 
oncentrations of cadmium are generally below 1 µg g-1in the Lake District, Cairngorms and 

South East. Some higher levels are, however, found in the Yorkshire Dales and Peak District. 
There is little evidence of any clear temporal trends, although the higher concentrations tend to 
occur towards the mid 20th century. This is in contrast to As, Pb and Cu, where the highest levels 
are found in the 19th century. Inputs are, perhaps, less associated with historical mining and 
smelting, although the Yorkshire Dales does have some of the highest Cd concentrations.  
 
Lead 
Concentrations of lead are highly variable. Most samples from the Cairngorms and South East 
have concentrations below 150 µg g-1 but levels are often above this in the Northern England 
sites. Like As and Cu, some of the highest concentrations have been measured in the 19th century 
samples.  

As are found in the older sam
th
 
C
C
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For all metals, there is significant variability in the concentrations. Part of this variability will be 
associated with the low analytical precision that has resulted from the use of very small 
subsamples of moss. Some variability may also result from differences in moss uptake under 
different climatic conditions and dilution by differing rates of growth. However, much of the 
variability is thought to be the result of spatial variation in deposition. This would be expected to 
be more significant in the older samples. 19th century smelt mills and other industrial sources 
would have been less concerned about the dispersal of pollutants than today. Also, sources would 
have been smaller but more numerous, resulting in greater spatial variability in deposition. The 
wide variability in moss concentration (and therefore deposition) is most clearly seen in the graph 
showing lead concentration in mosses from the Peak District (figure 6). Several samples were 
collected around 1900 and show highly variable Pb concentrations (between 50 and 500 µg g-1).   
 
Key results: 
 

 Metal concentrations in moss samples collected as part of the 2000 moss survey are similar 
to concentrations in recent herbaria mosses (post 1990 samples exist in the Cairngorms and 
Peak District only). Concentrations in recently collected mosses are some of the lowest found 
since 1850. 
 

 In general, metal concentrations are higher in the Northern England areas than in the 
Cairngorms and South East. This is particularly true for 19th century samples. Only nickel is 
similar, perhaps due to the soil input from this metal. 
 

 Deposition in the late 19th century appears to have been very significant, particularly in the 
Northern England sites. In fact 19th century levels of Pb, As and Cu tend to be higher than 
20th century in these areas.  

  
 
 
7. Calculation of deposition from mosses. 
 
7.1 Standardization to Pleurozium 
 
In the most recent UK moss survey  (Ashmore et al., 2002) samples of Pleurozium schreberi, 
Hypnum cupressiforme, Hylocomium splendens and Rhytidiadelphus squarrosus from the same 
locations were analysed to assess the relationship between metal concentrations in the different 
moss species. This allowed the calculation of regression equations to describe these relationships 
and allow calibration of all moss species to a ‘Pleurozium standard.’ (summarised in Tables 12 to 
14). In almost all cases, significant relationships were obtained between moss species although 
there were exceptions. No significant relationship could be found for Cu and As between 
Pleurozium and Hypnum. In most cases, the slopes of the regression lines between Pleurozium 
metal concentrations and those of the other mosses were close to unity. Deviations in slope from 
unity are indicative of differences in the relative efficiency of the different moss species for 
capturing metals from the atmosphere. For the majority of regressions, the intercept was not 
significantly different from zero. Where significant non-zero intercepts exist, this may indicate 
differences in the background accumulation of metal in the different moss species. For example, 
previous work (Berg et al., 1995; Rühling and Steinnes 1998) suggests that Pleurozium and 
Hylocomium contain a background quantity of 20-30 mg kg-1

 of Zn even at pristine sites. This is 
attributed to a nutrient function of Zn in the moss. 
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Table 12. Summary statistics for regression equations to determine Pleurozium standardized metal concentrations 
(mg kg-1) from Hylocomium splendens (Ashmore et al., 2002). 
Metal   Constant1   Slope   r2   n 
Ni   -0.024   1.026   0.908***  27 
Cu    1.020   0.708   0.690***  26 
Zn    9.342   0.601   0.529***  27 
As   -0.017   1.243   0.919***  26 
Cd    0.042   0.754   0.420***  25 
Pb    0.503   0.933   0.669***  28 
* significant at P<0.001 
 
Table 13 Summary statistics for regression equations to determine Pleurozium standardized metal concentrations 
(mg kg-1) from Hypnum cupressiforme (Ashmore et al., 2002). 
Metal   Constant   Slope   r2   n 
Ni   -0.110   0.905   0.822***  15 
Cu    3.129   0.293   0.072   17 
Zn           15.277   0.346   0.524**  12 
As    0.127   0.231   0.044   13 
Cd    0.065   0.429   0.399**  15 
Pb    1.323   0.506   0.764***  13 
*** significant at p<0.001; ** significant at p<0.01; * significant at p<0.05 
 
 
Table 14. Summary statistics for regression equations to determine Pleurozium standardized metal concentrations 
(mg kg-1) from Rhytidiadelphus squarrosus (Ashmore et al., 2002). 
Metal   Constant   Slope   r2   n 
Ni    0.016   0.933   0.911***  14 
Cu   -0.140   0.885   0.825***  13 
Zn   -28.275   2.119   0.907***  14 
As    0.024   0.971   0.729***  12 
Cd    0.054   0.364   0.480**  14 
Pb    0.933   0.577  0.885***  12 
*** significant at p<0.001; ** significant at p<0.01; * significant at p<0.05 
 
The r2 values for Cu and As to relate Hypnum cupressiforme to Pleurozium schreberi are very 
weak. Therefore the Hypnum samples for these metals could not be standardised. These are 
plotted separately, but are not removed from the analysis due to the large number of Hypnum 
samples in the dataset. Furthermore, as regression equations between Hylocomium and deposition 
as well as Pleurozium and deposition are available (Berg and Steinnes, 1997b) there is no need to 
standardise the Hylocomium samples. 
 
 
7.2 Calculation of deposition from metal concentrations in herbaria moss samples 
 
Linear relationships have been found between wet deposition and metal concentration in 
Pleurozium and Hylocomium at sites in Norway (Berg and Steinnes, 1997b, tables 15, figures 11 
and 12). These relationships have been used to relate the concentration of metal in the Pleurozium 
and Hylocomium samples to deposition. These relationships have also been used to relate the 
concentration of metal in the Hypnum and Rytiddiadelphus samples that have been standardised 
to Pleurozium using the equations in tables 13 and 14.  Where Hypnum samples could not be 
standardised (i.e. for Cu and As) the relationships in Table 5 are still used but we accept that this 
will limit the accuracy of the deposition estimate.  
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Table 15. Regression relationships to determine deposition from i) Pleurozium metal concentration and, ii) 
Hylocomium metal concentration 
i) Pleurozium    ii) Hylocomium   

  a b r2   a b r2

Pb 1.758 -0.773 0.980 Pb 1.675 -1.112 0.984
Cd 1.581 0.017 0.884 Cd 2.568 -0.007 0.817
As 12.378 -0.365 0.845 As 9.057 0.006 0.949
Cu 1.191 1.757 0.351 Cu 1.243 -0.132 0.362
Zn 1.405 -24.892 0.479 Zn 1.276 -8.205 0.205
Ni 1.208 1.153 0.277 Ni 1.294 -0.476 0.308
 

deposition (g ha a-1) = a*M (µg g-1) + b 

 
Figure 11. Relationship between metal content in Pleurozium and wet deposition data at 13 Norwegian sites (data 
from Berg and Steinnes, 1997) 
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Figure 12. Relationship between metal content in Hylocomium and wet deposition data at 13 Norwegian sites (data 
from Berg and Steinnes, 1997) 
 
The use of different species of mosses was necessary in order to provide enough samples. 
However, having to standardise to Pleurozium does introduce inaccuracy. 
Figure 13 shows deposition estimated from UK Hylocomium samples using Berg and Steinnes 
direct regression equation (ii) shown in Table 15. This is compared to deposition estimated when 
the concentration in the Hylocomium samples is first standardised to Pleurozium and then 
converted to deposition using Berg and Steinnes regression equation (i) (Table 15).  For all 
metals except Pb, there are significant differences in the deposition estimates.  
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Figure 13. Comparison of deposition estimated from Hylocomium samples using i) the regression relationships 
between Hylocomium and wet deposition determined from Berg and Steinnes (1997) and ii) standardising to 
Pleurozium (Table 11) then using the regression relationship between Pleurozium and wet deposition (Table 14). 
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7.3 Conclusions on deposition calculations 
 
 The basis for using lead concentration in mosses to reconstruct Pb deposition is good. There 

are strong correlations between Pleurozium, Hylocomium and deposition.  
 
 The relationship between Cd and As concentration in mosses and deposition is strong, but 

some accuracy will be lost through difficulty standardising to Pleurozium.  
 

 For Ni, a poor calibration to deposition has been achieved, probably because the main source 
of Ni is soil dust. 
 

 For Cu and Zn, both standardisation to Pleurozium and calibration to deposition are poor 
(although standardisation only poor for Hypnum) 

 
 Zn, Ni and Cu cannot, at present, be calibrated to deposition with any confidence, and should 

only be used as a relative record to demonstrate trends over time, and differences in rates of 
deposition between catchments.  
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7.4 Deposition estimates from mosses 
 
Figure 14 show deposition estimated from moss metal concentrations. Deposition rates have been 
calculated for Cu, Zn and Ni but, due to uncertainties in the relationship between deposition and 
moss concentrations of these metals, must not be considered reliable.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14 Deposition estimated from herbarium moss samples. Pleurozium and Hylocomium deposition estimates 
based on the equations of Berg and Steinnes (1997b), Hypnum and Rytiddiadelphus are standardised to Pleurozium 
where possible. As standardisation introduces some error these are shown as small symbols 
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Figure 14 Deposition estimated from herbarium moss samples. Pleurozium and Hylocomium deposition estimates 
based on the equations of Berg and Steinnes (1997b), Hypnum and Rytiddiadelphus are standardised to Pleurozium 
where possible. As standardisation introduces some error these are shown as small symbols 
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Figure 14 Deposition estimated from herbarium moss samples. Pleurozium and Hylocomium deposition estimates 
based on the equations of Berg and Steinnes (1997b), Hypnum and Rytiddiadelphus are standardised to Pleurozium 
where possible. As standardisation introduces some error these are shown as small symbols 
 
 
 
 
 
 
 
 
 
 
 

South East

0
20
40
60
80

100
Cu

0
200
400
600
800

1000
Zn

0

100

200

300

400
As

0

2

4

6

de
po

si
tio

n 
(g

 h
a-1

)

Cd

0
200
400
600
800

1000
Pb

0

10

20

30

40

1850 1875 1900 1925 1950 1975 2000

date

Ni



  

8 Conclusions  
 
Herbarium moss samples represent a valuable resource for reconstructing past heavy metal 
deposition. However, detailed analysis of 143 samples from 4 UK herbarium collections has 
revealed some significant difficulties. 
 
The main problems encountered have been: 
 

1) Samples are necessarily small. The variability in metal accumulation within each moss 
sample means that errors introduced by using such small sub-samples are significant. 

2) The fact that mosses are distributed across a region means that deposition trends will be 
representative of a large area rather than a particular location (as is the case for peat or 
lake sediment cores). However, this introduces significant variability, particularly in 
historically mined regions. Therefore, trends can be difficult to distinguish due to sub-
sampling and spatial variability in metal deposition. 

3) Principle components analysis indicates that atmospheric deposition is the main source of 
Cd, Pb, Zn, Cu and As to mosses.  

4) Principle components analysis indicated that soil or windblown dust is the dominant 
source of Ni and a significant source of As to mosses.  

5) Different species of moss accumulate metals at different rates. Relationships established 
between species for some metals are currently poor, particularly for Cu and As. Further 
research into the different different rates of accumulation of metals by mosses would be 
useful. 

6) While strong relationships between deposition of Pb, Cd and As and moss concentration 
have been found (Berg and Steinnes, 1997b) only poor relationships exist between Cu, Zn 
and Ni deposition and moss concentration. Further work to better quantify the relationship 
between deposition and moss concentrations would be useful for all metals, but necessary 
before Cu, Zn and Ni can be used to accurately estimate deposition. 

 

Despite these difficulties, the reconstruction of trends in metal deposition has been reasonably 
successful. Few samples have been shown to be contaminated, and the main source of Pb, Cd, 
Zn, Cu and As in herbarium mosses has been demonstrated to be atmospheric deposition. 
Although there is significant scatter, as a result of subsampling errors, spatial variability and 
variation in metal accumulation between species, there are some clear trends: 

 

1) In general, metal concentrations in mosses are higher in the Northern England regions 
than in the Cairngorms and South East. This is particularly true for 19th century samples 
and Pb, As, Cu and Zn. 

2) 19th century levels of Pb, As, Cu and Ni tend to be higher than 20th century levels in the 
northern England sites. 

3) Peak deposition of Cu, Pb and As occur earlier than Cd and Pb, which tend to be higher in 
the mid 20th century. 

4) Current concentrations of metals are low in comparison to historical concentrations.  
 

The reconstruction of rates of Pb deposition are thought to be accurate, due to the existence of 
strong relationships between uptake between species, and strong relationships to deposition (Berg 
and Steinnes, 1997b). Furthermore, deposition estimated from the mosses are similar to those 
estimated using a variety of historical, environment and monitored records. There is good 
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agreement between the historical scenarios and the herbarium moss deposition estimates for this 
metal. 

 
Deposition estimates of Cd and As are also thought to be accurate, although there is some loss of 
precision associated with standardizing Hypnum and Rytiddiadelphus concentrations to 
Pleurozium. Differences between the literature-based estimate of Cd deposition and the 
herbarium moss based estimate need further investigation.  
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ANNEXE 9: EXTENSION OF CRITICAL LOADS MAPPING TO FORESTS 
AND LOWLAND VEGETATION: DERIVATION OF NEW TRANSFER 

FUNCTIONS 
 

L.Shotbolt, M.R.Ashmore 
 
1. Introduction 
 
Transfer functions used in the previous mapping of critical loads were based on extensive 
sampling of non-forested upland soils (Ashmore et al., 2002; Tipping et al. 2003). To extend 
critical load mapping onto lowland soils and forested uplands, the applicability of these transfer 
functions has been tested. 
 
2. Site selection 
 
Five new land cover classes were identified. These are upland coniferous forest, lowland 
coniferous forest, deciduous forest, acid grassland and heathland. 
 
Ten sampling locations were selected for each land cover class to provide: 
 
• a geographical spread representative of the spread of each land cover class 
• a range of cadmium, copper, lead, nickel and zinc concentrations representative of that 

experienced by each land cover class 
• inclusion of sites currently monitored for critical loads or environmental change research. 
 
Sampling locations for forested and non-forest land cover class were selected by different 
processes, which are explained in Sections 2.1 and 2.2. Sites selected are listed in Table 1. 
 
2.1 Forested land cover classes 
 
The Forestry Commission undertakes periodic environmental monitoring for two networks of 
forest sites in the United Kingdom. The UK programme for the intensive monitoring of forest 
ecosystems (Level II network), which has ten sites, is maintained to meet the FC's statutory 
responsibility under European regulations.  The majority of the Level II sites were included in the 
new sampling locations to enable comparison and sharing of results between research 
programmes. Under UN/ECE initiatives, various national surveys were incorporated into a large-
scale pan-European survey, the 'Level I' programme, with the major aim of monitoring crown 
condition changes over a long period of time in a large number of forest plots. Soil metal 
concentration data from level I Forestry Commission sites were supplied by the Forestry 
Commission (Kennedy, pers. comm.) and forestry sites included with a wide range of metal 
concentrations. 
 
For upland coniferous forest, Castle How Beck was initially chosen as a site already included in 
the dynamic modelling work package of this research. A further nine sites were made up of the 
five Forestry Commission level II upland coniferous sites two Forestry Commission level I sites 
and two Level 1 forest health plots from sites in Northern Ireland, providing a range of metal 
concentrations.  
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For lowland coniferous forest, two Forestry Commission level II sites were chosen, along with 
six level I sites (five in Britain and one in Northern Ireland) and two National Nature Reserves 
experiencing a range of metal deposition loads. 
 
For deciduous forest, Old Lodge was initially chosen as a site already included in the dynamic 
modelling work package of this research. A further nine sites experiencing a range of metal 
deposition loads comprised two Forestry Commission level II sites, five level I sites, one National 
Nature Reserve and one Forestry Commission site not monitored by the level 1 or 2 schemes.  
 
2.2 Non-forested land cover classes 
 
For lowland heathland and lowland acid grassland, maps of key natural areas of national 
importance for each land cover class were produced from the English Nature website 
(http://www.englishnature.gov.uk). Sampling sites were then chosen with a geographical spread 
representative of each land cover class' spread, and which also experienced a range of metal 
deposition loads. Lowland heathland sites comprised seven National Nature Reserves and two 
Natural Areas. Lowland acid grassland sites comprised seven National Nature Reserves and three 
Natural Areas. Sampling sites within each natural area were identified in consultation with the 
relevant English Nature, Scottish Natural Heritage or Countryside Council for Wales’s local team. 
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Table 1. Location of sample sites  
Deciduous Woodland 
Forest of Dean SO898134
Richmond Park NNR TQ194708
Alice Holt Forest SU795402
Grizedale SD334915
Savernake SU055888
Salcey SP796522
Brandon, Thetford TL793892
Dronley Wood, Tay NO341368
Old Lodge LNR TQ456294
Chaddersley Woods  SO910735
Hoddesden Woods TL353086
Castle Eden Dene NNR NZ429390 
Heathlands 
FinglandRigg Woods NNR NY274566
Linwood Warren TF136874
Cannock Chase SJ986164
Charnwood Lodge NNR SK460149
Thetford Heath NNR TL846801
Chobham Common NNR SU966650
Kingston Great Common NNR SU186038
Muir of Dinnet NNR NO435986
Strensall Common SE648616
Treffgarne Rocks SM954249
Upland coniferous Forest 
Tummel NN739613
Llyn Brianne SN812485 
Rannoch NN599534
Coalburn NY693781
Loch Awe NM966107
Castle How Beck NY234003
Llandovery SN834271 
Glenahulish, Lorne NN044579
Moydamlaght Forest H740990
Lough Braddan Forest H250730
Acid Grasslands 
Gowk bank NNR NY680737
Charnwood Lodge NNR SK464157
Stiperstones NNR SO363977
Thetford Heath NNR TL848797
Richmond Park NNR TQ193709
Kingston Common NA77 SU184039
Tregoss Moor NA95 SW977609
Cathkin Braes NS609583
Cors Caron SN685628
Sutton Park SP091962
Lowland Coniferous Forest
Thetford Forest TL954832
Sherwood SK162908
Hoddesdon Park Wood NNR TL356098
Tentsmuir (Aberfoyle) NO490280
Pelenna SS803984 
Stock Hill ST548521
Torrachility (Loch Achility) NH427561
Torridge SS416019
Creggan Wood H610790
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3. Methods  
 
A single, intact, block of soil, 16 x 12 x 7 cm, was collected from each site. The sample was 
stored in a cool box before returning to the laboratory. At five sites a replicate sample was 
collected at a distance of 10 m. In total, 56 soil samples were collected.  
 
Samples were analysed for a range of soil and soil solution variables. Methods used on the upland 
soil samples have been replicated in order to provide a comparable dataset. Methods are listed at 
the end of this report. 
  
4. Results and discussion 
 
Under EPG 1/3/144 transfer functions were derived from 98 upland grassland soils. The new 
soils dataset of 56 samples from five key habitats introduces some differences in the distribution 
of soil parameters. In particular, the new dataset includes a greater proportion of acid soils, with 
only six samples of pH > 5 (Figure 1). It also includes more mineral soils and less peat soils. The 
dataset now includes soils with organic matter contents down to 5% (Figure 1).  
 

 
Figure 1. Cumulative frequency distributions of pH and loss-on-ignition in the upland grassland soils dataset and the 
mixed land-use soils dataset. Ordering is from lowest to highest and is different for each variable. 
 

Trace metal concentrations in soil porewater are generally comparable to the uplands soils dataset 
(Figure 2). However, sample sites were specifically selected to represent background metal 
concentrations across the UK, therefore there are less highly contaminated sites, particularly by 
Pb and Zn. There are also a number of samples with lower Cd concentrations (Figure 2). 
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Figure 3. Cumulative frequency distributions of pseudo-total metal concentrations in the upland grassl
the mixed land-use soils dataset. 
 
In addition to extending the range of metal concentrations below those in the previous dataset, we 
have also contributed data to the upper range. A small additional exercise is comp
project at Bradford University, in which soil samples have been analysed from three sites in th
Northern Pennines contaminated by historical lead mining and smelting and three neighbouring 
uncontaminated sites. Metal concentrations of up to 40,000 µg Pb g-1, 7170 µg Zn g-1, 340 
g-1 and 15 µg Cd g-1 have been measured at the contaminated sites. This has allowed us
ability of transfer functions to predict metal pools over a wide range of soil metal levels as well as 
a greater range of habitats. Results are listed at the end of this report and are subsequently 
referred to as the ‘historically mined’ data.  

 
Figure 2. Cumulative frequency distributions of porewater metal concentrations in the upland grassland s
mixed land-use soils dataset.  
 

There are, however, some significant differences in bulk soil metal concentrations. Pseudo-total 
metal analysis shows at least 20% of the samples to contain lower metal concentr
found in the previous dataset (Figure 3). This is particularly noticeable with Cd, with alm
of the samples having lower Cd concentrations than any of the upland grassland samples. This
probably reflects the influence of calcareous grasslands in the upland grassland dataset, which 
tend to have higher Cd concentrations. The generally lower metal concentrations are thought to 
be the result of extending the range of locations sampled, with heathland and coniferous forest 
sites (particularly those with low organic matter content) constituting the bulk of these ‘low-
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4.1 Applicability of upland grassland transfer functions to new dataset. 
 
The ability of transfer functions determined from regression analysis of the upland soils dataset 
under EPG 1/3/144 to predict soil metal pools in the 56 ‘mixed land use’ samples and the 16 
‘historically mined’ soils was tested. Transfer functions were recalculated as Freundlich 
partitioning coefficients (Kf) (Table 2). This type of transfer function is preferred (see section 4.5) 
as it enables us to use the same partitioning equation to calculate either free-ion or reactive soil 
metal (Römkens et al., 2004). Furthermore, the non-linear Freundlich model allows us to take 
into account the tendency of binding strength to decrease as the amount of metal sorbed increases 
if necessary. In fact, only Cd prediction is improved by using the Freundlich model. Partitioning 
of the remaining metals is best explained by a linear relationship with soil parameters (n = 1, 
Table 12). Kf is related to soil properties such that: 
 
log Kf = a + b pH + c log LOI   [where Kf = Qreactive / Qfree

n]  (Eq. 1) 

Table 2. Regression coefficients for determining partitioning between reactive (edta) soil metal concentration and 
free-ion activity. Derived from the upland non-forested dataset under EPG 1/3/144. 

 a b c n r2 s.e. 
log Kf Cu -4.585 1.143 0.528 1 0.928 0.519 
log Kf Zn -4.006 0.406 1.171 1 0.650 0.394 
log Kf Cd -3.749 0.418 0.855 0.92 0.724 0.358 
log Kf Pb -4.270 1.134 0.695 1 0.902 0.599 
 
Figure 4 illustrates the capacity of the upland transfer functions to predict free-ion metal activity 
on a wider range of soils and habitats. Predicted free-ion activity using the above regression 
equations is plotted against actual (modelled) free-ion activity. Transfer functions perform 
satisfactorily for Pb and Cu, however Zn free-ion activity is slightly over predicted and Cd is 
imprecisely predicted at the ends of the distribution.
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Figure 4. Predicted free-ion activity (M l-1) from upland transfer functions compared to actual
activity at the mixed land use and historically contaminated sites.  
 
 
 
4.2 Use of other transfer functions to predict soil metal pools across the UK 
 
The performance of transfer functions derived from other soil datasets (Sauvé et al., 1998, 2000; 
Römkens et al., 2004) was tested on the mixed land use and historically mined soils.  

 
4.2.1 Transfer functions - Römkens et al. (2004) 
 
Römkens et al. (2004) have derived transfer functions on Dutch soils (summa
As shown in Figure 5, prediction of free-ion activity in UK soils is less accurate th
upland UK transfer functions (Figure 4). There is also some over prediction of Ni, Zn and Pb.
The historically mined data are not included as %clay was not determined. 
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Table 3. Regression coefficients for partitioning (Kf) between reactive (edta) soil metal concentration and free-ion 
activity. After Römkens et al. (2004) 

 a b c d n s.e. r2

log Kf Ni -5.05 0.31 0.65 0.39 0.51 0.28 0.88 
log Kf Cu -3.55 0.16 0.48 0.18 0.47 0.35 0.62 
log Kf Zn -4.51 0.45 0.39 0.35 0.74 0.40 0.82 
log Kf Cd -4.85 0.27 0.58 0.28 0.54 0.33 0.79 
log Kf Pb -2.96 0.25 0.83 0.02 0.68 0.55 0.57 

 
log Kf = a + b pH + c log LOI  + d log % clay [where Kf = Qreactive (M g-1)/ Qfree (mM-1) n]     (Eq. 2) 
 

Figure 5. Predicted free-ion activity (M l-1) using the transfer functions of Römkens et al. (2004).  
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4.2.2 Transfer functions - Sauvé et al. (2000) 
 

Sauvé et al. (2000) derived transfer functions using data compiled from the literature on a range 
of contaminated soils (summarised in Table 4). These are also presented in Römkens et al. 
(2004). Figure 6 demonstrates that these transfer functions poorly predict free-ion activity in UK 
soils in both contaminated and uncontaminated soils. 

Table 4. Regression coefficients for partitioning (Kd) between reactive (edta) soil metal concentration and free-ion 
activity. After Sauvé et al. (2000) 

 a b c s.e. r2

log Kf Ni -4.16 1.02 0.80 0.61 0.76 
log Kf Cu 1.75 0.21 0.51 0.55 0.42 
log Kf Zn -1.34 0.60 0.21 0.72 0.57 
log Kf Cd -0.65 0.48 0.82 0.62 0.61 
log Kf Pb 1.19 0.37 0.44 0.59 0.56 

 
K  = Q -1 / Q -1  ]     (Eq. 3) 

Figure 6. Predicted free-ion activity (M l-1) using the transfer functions of Sauvé et al. (2000).  
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In general, both sets of transfer functions performed less well on the mixed land use and 
historically contaminated datasets than those derived under EPG 1/3/144. This probably results 
from methodological differences in the extraction of porewater and metals and the determination 
of pH. A possible contributing factor may also be that these functions, developed outside the UK, 
may be less suitable to the soil, vegetation and environmental conditions in the UK.  As a result, 
only data from the UK were used to produce new transfer functions for use across the UK. 
 
While the transfer functions developed under EPG 1/3/144 appear to predict metal speciation 
across a range of soil types and habitats in the UK reasonably well, Zn is slightly under predicted 
and Cd prediction is inaccurate at the ends of the distribution. There is, therefore, potential to 
improve on these functions by combining all UK data .  
 
 
4.3 Transfer functions using all UK data. Comparison of transfer functions between total 
and free-ion metals and reactive and free-ion metals. 
 
Previously, transfer functions have been derived between reactive metal concentrations and free-
ion activity (Ashmore et al., 2002). These have been used to map reactive metal concentrations 
across the UK from the free-ion critical limits and derive critical loads. However, UK soil maps 
are actually presented as total soil metals. In the previous project two steps were, therefore, 
required: i) a transfer function to determine reactive metal from free-ion activity and; ii) a 
function to determine reactive metal concentrations from the presented total metal concentrations.  
 
Ideally, therefore, transfer functions between total and free-ion metals are required. These would 
remove the necessity for using two functions, would be easier to use and could result in less 
uncertainty in the resulting critical limits and loads calculations. We have, therefore, derived and 
compared transfer functions between total and free-ion metal concentrations as well as reactive 
and free-ion metal concentrations. Tables 5 and 6 summarise these functions and Figures 7 and 8 
show the quality of the predictions they provide. 
 
4.3.1 EDTA to free-ion transfer functions. 
 
Table 5 and Figure 7 show transfer functions developed using all available UK data. 
Unfortunately, Ni was not measured at the upland UK sites, therefore there were relatively few 
data points from which to determine Ni transfer functions. Furthermore, the range in Ni 
concentrations in the new UK data was small and therefore transfer functions derived were poor, 
explaining only 49% of the variation (Table 5). In an attempt to improve this function we 
obtained some further data on Ni (from Pampura et al., pers. comm. and Weng et al., 2002). The 
second transfer function for Ni in Table 5 is derived from the new UK mixed land use data, 
Russian forest soils (Pampura et al.) and Dutch agricultural soil samples (Weng et al., 2002). The 
inclusion of the Dutch and Russian data produces a very similar transfer function confirming the 
accuracy of the UK data. The greater range of data improves our confidence in the Ni transfer 
function, which now explains 71% of the variation. Only for Ni and Cd was the predictive power 
of the transfer functions improved by using the curvilinear Freundlich coefficients (i.e. n < 1).  
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Table 5. New UK transfer functions (based on EDTA extracted metals) 

   a  b  c  n r2 se 
log Kf Cu -5.174  1.169  0.781  1.00 0.921 0.472 
log Kf Zn  -3.282  0.363  0.899  1.00 0.573 0.418 
log Kf Cd -5.852  0.392  0.951  0.68 0.681 0.357 
log Kf Pb  -4.203  1.124  0.718  1.00 0.900 0.518 
log kf Ni+  -4.836  0.305  0.928  0.70 0.491 0.331 
log kf Ni*  -4.850  0.353  0.952  0.73 0.708 0.339 
log(Kf) = a + b*pH + c*logLOI%           [where Kd = Qreactive (M g-1)/ Qfree (M-1) 

n]      
 

      (Eq. 4) 
Log kf Ni+ = Ni transfer function using only UK data  
Log kf Ni* = Ni transfer function using UK, Russian and Dutch data. 
 

Figure 7. Predicted free-ion activity (M l-1) using the new UK transfer functions (reactive to free-ion) . 

The combined UK data predicts free-ion activity successfully across a wide range of soil types 
and habitats and a large contamination gradient (Figure 7). 
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4.3.2 Total metal to free-ion transfer functions 
 
Table 6 and Figure 8 show transfer functions developed using all available UK data between total 
and free-ion metal pools. 
 
Table 6. Transfer functions on all UK data between total and free-ion metals. 
  a (int)  b (pH)  c (logLOI) n r2 se 
log Kf Cu  -4.289  1.116  0.603  1.000 0.922 0.452 
log Kf Zn  -2.573  0.324  0.121  0.830 0.588 0.381 
log Kf Cd -5.712  0.399  0.727  0.630 0.665 0.372 
log Kf Pb  -4.191  1.175  0.763  1.000 0.919 0.483 
log Kf Ni  -4.031  0.246  0.337  0.570 0.278 0.333 
log(Kf) = a + b*pH + c*logLOI%     [where Kd = Qtotal (M g-1)/ Qfree (M-1) 

n]     (Eq. 5) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n) . 
The relationship between total metal concentrations and free-ion activity is good. The predictive 
power of the transfer functions is improved for Cd, Ni and now also Zn, by using the curvilinear 
Freundlich equations rather than linear regression. For Cu ad Pb both r2 values and standard 
errors are lower using these relationships than using the reactive to free-ion transfer functions. 
While r2 are very slightly lower for Zn and Cd and the standard error is higher for Cd, on balance, 

 

Figure 8. Predicted free-ion activity (M l-1) using the new UK transfer functions (total to free-io
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because it removes the necessity for two transfer functions, it is preferable to use the total to free-
ion transfer functions. 
 
The exception is Ni. Due to the lack of data, we have only been able to produce weak 
relationships between total and free-ion Ni concentrations. For this metal, therefore, two transfer 
functions - free-ion to reactive (Table 5) and  reactive to total (Table 6) must be used. Reactive to 
total Ni transfer functions are shown below (a direct transfer function has been used as this was 
found to produce the slightly better prediction of speciation). 
 
Table 6. Qc/cQ transfer functions for Ni based on UK data between total and reactive (edta) metals 
    a     b  c  d r2 se 
Log edta Ni (M/g)   -4.351      -  0.663   0.628 0.558 0.249 
Log total Ni (M/g)  -1.58   0.0066  0.484   0.626  0.534 0.252 
 
Log edta Ni (M/g) = a + c log LOI + c log total Ni (M/g)  
Log total Ni (M/g) = a + b pH + c log LOI + d log edta (M/g) 
 

t (cQ-Qc) transfer 
mpares the 

ation as well as 

 
Where C is the free-ion metal activity and Q is the total metal concentration. 
 
In contrast the indirect functions, such as have been used throughout this report, are based on the 
derivation of an adsorption constant which is related to soil properties. This can either be based 
on a linear model (Kd) or a nonlinear model such as the Freundlich model (Kf). These are written 
in the form: 
 

Figure 9. Predicted edta and total Ni using direct transfer functions 
 
 
4.4 Comparison of direct and indirect transfer functions 
 
Finally, there has been some debate as to whether it is better to use direc
functions or indirect (Kf, Kd) partitioning functions. The following section co
predictive power and accuracy of both sets of transfer functions.  
 
Direct transfer functions relate the free-ion activity directly to the total concentr
soil parameters (i.e. pH and LOI). These are written in the form: 
 
log Cmetal = a +  b pH +  c LOI +  d log Qmetal

-10

-10

-9

-9

-8

-8

-7

-7

-6

-6

-5

-10 -9 -8 -7 -6 -5
actual log edta Ni (M g-1)

pr
ed

ic
te

d 
lo

g 
ed

ta
 N

i  
(M

 g-1
)

-10

-10

-9

-9

-8

-8

-7

-7

-6

-6

-5

-10 -9 -8 -7 -6 -5
actual log total Ni (M/g)

pr
ed

ic
te

d 
lo

g 
to

ta
l N

i  
(M

/g
)



  

log(Kf) = a + b*pH + c*logLOI%           [where Kf = Qtotal (M g-1)/ Qfree (M-1) 
n]     or 

 
log(Kd) = a + b*pH + c*logLOI%           [where Kd = Qtotal (M g-1)/ Qfree (M-1) ]      
 
The key advantage of the indirect approach is that only one equation is needed from which both 
free-ion and total metal concentrations can be derived. Two equations are needed with the direct 
approach. The nature of multilinear regression used to derive the equations means that the 
concentration of total metal predicted from free-ion metal will not necessarily be the same as the 
free-ion metal activity predicted from the total metal. However, if the indirect functions were 
significantly weaker than the direct functions, it may be more appropriate to use the direct 
method. 
 
4.5.1 Comparison of r2 and standard errors produced by direct and indirect approaches. 
 
Tables 7 and 8 show r2 and standard errors produced by calculation of total metal concentrations 
and free-ion activity using direct and indirect transfer functions (note these will be different from 
the values previously produced for the Kf prediction which were the r2 and s.e. of the relationship 
between predicted and actual Kf, whereas these are the relationship between predicted and actual 
total metal concentrations, and predicted and actual free-ion metal concentrations). 
 
Table 7. Prediction of total metal concentration. Comparison of Kf and cQ functions  
 cQ Kf

 r2 SE r2  SE 
Cu  0.374 0.326 0.369 0.448 
Zn 0.626 0.359 0.618 0.378 
Cd 0.579 0.345 0.556 0.369 
Pb  0.716 0.425 0.714 0.478 

 
Table 8. Prediction of free-ion metal concentration. Comparison of Kf and Qc functions 
 Qc Kf

 r2 SE r2  SE 
Cu  0.923 0.448 0.922 0.448 
Zn 0.616 0.426 0.608 0.455 
Cd 0.518 0.518 0.490 0.586 
Pb  0.926 0.483 0.926 0.478 

  
Both r2 and standard error prediction are similar for both approaches but the relationships are 
consistently slightly weaker using the Kf approach.  However, examination of the residuals 
generated from the direct transfer function prediction of total metal concentration shows that they 
are not independent (Figures 10 and 11). The transfer function leads to some underprediction of 
high values and over prediction of low values of Cu Cd, and Zn to a lesser extent. Residuals 
produced by the Qc prediction of free-ion metals are also biased for Cd and Zn (not shown). 
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Although the indirect approach results are slightly less precise, this method does not produce any 
of the bias that is evident using the direct approach.  The indirect approach was, therefore, used 
throughout critical loads mapping and modelling. 

Figure 10. Residual plots generated from prediction of total metal concentrations using direct (cQ) transfer 
functions. 
 

Figure 11. Residual plots generated from prediction of total metal concentrations using indirect (Kf) transfer 
functions. 
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4.5 Transfer functions used in critical loads mapping and modelling 
 
The following transfer functions are, therefore, used in critical loads mapping and modelling.  
 
Table 9. Kf transfer functions for Cu, Zn, Cd and Pb based on all UK data between total and free-ion metals. 
  a (int)  b (pH)  c (logLOI) n r2 se 
log Kf Cu -4.289  1.116  0.603  1.000 0.922 0.452 
log Kf Zn  -2.573  0.324  0.121  0.830 0.588 0.381 
log Kf Cd -5.712  0.399  0.727  0.630 0.665 0.372 
log Kf Pb  -4.191  1.175  0.763  1.000 0.919 0.483 
 
log(Kf) = a + b*pH + c*logLOI%           [where Kd = Qtotal (M g-1)/ Qfree (M-1) 

n]      
     

 
Table 10. Kf transfer functions for Ni based on UK, Dutch and Russian data between reactive (edta) and free-ion 
metals. 
   a  b  c  n r2 se 
log kf Ni*  -4.850  0.353  0.952  0.73 0.708 0.339 
 
log(Kf) = a + b*pH + c*logLOI%           [where Kd = Qreactive (M g-1)/ Qfree (M-1) 

n]      
 
 
Table 11. Qc/cQ transfer functions for Ni based on UK data between total and reactive (edta) metals 
    a     b  c  d r2 se 
Log edta Ni (M/g)   -4.351        -  0.663   0.628 0.558 0.249 
Log total Ni (M/g)   -1.58   0.0066   0.484   0.626  0.534 0.252 
 
Log edta Ni (M/g) = a + c log LOI + c log total Ni (M/g)  
Log total Ni (M/g) = a + b pH + c log LOI + d log edta (M/g) 
 
 
 
5. Conclusions 
 
• Transfer functions were produced under Defra contract 1/3/144 for upland soils. When 

applied to a wider range of soils and habitats they predict metal partitioning satisfactorily for 
Pb and Cu, but less well for Zn and Cd. 

 
• Transfer functions derived by Römkens et al. (2004) and Sauve et al. (2000) predict metal 

partitioning poorly in UK soils. 
 
• The upland UK soil data were combined with data collected under the current contract across 

a wide range of UK soils and habitats to produce new transfer functions suitable for 
application for critical loads mapping and modelling in the UK. 

 
• Relationships between total metal concentration and free-ion activity were found to be as 

strong as relationships between reactive metal concentration and free-ion activity. Therefore 
total to free-ion transfer functions are being used for mapping and modelling (as UK wide soil 
data is only available as total metal). Due to a lack of data for Ni, however, two transfer 
functions are necessary for this metal (free-ion to reactive Ni and reactive to total Ni). 
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• A comparison was made of direct (Qc-cQ) and indirect (Kf) transfer functions. Indirect 
transfer functions produced slightly weaker but unbiased relationships. Residuals produced by 
the direct transfer functions for Cd, Zn and Cu were not independent of metal concentration. 
Indirect functions are therefore used throughout critical loads mapping and modelling.  
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Methods 
 
 Extraction of porewater 
1. Soil is brought in from the field in Tupperware boxes, and stored at 4oC for no longer than 3 weeks. 
2. Boxes are removed from store in batches of 10 to 15.  
3. Boxes are wiped clean and holes are punched in the base of each box 
4. Boxes are weighed. 
5. Lid is removed and the box placed in onto the lid. DDW added gradually to the surface. 
6. On first appearance of water from holes addition of water halted and contents of lid added to the surface 
7. Water added until can take no more (i.e. field capacity). Boxes are reweighed to determine amount of water 

added. 
8. Lids reattached and wrapped in Clingfilm returned to the store for 1 week to equilibrate. 
9. After 1 week brought into the lab and left for 1 day at room temperature. 
10. Cling film removed and a Rhizon samplers inserted into one of the holes (holes made first with thin stick) 
11. Syringe is attached and plunger withdrawn to create a vacuum and porewater extracted until 30ml has been 

collected. This may take anywhere between a few hours and several days (though most are extracted within 24 
hours). Where extraction takes longer than 6 hours, boxes are returned to the cold store for the remainder of the 
extraction. 

12. Syringes are put into plastic bags to be used later to filter samples. 
13. Extracted porewater is removed to plastic bottles, about 15 mls into a clean but not acid washed container for 

anion analysis and pH and the remaining 15 mls into an acid washed container (make note of total volume of 
solution removed).  

Separation of sample into aliquots for heavy metal, anion, base cation, DOC and pH analysis. 
 
DOC analysis 
1. 5 ml of sample is removed from each acid washed storage bottle using a pipette into acid washed small plastic 

containers.  
2. 5 ml DDW is added to make up to 10 mls. 
3. Samples are analysed using a Dohrmann DC-190 TOC analyser  
 
Heavy metal and base cation analysis 
1. The remaining extract is filtered through 0.2 µm syringe filters into separate centrifuge tube. Run DDW through 

the filter first, then pour 2 mls of sample into the syringe filter and discard. Pour the remaining extract into the 
syringe and filter into a centrifuge tube.  

2. 5 mls of filtered extract is then removed using a calibrated pipetter to another centrifuge tube for analysis of base 
cations and heavy metals by ICP-AES.  

3. 5 mls of DDW are added to each sample 
4. 0.2 mls of high grade HNO3 are added to each sample to acidify to approx 2%. 
5. Standards are made up using same matrix. 
6. Analysis carried out on ICP-AES 
 
pH analysis 
1. Approx 5 mls of sample is removed from the non-acid washed container into small clean but not acid washed 

plastic containers. 
2. Analysed for pH. 
 
Anion analysis 
1. The remainder not used for pH  (up to 10 mls) is kept for the analysis of anions by ion chromatography.  Samples 

analysed using Dionex Ion Chromatography. 
 
Soil Analysis 
 
pH 
1. A core of soil is removed from the Tupperware box using a cork corer and put into a small plastic container. Find 

weight of soil removed. 
2. DDW is added to the soil at a ratio of 2 mls of water per gram of soil.  
3. Mix thoroughly and leave to equilibrate for an hour 
4. Stir then measure pH using a glass electrode. 
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Soil Homogenisation 
1. Soil is weighed  (must reweigh as water removed and soil for pH analysis) then dried in a fan oven at 40 C.  
2. Soil remains in the oven until it is not losing any more water. Reweigh to determine air dry moisture content and 

dry bulk density 
3. Air-dry soils are sieved to < 2 mm. Where soils are consolidated, light grinding in a pestle and mortar is used to 

break them up (or breaking up in a plastic bag).  
4. Separate suitable quantities for  CEC (4.g of < 1mm soil), total metal analysis <2mm (0.5 g) particle size analysis 

<2mm (50g) EDTA extractable metal analysis <2mm (1 g) and LOI < 2mm (10 g). Representative samples for 
each are obtained using a riffle sampler (which must be rinsed and dried between each sample). 

 
Water content and LOI 
1. Soil must first be oven dried to determine the difference between oven-dry and air-dry weight (which is the 

standard soil water content). Approx. 10 g of soil is weighed into a crucible and oven dried at 105oC.  (weigh 
crucible then weigh with soil in it) 

2. Crucibles are removed from the oven and placed in a desiccator to cool. Once cool they are weighed and the 
difference in weight used to determine the water content of the < 2 mm fraction. 

3. Crucibles are then placed into the furnace. Furnace is heated to 450oC overnight.  
4. Samples are removed (with tongs) placed into a desiccator to cool, and reweighed. % weight difference between 

oven dry and ignited soils is LOI. 
 
Pseudo-total metal analysis 
1. Weigh 0.5g milled air dried soil into a digestion tube (not forgetting replicates, blanks, CRMs) 
2. Add 8 ml HNO3 to each (70%) 
3. Add 2 ml HClO3 to each (60%) 
4. Add caps and place in heating block and raise temperature to 50oC. Samples with high organic matter react 

vigorously with nitric and perchloric, so best to leave heating block on at 50C overnight after the addition of 
acids. After at least 3 hours and preferably overnight raise temperature to 150oC, leave at this temperature for 3 
hours. 

5. Increase temperature to 185oC and leave for 18 hours (overnight). Next morning, remove caps and allow to 
evaporate at this temperature (will take approx 3 hours – sample is completely dry when the white fumes 
disappear). 

6. Allow to cool. Add 2 ml HCl and 2 ml DDW to each test tube. 
7. Heat to 60oC and leave for one hour. Cool. 
8. Add 4 ml water and mix.  
9. Filter quantitatively using ashless, slow filters (Whatman 542) into 50 ml volumetrics.  
10. Add 1 ml of this solution to an acid washed centrifuge tube. Add 10 mls water. Add 2ml ultrapure HNO3. 

Analyse on ICP-AES 
11. Ensure COSHH form filled out and safety gear worn. 
 
EDTA extraction 
1. Make up 1litre of 0.1 M Na2EDTA solution.  
2. Weigh 1 g of air-dried, < 2 mm soils into large centrifuge tubes. Shake for an hour with 10 ml 0.1 M Na2EDTA 

(Analar) on flask shaker. 
3. Each tube is then centrifuged at 2000 rpm for 2 mins  
4. 5ml of supernatant is removed to separate glass test tubes.  
5. Add 4ml nitric acid (primar). Weigh tubes. Put glass balls on to prevent evaporation. Acid attack is then 

performed on the supernatant . 
6. put into heating block and heat up to 100oC for 6hrs.  
7. Allow to cool. Reweigh to check no evaporation. Allow any remaining solids to settle. 
8. pipette 0.3 mls into a acid washed centrifuge tube.  
9. Add 10 mls DDW. Add 0.1 ml ultrapure HNO3.  
10. Analyse on ICP-AES. 
 
Cation Exchange Capacity  
1. Make up 2 litre, 1 N Sodium acetate solution; 2 litre, 1 N Ammonium acetate solution. Weigh 4 g of < 1 mm soil 

into large centrifuge tubes (can do 12 at a time) 
2. Add 33 ml NaAc solution to each sample. Shake on flask shaker for 5 minutes. Centrifuge at 2250 revs per min 

for 5 mins. Carefully decant supernatant.  
3. Repeat step 2, 3 times. 
4. Add 33 ml isopropyl alcohol (propan-2-ol). Shake, centrifuge and decant as above. 
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5. Repeat step 4, twice. 
6. Add 33 ml NH4Ac solution to each sample. Shake, centrifuge and decant into 100 ml volumetrics.  
7. Repeat step 6, twice. Make up to 100 ml mark with spare NH4Ac preferably or DDW. 
8. Measure Na on ICP-AES./ICP-MS/Flame photometer 
 
Particle size analysis 
 
1. Dry soils to 350oC (reweigh) 
2. In large beakers, add H2O2 in small quantities. 
3. Heat once you think you might be able to without it overflowing 
4. When no further reaction (may be a little residual bubbling due to carbonate attack but you should be able to tell 

from colour and lack of reaction when the organic matter is gone) dry in oven at 105oC (reweigh). 
5. Sieve to get 63 micron fraction (weigh and determine % less than 63 microns) 
6. Add 25 ml DDW to the less than 63 micron fraction. Add 1 ml of 1% calgon solution. 
7. Shake on sieve shaker for 1 hr. 
8. % clay determined using the settling and Stokes Law technique. 
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ANNEXE 10: DISSOLVED ORGANIC CARBON CONCENTRATIONS IN 
UK SOILS  
 

L.Shotbolt, M.R.Ashmore 
 
 
 
DOC strongly complexes many heavy metals, influencing metal partitioning between the soil and 
soil solution and metal leaching from the soil profile. DOC is, therefore, an essential parameter in 
the calculation of critical loads. Unfortunately, DOC is rarely measured in national soil surveys. 
As accurate DOC data is essential in the calculation of critical loads, a wide ranging review of the 
available data on DOC concentrations and fluxes in soils was carried out. 
 
Studies reviewed were restricted to those that collected soil solution in the field using zero-
tension or tension lysimeters.  The advantage of lysimeter studies over others such as centrifuging 
soil samples or creating a soil-slurry through mixing with water is that the soil solution is 
obtained in-situ and can be continuously collected over a period of time. Restricting the dataset to 
lysimeter-based studies should also reduce variability in the data as different extraction 
techniques have been found to produce different DOC concentrations. Particularly marked 
differences have been observed between DOC concentrations measured in laboratory studies and 
those collected in the field (Kabitz et al., 2002). Lysimeters probably represent the technique 
most likely to obtain DOC data representative of concentrations in the soil profile.  
 
Three sources of information were available and have been used to produce: 
 
1 An analysis of data from published lysimeter-based DOC research  
2 An analysis of DOC concentrations measured in lysimteres at ICP Forest sites 
3 An analysis of DOC concentrations and fluxes measured in the UK (unpublished 

lysimeter studies mostly carried out at CEH Bangor). 
 
 
1. Literature review of lysimeter studies  
 
An extensive review of the published literature found 38 studies that have determined DOC in 
soil solutions collected in lysimeters. Within this dataset, 192 individual or bulked lysimeter 
results were obtained. These span a range of soil types, vegetation types (Table 1) and horizons 
(Table 2) and are predominantly from locations in Europe and North America. All studies 
included have measured DOC over at least several months and generally one or more years. DOC 
concentrations presented are mean annual concentrations.  
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Table 1. Soil groups in the studies reviewed according to the World Reference Base for Soil Resources (FAO, 1998) 
and predominant vegetation type. For many studies, soil classification was for a larger area than the lysimeter, 
leading to classifications such as ‘cambisols to podzols.’ 

Soil groups (WRB) Number of 
samples 

Vegetation (most 
common in study area) 

Number of 
samples 

Acrisols 19 Coniferous forest 83 
Acrisols to Cambisols 5 Deciduous forest 60 
Cambisols 27 Grassland communities 24 
Cambisols to Podzols 12

 

Moorland communities 12 
Gleysols 31  Carr (wooded wetlands) 5 
Histosols 27  Agricultural (cereal) 8 
Histosols to Podzols 2    
Podzols 43    
Leptosols 3    
Unspecified 23    

 
Data points have been separated into major horizons (i.e. organic (O) horizons, mineral/organic 
(A) horizons, elluvial (E) horizons, illuvial (B) horizons and relatively unaltered (C) horizons). 
Samples from peat profiles were also considered, though as a separate category. Sample 
distributions were positively skewed (particularly the E, B and C horizons) and therefore the 
median was considered the most appropriate average value. Median, 10th and 90th percentiles and 
range of DOC concentrations are shown below (Figure 1 and Table 2).  
 
Table 2. Summary statistics for DOC concentrations classified by soil horizon. Values are calculated from annual 
mean concentrations. 

Horizon no. of 
samples 

median 
DOC (mg 

l-1) 

min. DOC 
(mg l-1) 

max. DOC 
(mg l-1) 

10th 
percentile 

90th 
percentile 

O 30 36.75 10.0 103.2 13.97 69.97 
A 25 28.00 7.0 74.2 11.60 51.44 
Peat 25 45.00 12.8 152.8 21.56 96.38 
E 15 4.97 0.6 60.0 0.84 44.04 
B 51 10.10 1.5 60.0 3.54 30.00 
C 10 2.28 0.6 45.7 0.69 17.54 
Groundwater 1 0.39  
Stream 7 2.16 0.8 10.0 0.78 8.80 
Unclassified 28   

 
 

The range of DOC concentrations measured in the studies reviewed is considerable. However, 
clear differences between soil horizons are apparent. The upper soil horizons (O, A and also 
horizons from peat profiles) produce higher concentrations of DOC than the lower horizons (E, B 
and C) reflecting the greater DOC production in the surface horizons.  
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Figures 1 Median, 10th and 90th percentile and range of DOC (mg l-1) concentrations in samples from major soil 
horizons 
 

DOC concentrations are clearly highly variable. There are many factors involved in determining 
DOC concentrations, but climate (in particular rainfall and temperature) is thought to be 
important. Therefore the use of data from widely varying climatic regions across Europe and 
North America for determining average DOC concentrations in UK soils may not be advisable. 
To test this, we compared DOC concentrations measured at ICP forest sites in the UK to 
concentrations across the rest of Europe.  

 

 
2. DOC concentrations in ICP forest soils 
  
Figure 2 shows DOC concentrations in soils from coniferous and deciduous forests across Europe 
(data collected as part of the ICP Forests monitoring programme, de Vries pers comm..). 
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Figure 2. Histograms of DOC concentration in the upper 10 cm of soil at ICP Forest sites. 
 
DOC measured at UK sites tends to be at the lower end of the European distribution, although 
this is uncertain as the number of sites is small, and very high DOC is measured at Thetford 
Forest (Suffolk, on calcareous sands) (Figure 2). The ICP Forest data appear to demonstrate 
differences in DOC distributions for individual countries, although the low number of sites (23) 
limits the interpretation of these trends (Figure 2). 
 
 
3. DOC measured in unpublished UK studies 
 

DOC concentration 
 
Researchers at CEH Bangor have produced a database of DOC concentrations in UK soils 
(predominantly unpublished research at CEH, collated by Chris Evans). Analysis of this dataset 
further indicates that DOC concentrations in UK soils are low in comparison to global averages, 
but still highly variable (Figures 3 and 4). 
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Figure 3. Histogram of DOC concentrations in upper (O & A) hor
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Histogram of DOC concentrations in upper (O & A) hor
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Table 3. Summary statistics for DOC concentrations measured und
Soil type Horizon Conifers 

  n 5% median 95%

Upper (O, A) 17 4.9 15.0 46.3 
Lower (B) 14 3.1 5.1 23.4

  Acid Grassland 
  n 5% median 95%

Upper (O, A) 19 3.6 10.7 16.7 
Lower (B) 12 1.7 4.1 8.5

 

DOC flux 
 
DOC flux for the UK sites was determined by estimat
precipitation and evaporation data) for each site in the
concentration.  Analysis of the DOC flux data found a r
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zons of UK soils (Evans, pers. Comm.)  

on and habitat, with heathland having the 
and the lowest (Table 3). However the 

er different habitats in the UK.  
Deciduous 

n 5% median 95% 

9 7.7 17.2 21.1 
27 3.6 7.7 16.1 

Heathland 
n 5% median 95% 

11 11.4 23.3 44.5 
4 3.3 9.2 20.3 

ng the annual runoff (based on UK wide 
dataset and multiplying this by the DOC 

elationship between DOC flux, runoff and 
 low number of data points means the 
ear increase in DOC with runoff, tending 
ay tentatively be said to have a process-

be envisaged as a function of both the 
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generation and accumulation of DOC in soil, and the removal by runoff. Therefore higher DOC 
flux relative to runoff is found in soils with low runoff but higher total flux where runoff is high.   
 

 
Figure 5. Relationship between DOC flux and runoff in UK soils.  
 
DOC concentrations were derived for different habitats based on runoff using the following 
equations (a rearrangement to determine concentration from the regression equations shown in 
Figure 5): 
 
DOC Acid Grassland  (mg l P

-1
P) = 257.23*runoffP

-
P (mm yrP

-1
P) P

-0.4554  
P(Eq. 1) 

 
DOC Heathland (mg lP

-1
P) = 113.48*runoff (mm yr P

-1
P)P

-0.2309   
P(Eq. 2) 

P

  

DOC Woodland (mg lP

-1
P) = 112.91*runoff (mm yr P

-1
P)P

-0.2867
P   (Eq. 3) 

  
 
4. Conclusions 
 
Data on DOC concentrations are scarce. A thorough evaluation of the available data suggests that 
DOC concentrations in the UK tend to be low in comparison to global averages. It is thought that 
this is a result of the combination of relatively high runoff and lower temperatures in the UK 
which limit the generation and build up of DOC. For critical loads calculations we have used the 
relationship between DOC flux and runoff to determine DOC concentration for calculation of 
critical loads. Although the relationships between DOC concentration and runoff are not strong 
and may introduce significant uncertainty, we feel that the trends shown are plausible and provide 
a more realistic estimation of DOC than accepting the default value of 20 mg l P

-1
P recommended in 

the UNECE Mapping Manual, which is high in comparison to the UK median and does not 
account for the influence of runoff.  
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DOC is a major area of uncertainty in critical loads calculations. Critical loads calculations for 
metals would benefit considerably from further experimental work to improve estimation of both 
concentrations and fluxes of DOC through UK soils.  
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