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Abstract—The rare earth element (REE) composition of an acidic spring discharging at pH 2.7 was studied
in relation to the REE composition of selected extracts of the coal-bearing strata hydrologically above the
discharge. The low pH of the discharge and the access to the strata through which it flows provides an
excellent opportunity to study the use of REEs as tracers of water-rock interaction. Extraction techniques were
used to mimic the process of acidic groundwater generation in coal-bearing strata. Samples were treated to
remove exchangeable ions and then treated sequentially with solutions buffered at pH 5.5, 3.6 and 1.6 in order
to mimic the natural buffering systems of groundwaters. Finally, samples were oxidised with hydrogen
peroxide in an attempt to remove the pyrite.

The results show that the composition of the spring is controlled by pyrite oxidation and buffering by Fe
oxy-hydroxides, the latter with compositions inherited from carbonates from within the sequence. The
similarity of REE patterns of the carbonate and the silicate extracts tends to obscure information concerning
the relative roles of carbonate or silicate phases. The source strata of the spring has evolved over time and
shows that different coal seams have a unique contribution. This distinct contribution appears more related to
the mixture of sedimentary components (i.e. carbonates, silicates, etc.) in the coal seam and the combination
of shale and sandstone layers surrounding coal seams than the composition of the components themselves.

The similarity between REE compositions of the sequential extracts suggests that relationships discovered
for this spring will be applicable elsewhere in the basin. However, this very property will hamper the use of
such lithophilic elements in cases where characterisation of the source area is not paSsimjeight © 2001
Elsevier Science Ltd

1. INTRODUCTION latter in mind it is important to consider the importance of
buffering systems in controlling the composition of discharges
and in their evolution. An easily accessible discharge at North-
wood (National grid ref. -NZ 212 402; Fig. 1) allows a unique
opportunity to study the development of acidic groundwaters.
At this locality an acidic spring (pH 2.7) emerges from a
perched water table on an isolated hillside within the West-
phalian coal measures of the Durham basin (Fig. 1). The strata
hydrologically above the spring at this site have been exposed

charges,are circum-neutral (pH 6-7.5), implying extensive b ¢ mini fth ) | d theref I
water-rock interaction before emergence. Carbonate minerals y opencast mining of the area's coal seams, and therefore a
the strata through which the spring water permeates can be

occur in coal measures, siderite being common and acting as an led and vsed
additional source of iron to these discharges (Younger, 1995). sa'rl‘qpe an ettpaysfe .'d' ining lak f tern G

Quartz, feldspars, and clays also occur in coals and associated N examination or acidic mining lakes of eastern ermany
strata, providing further buffering capacity to these AMDs, and suggests that three dominant buﬁerlng.gystems are operating
act as a source of trace elements. The extent to which these(GeIIer et al., 1998): carbonates, Al-silicates, and Fe oxy-

reactions control the composition of these discharges and theirhyd_r(_)x'des' To _underst_and the evolution of th_e discharge com-
evolution has received comparatively little attention. position over time, it is necessary to consider the balance

The purpose of this study is to identify the water-rock between the potential acid neutralisation/buffering reactions

interactions that govern the composition of acidic groundwater and the amd-producm.g,. 'pyrlte. OXIdatIOI‘l. procgsses. If carbon-
discharges emanating from coal-bearing strata. This study will a.tes are present, the |n|t|§1I aC|.d productlgn will be buffgred at
address a number of questions. First, can the phases that aré;lrcum-neutral pHs, but ',f acid production can .outstrlp th?
being weathered by the highly acidic water produced be iden- @mount of carbonate available, the pH of the discharge will
tified and their respective importance delineated? Second, can'@Pidly change as Al species become the major buffering sys-
the source of the acidic groundwater be specifically identified, ©€M- These changes not only represent large shifts in pH but
that is, which strata are contributing what to the discharge? have consequences for element mobility that result in increased

Third, can the evolution of the discharge be predicted? With the Met@l loads. Ultimately the system becomes self-buffering as
one of the products of pyrite oxidation (i.e., Fe oxy-hydroxide)

acts as the major buffering system. Although any given spring

*Author to whom correspondence should be addressed (fred.worrall@ Will conform to one or the other of these systems depending on
durham.ac.uk). which is dominant within the catchment of the spring, condi-

3027

Acidic mine discharges (AMD) represent a major source of
water pollution in areas of present and former mining activity.
The source of this pollution is taken as being the oxidation of
pyrite (FeS), which creates groundwater with a low pH and
high total dissolved solids (TDS), particularly metals and sul-
phate. However, many of the discharges from coal strata,
associated with pyrite oxidation and termacidic mine dis-
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Fig. 1. Location map showing the site at Northwood and those sites from which coal-hosted pyrite could be sampled.

tions may be very heterogeneous with each of the buffering sessed. The heterogeniety of the catchment gives a measure of
systems controlling water-rock interaction at different points in the likely evolution of the spring. For example, in a discharge
space and at differing scales. The balance of these bufferingthat is about to become Al-dominated, the waters could be
systems will control the overall emergent water quality of the expected to show indicator ions of both Al and carbonate
discharge, and the spring will evolve as the balance of these buffering systems.

local buffering systems shift. If chemical fingerprints of each of Rare earth element (REE) patterns can record subtle geo-
these buffering systems could be identified, then the balance chemical processes in natural systems (Taylor and McLennan,
and heterogeneity of the discharge’s catchment could be as-1988). Because of the lithophilic nature of REE, the source in
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groundwaters is dominantly the surrounding strata, and hence Groundievel
the potential REEs have to be tracers of groundwater mixing,

source regions, and water-rock interactions (Banner et al.,

1989; Smedley, 1991; Fee et al.,, 1992; Johannesson et al.,

1994; Banks et al., 1999). Recent work has suggested that the

REEs may approach conservative behaviour in some ground- 2m
waters (McCarthy et al., 1996, 1998; Johanneson et al., 1997a).

In addition, Johanneson et al. (1997b) have shown that REE
patterns in groundwater retain a distinctive signal from differ-

ent aquifers. Other studies have tended to focus on circum-
neutral or at least only slightly acidic waters (Smedley, 1991,
Johannesson et al., 1997a). The low pH of the waters in the
present study means that they are more likely to retain their

metal content in solution and so make a good target for our

study.

Soil and clay overburden

Shale/mudstone
S/4 Coal seam

Shale/mudstone

Siltstone with sandstone
bands fining upwards

2. MATERIAL AND METHODS

2.1. Approach

The approach we use in this study is to compare the composition of
groundwaters discharging from the Northwood spring, with selected
extracts from the rock strata exposed above. Selective sequential ex-
tractions have been used for a wide variety of studies, including
exploration geochemistry (e.g., Cardoso Fonseca and Martin, 1986), in
environmental studies (e.g., Tessier et al., 1979), for assessing trace

element mobility and availability in soils and sediments (e.g., Kersten YOS
and Fastner, 1995), and bioavailability of trace metals (e.g., Harrison, o 0 0 0
1981). Chao (1984) has outlined the advantages of sequential over bulk '.......
analysis which include the following: D.C..‘..
) 6. 0 0
i. understanding the mode of occurrence of elements of geochemical ....’.’ Main Post Sandstone
interest, ® 0 0 0
ii. evaluating leachability and mobility of elements, .......
ii. helping choose appropriate sample media and extraction proce- ® 0 0
dures for analytical work, ....‘.. Main coal seam top-leaf
iv. enhancing geochemical contrasts, 0..‘..0 y
v. highlighting the degree and extent of weathering, and OO ‘// Main top/mid parting

vi. aiding the interpretation of chemical data in relation to a broader

chemical environment. <4———— Main seam mid-leaf

The series of sequential extractions used in the present study were
chosen to correspond to the leachable phases believed to be present in
the strata. Furthermore, the extracts were set to correspond to a pH just
below levels of buffering by carbonates and Al-silicates (pH 5.5, 3.6
and 1.6 respectively) —as suggested by Geller et al. (1998). The latter ) . )
was also set to guarantee that all acid-leachable phases are removed , Fi9- 2- The Northwood section showing all the strata sampled as part
before extraction of oxidisable phases. Because the oxidation of pyrite o_f the study. The base of the illustrated section indicates the level of the
produces acidity, it is important that the compositions of the oxidisable discharge at Northwood.
phases are not obscured by addition of REEs from acid-leachable
phases, hence this determines the order of extraction. An initial extrac-
tion was used to remove the exchangeable ions before acid treatment., 3 Sample Preparation

v\\ " Main bottom/mid parting

21m Main seam bottom-leaf :

We crushed 2.5 g of each rock sample taken from the Northwood
2.2. Sample Collection section to pass through 150m sieve before sequential extraction. The
first phase of the sequential extraction procedure was removal of the
All strata in the Northwood section (Fig. 2) were sampled in tripli-  exchangeable cations. In this case, 2.5 g of sample was mixed and left
cate with samples being taken at least two metres apart. An earlier to stand overnight with 20 mL of 2 mol/L ammonium acetate buffered
study (Worrall and Pearson, in press-a) had shown that sampling in at pH 7. The mixture was filtered to 0.48n through a cellulose nitrate
triplicate adequately reflected intrastrata variation, thus making inter- filter; the residue was washed with distilled, deionised water to make
strata comparisons possible. In addition, six separate samples of thethe filtrate up to 50 mL and was kept for analysis. The residue was dried
Northwood spring were taken at times of minimum flow as chosen with at 105°C and kept for subsequent analysis.
reference to the records maintained by the opencast operator. The pH Extraction of the carbonate phase was achieved using an acetate
of the spring (pH 2.7-2.9) means that water samples did not require buffer set to a pH 5.5. All acetate buffer solutions used in this study
acidification nor filtration to remove ochreous precipitation. Samples of were of sufficient ionic strength to ensure that complete dissolution of
coal-hosted pyrite could not be found in the Northwood opencast but the phase concerned (carbonate or aluminosilicate), based on prior
were available from other opencast coal mines in the same basin. measurements of the acid neutralisation capacity, would not alter the
Samples were taken from Whitwell (5/4 seam) and Mark’s Quarry (mid  solution pH by more than 0.1 pH units. For the extraction of carbonates
leaf, High Main seam; Fig. 1). the buffer was made up of equal volumes of 0.5 M acetic acid and 2.8
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Table 1. Rare earth element concentrations (ppb) for the Northwood spring and the pryrite samples sampled from the Durham Basin in comparison
with the limits of detection for this study.

Pyrite
samples
Northwood Marks Marks Marks Marks Limit of

Element spring Whitwell Quarry 1 Quarry 2 Quarry 3 Quarry 4 detection

La 2.69 0.13 0.06 0.18 0.05 0.17 0.002
Ce 10.71 0.38 0.17 0.67 0.13 0.76 0.000
Pr 2.25 0.07 0.03 0.16 0.04 0.19 0.002
Nd 10.70 0.25 0.11 0.76 0.19 0.93 0.008
Sm 3.80 0.05 0.02 0.27 0.07 0.33 0.004
Eu 1.30 0.01 0.00 0.08 0.02 0.10 0.004
Gd 6.25 0.06 0.03 0.35 0.07 0.38 0.002
Th 0.94 0.01 0.00 0.06 0.01 0.06 0.002
Dy 5.80 0.06 0.01 0.35 0.06 0.35 0.015
Ho 0.93 0.01 0.00 0.06 0.01 0.06 0.002
Er 2.35 0.04 0.01 0.17 0.02 0.14 0.002
m 0.30 0.01 0.00 0.02 0.00 0.02 0.000
Yb 1.84 0.03 0.01 0.15 0.01 0.14 0.000
Lu 0.22 0.00 0.00 0.01 0.00 0.02 0.000

M sodium acetate. The crushed rock sample was mixed with the 20 mL with standard concentrations set at 1, 5, and 10 ppb. One standard out
of the buffer solution and left to stand overnight before being filtered as of the four used is not included in the construction of the calibration
above; the residue was washed with distilled, deionised water to make curve, but is used as a check on the calibration curve. Standards were
the filtrate up to 50 mL and was kept for analysis. The residue was dried run at regular intervals throughout any given run to monitor instrumen-
at 105°C, and 1.5 g of sample was kept for subsequent extraction.  tal drift. Detection limits were taken as three times the standard
Extraction of the aluminosilicate phases was achieved with an ace- deviation in the blank and measurement error was assessed on the basis
tate buffer set at pH 3.6. This buffer solution was made up of equal of sixfold replication of the Northwood spring sample. Detection limits
volumes $2 M acetic acid and 0.22 M sodium acetate. We mixed 1.5-g are given in Table 1, and the maximum measurement errdr 8901
samples that had previously had been extracted for their exchangeableppb where ppb is taken agy/kg andug/L, depending on the nature of
and carbonate phases with 20 mL of the buffer solution; these samplesthe sample.
were allowed to stand overnight before being filtered as above. The Results were viewed as a multivariate data set and interpreted using
residue was washed with distilled, deionised water to make the filtrate principal components analysis and linear discriminant analysis.
up to 50 mL and kept for analysis. The residue was dried at 105°C, and
1 g of sample was kept for subsequent extraction.
To ensure that all acid-leachable phases were extracted from the
crushed rock samples before extraction of the oxidisable phaspsf
the residue of extraction at pH 3.6 was mixed with 20 mL of 0.01 M The results of each of the extracts and water samples were
solution of H,SO,, measured as pH 1.6, and left to stand overnight. The chondrite normalised (Boynton, 1984). Normalisation against
samples were filtered as above and washed with distilled, deionised the REE composition of the Northwood spring does not reveal

water to make the solution up to 50 mL for analysis. The residue was e :
dried at 105°C, and 0.5 g was kept for subsequent analysis. u;eful patterns becaus.e. the composition is by its very nature a
The remaining 0.5 g of sample was mixed with 20 mL of 3% Mixture of the compositions of these extracts.

hydrogen peroxide to remove the oxidisable phases. The samples were

treated as above, being left overnight, filtered, and washed with dis-

tilled, deionised water to make the filtrate up to 50 mL for analysis. 3-1. REE Patterns

Two blanks were kept of each extraction solution, one of the extraction

solution and one that has been processed as part of extraction step. ~ The REE patterns of the extracts are illustrated in Figure
3a—e. Only complete patterns are shown (i.e., those where all

2.4. Analytical Method measured REEs were above the detection limit). Patterns

Analysis for the REEs in each of the sequential extraction leachates shown are the gverage f_or the particular stratigraphic layer &_md
was performed by solution-mode ICP-MS. The instrument used was a for that extraction technique. The average REE concentration
Perkin Elmer Elan 6000 (Perkin-Elmer corp., Norwalk, CT, USA), of the Northwood spring is given in Table 1.
equipped with a standard cross-flow nebuliser and double-pass spray
chamber. The methodology was optimised to minimise the influence of
oxides and doubly charged ions, and oxide ratios were measured at the3.1.1. Exchangeable Phase Samples
set up of each analytical run to make sure they were consistent with the
correction methods being used. The isotopes to be measured were The REE patterns of the exchangeable phases can be divided

chosen as the most abundant for that element or to limit interferences. ; ; . ; ;
The following isotopes were analyséd®La, 140Ce, 141pr, 143g, 147149 into two groups (Fig. 3a): those with and those without a strong

3. RESULTS

Sm, 151 1SEy, 157Gd, 1597, 16116y, 1694q 16616% 1697 Eu anomaly. Those without an Eu anomaly are those surround-
172174k and*"*Lu. Special attention is paid to the influence of BaO on  ing the 5/4 seam (shale above and beneath the 5/4 seam and the
measured Eu concentrations. To counter this problem, ¥3u and Main Post sandstone). Cerium anomalies are slight and are

15%Eu were analysed to assess the influence of BaO interference abovegong only in those layers stratigraphically below the Main

and beyond the established correction methods: no significant BaO . . .
interference was found. Dissolved samples were spiked with rhenium Post sandstone. The general pattern is enrichment to the mid-

and rhodium as internal standards to monitor matrix effects. Calibration REE (MREE). The REE pattern for the Northwood spring is
curves were established using NIST-traceable international standards,included and shows little or no Eu anomaly.
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a) Readily exchangeable phases
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b) pH 5.5 leachates
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Fig. 3. Rare earth element (REE) patterns for (a) exchangeable phases; (b) pH 5.5 leachates; (c) pH 3.6 leachates; (d) pH
1.6 leachates; and (e) hydrogen peroxide leachates. Promethium is included in these diagrams to complete the overall REE
pattern, although it was not analysed for. Only complete patterns are shown (i.e., those for which all measured REEs were
above the detection limit). Patterns shown are the average for that stratigraphic layer and for that extraction technique.

3.1.2. pH 5.5-Leached Samples 3.1.4. pH 1.6-Leached Samples

As above for the exchangeable phase extractions, the pH 5.5 These leachates do not show Eu anomalies of the scale
leachate samples exhibit two groups with split between samples previously observed (Fig. 3d). Distinct REE patterns are ob-
with and without an Eu anomaly (Fig. 3b). The same can be gerved for these leachates including those that show a fraction-

observed for the Ce anomaly. ation between light-REE (LREE) and heavy REE (HREE; e.g.,
Main seam bottom leaf), and secondly, those that show a
3.1.3. pH 3.6-Leached Samples MREE enrichment (e.g., middle bottom leaf shale parting).

Although a clear distinction can be observed between those

with and without an Eu anomaly (Fig. 3c), the leachate from thg 3.1.5. Peroxide-Leached Samples
shale beneath the 5/4 seam appears to have an Eu anomaly unlike

above (Fig. 3a and 3b). This suggests that there is an Eu anomaly The peroxide leachates indicate that the phase is not the
in some of the layers around the 5/4 seam and within a phase notsource of the Eu anomalies in the other leachates (Fig. 3e).
mobilised at pH>3.6. The pH 3.6 leachate of the Main Post Although the low concentrations in the peroxide leachates

sandstone layer does not have an Eu anomaly. Both the Mainmean that few REE patterns are complete, comparisons with
Post sandstone and the Shale beneath the 5/4 seam appear tihe leachates from pyrite samples show that a distinct sulphide
have positive Ce anomalies, whereas other layers do not. signal can be observed (e.g., Main seam bottom leaf) and that
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c) pH 3.6 leachates
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d) pH 1.6 leachates
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e) Peroxide leachates
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Fig. 3. (continued)
the Main Post sandstone appears to contain no such influencesxist in these samples and that there is not necessarily complete
(Fig. 3e). The REE pattern of the peroxide leachate of the Main removal of any given phase. These samples are compared with
Post sandstone is very similar to that of the pH 1.6 leachate of the average pyrite sample of those coal-hosted pyrites found
the same sample, suggesting that strongly acidic conditions elsewhere within the Durham Basin (Table 1).
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Fig. 4. Loadings of the first four principal components on the analysed rare earth elements.

3.2. Principal Component Analysis represent features of the data (e.g., Eu anomalies); second, they
represent significant features of the data once PC1 is excluded
(i.e., once the data is normalised for concentration differences);
and, third, the first four components explain the 99% of the
variation observed in the data. What these patterns represent
may be discerned from the scores the extract samples have on

Principal component analysis is an ideal technique for ana-
lysing multivariate data such as REE patterns. This method can
be used to simplify data, to explore groups in data, and to
visualise underlying controls in a multivariate data set (Tabach-
nick and Fidell, 1996). Principal component analysis recalcu- .
lates the data in terms of multivariate components that better these components (Figs. 5, 6, 7, and 8).

explain the variation in the data than the original variables. The The lowest concentrations of REEs are found in the pyrite
number of calculated components will equal the number of samples, plotted here as the average of those sampled from

variables included in the data set; however, the components are Vhitwell and Mark’s Quarry (Fig. 5). Two trends of increasing

calculated in the order of the amount of variation in the data Concentration are then discerible in Figure 5, both of which
that they explain (i.e., the most important component first). have pyrite as one end member. The average pyrite shows zero

This approach means that components that explain only a SCore on PC2, in_dicatin_g that the REE compo_sition c_)f pyrites in
fraction of the variation can be explained, thus simplifying the the Durham basin and in the Northwood stratigraphic sequence
data set. We performed principal component analysis using the '€ marked by essentially no fractionation between the LREE
maximum likelihood approach. The first four components ex- and HREE. The high-concentration end member of trend A
plained 99% of the variation in the data. The loadings of the (Fig. ) is represented by the pH 5.5 extract of the Main Post
individual elements on these components act as a pseudo-REESandstone, which passes through the composition of many of
pattern for that component (Fig. 4). The first component (PC1) the pH 1.6 extracts before reaching the average pyrite. This
explains 81% of the variation in the data and represents a trend also represents a fractionation of LREEs over HREEs.
general concentration component. The second component (10%T he close association between the pH 5.5 leachates and the pH
of the variation in the data) represents a fractionation compo- 1.6 leachates suggests that the REE pattern of the phases being
nent across the series between light REE (La—Eu, LREE) and leached is controlled by a similar mechanism and may be
heavy REE (Gd-Lu, HREE), whereas the third component inherited either from the same source or from another. This
(PC3: 5% of the variation) represents the enrichment of the close association suggests little fractionation between these
MREE with the maximum at Eu. The Eu and Ce anomalies are phases. The fact that this trend is defined by the pH 1.6
represented by the fourth component (PC4 to 3% of the vari- leachates and not one of the other leachates suggests that the
ation). The first four components are chosen because, first, theyend member is neither carbonate nor silicate but rather a
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A

Main seam / -3 -

top-middle leaf

Fig. 5. Principal component 1 (PC1) vs. principal component 2 (PC2).

residual weathering product with an REE composition inherited products. If it is assumed that the end members of these trends
from carbonates (i.e., pH 5.5 extracts of the Main Post sand- represent precipitates, then there appears to be two sources
stone). The most likely candidate for such a weathering product giving rise to the two distinct trends A and B. The REE
would be iron oxy-hydroxides (ochres), although this is un- composition of the pH 1.6 leachates from the Main Post sand-
likely to be the sole constituent of this material. It has been stone suggests weathering associated with pyrite oxidation in
demonstrated (Worrall and Pearson, in press-a) that ochresthe 5/4 seam that both leached and deposited material in the
show no systematic fractionation of REE with respect to the Main Post sandstone. This source has either ceased or does not
waters from which they precipitate and that they are highly add significantly to the composition of the spring. The exis-
efficient scavengers of elements from solution. Ochres thus tence of two trends does suggest that different seams will give
concentrate REEs and provide a mechanism for REE patternsdistinguishable signatures to the groundwaters. The hydrogen
to be inherited from an easily leached phase (i.e., pH 5.5 peroxide extract of the 5/4 seam was below detection for a
leachates) to residual weathering products (i.e., ochres). There-number of the elements analysed and so could not be included
fore, ochre precipitates within the Main Post sandstone would in this analysis. Thus it is not possible to examine whether the
have very similar REE composition to the material that has pyrite in this seam had a distinct composition (i.e., substantially
been leached into the solution. different from the basin average). Analysis of pyrites from
Trend B also shows a close association between pH 5.5 andWhitwell and the Mark’s Quarry suggests that the composition
pH 1.6 leachates. The high-concentration end member of this of pyrite in this sequence is comparatively uniform. Therefore,
trend represents the pH 5.5 extractable phases of the shaledifferences between these trends (trends A and B; Fig. 5) are
beneath the 5/4 seam, and the pH 1.6 extractable phases of thdikely due to the nonpyrite mineral content and the differences
top-middle leaf parting of the Main seam. These relationships between the stratigraphic setting of the coal seams, that is, the
confirm the observation made for trend A that the REE pattern combination of shales and sandstones hydrologically beneath
of easily weatherable material (pH 5.5 extracts) is transferred to the coal seam or source of the pyrite oxidation. Noninvolve-
less easily weathered precipitates (i.e., ochres; pH 1.6 extracts).ment of the Main Post sandstone in trend B suggests that the
Trend B is one of increasing fractionation with increasing source of the Northwood spring is from either the main top leaf
atomic mass across the REE series, rather than decreasing massr the top-mid leaf parting of the Northwood section and that
as with trend A. This trend includes the composition of the production of acidic water leaches the shale parting.
Northwood spring, giving a mixing line that suggests the REE A different perspective on this relationship can be viewed by
pattern of the spring is 88% pyrite and 12% residual weathering plotting PC1 vs. PC3 (Fig. 6). The similar trends as in Figure
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Fig. 6. Principal component 1 (PC1) vs. principal component 3 (PC3).

5 are visible. Both trends show no fractionation in the MREESs. tion of siderite (i.e., enriched in MREE; Fig. 3b). The other end
The position of the Northwood spring relative to these trends is member lies at the end of a trend defined by the pH 1.6
more ambiguous on the PC1 vs. PC3 plot. On trend B, the leachates, reinforcing the idea that there are carbonates in the
Northwood spring represents a mixture of 91% pyrite and 9% Main Post sandstone with compositions that are inherited by
of the residual material. The composition of the Northwood ochres. This trend is also followed by the pH 3.6-leached
spring also can be expressed as a ternary mixture composed okamples. The high PC3 end member of this trend is again the
87% pyrite, 8% residual product B, and 5% residual product A, Main Post sandstone, and similarly the low PC3 end member is
where A and B refer to the end members of the respective the pH 3.6 extract from the shale above the 5/4 seam. Again,
trends. If this ternary interpretation is accepted, then a small this highlights the similarity of the REE patterns of the different
contribution from the weathering of the strata around the 5/4 sedimentary components in this sequence.
seam is implied. It is possible to interpret a point on this broad trend as an end
The comparison of PC2 and PC3 shows the same trend asmember of trend B (Fig. 7): however, this would require
described above (trend B; Fig. 7); however, the plot of PC2 vs. ignoring the role of pyrite weathering as a REE source. The
PC3 also shows a broad trend composed of the bulk of the composition of pyrite and the hydrogen peroxide—leached sam-
samples. The comparison of PC2 and PC3 is independent ofples lie on this same broad trend, implying that the REE
PC1. Because PC1 represents the REE concentrations of thecompositions of the various stratigraphic components—be it
samples, the plot of PC2 vs. PC3 is independent of the con- carbonate, silicate, or pyrite—have very similar REE patterns.
centration of the samples. On the plot PC2 vs. PC3, composi- Elements of the REE pattern could be inherited from a common
tions of extracts and spring waters plot together and thus source originating at the sedimentation of these coal measures,
confirms that water and rock can be compared directly as with the potential that this pattern is passed on through diagen-
discussed above (Figs. 5 and 6). The confirmation that water esis and even acid weathering.
and rock composition can be directly compared suggests a PC4 describes the Eu and Ce anomalies (Fig. 8). Large
water-rock interaction ratio on the order of one litre of ground- positive Eu or large negative Ce anomalies do not distinguish
water to one kilogram of rock. the Northwood spring. The largest Eu anomalies are observed
The broad trend observed for the bulk of the samples (Fig. 7) for the exchangeable ions leachates, which also have well-
is bounded by pH 5.5 leachates of the Main Post sandstone anddeveloped negative Ce anomalies. The samples with a positive
the Shale above the 5/4 seam. Previous work (Worrall and Eu anomaly are those strata associated with the Main seam,
Pearson, in press-b) indicates that carbonates in shale above thevhereas those with a slight negative Eu anomaly are those
5/4 seam are the most sideritic in the Northwood sequence, around the 5/4 seam and the Main Post sandstone. The North-
suggesting that this end member represents the REE composiwood spring shows a negative Eu anomaly and a positive Ce
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anomaly. All the samples stratigraphically below the Main Post 3.3. Discriminant Analysis
sandstone have a REE pattern for their exchangeable phase
leachates that exhibit a negative Ce anomaly. For the pH Discriminat analysis is a technique for calculating the best
conditions of the Northwood spring-pH 2.7), Eu and Ce will function for separating two predefined groups of data (Tabach-
both occur in solutions as the3 ion (Brookins, 1989). The nick and Fidell, 1996). Discriminant analysis was performed on
negative Ce anomaly of most sedimentary minerals is a con- sets of analyses from pairs of extraction methods (e.g., pH 5.5
sequence of depletion due to the presence of Ce(IV) in oxic, leachates vs. pH 3.6 leachates), and the results were examined
aqueous solutions (Brookins, 1989). Minerals weathering in to suggest possible pairs of discriminators. For all the steps in
this solution may pass their negative Ce anomaly into the the sequential extraction, the analysis suggests that the Ce
solution, but at the Eh-pH conditions of the Northwood spring anomaly and ratios of LREE/MREE and MREE/HREE would
the Ce will likely be reduced to Ce(lll). This is more mobile be the best combinations for discriminant analysis. For discrim-
than Ce(lV), so even with cation exchange there is a slight Ce ination, the Ce anomaly is calculated as Ce/Ge*(Ce)/
enrichment in the spring leading to positive Ce anomalies. [V/((La)y(Pr))], previously Ce/Ce* was merely identified in

In previous studies of sedimentary sequences, positive Eu the principal component (Fig. 8). Plotting these combinations
anomalies in whole rock samples have often been associatedshows that the best discriminator between the sequential ex-
with the presence of plagioclase (McClennan, 1989). Thus, in tracts is (Ho/Yb), (Fig. 9). Using this criteria, the most frac-
sequences where plagioclase is being weathered, positive Eutionated extracts are the exchangeable ions, and the least frac-
anomalies may be expected in the resulting solution. It is also tionated are hydrogen peroxide—leached samples. However, the
possible that cation exchange will remove Eu from solution; actual discrimination is not clear-cut, and there are separate
however, to obtain a negative Eu anomaly would require the groupings of samples within those for each extraction. The
preferential removal of Eu from solution relative to the other highest (Ho/Yb), values are observed for the extracts from the
MREEs. A small negative Eu anomaly may be ascribed to shale above the 5/4 seam, closely followed by extracts of the
less-than-perfect oxide correction on Gd during analysis, which Main Post sandstone. Samples from around the Main seam
cause the Gd concentrations to be enhanced. have (Ho/Yb), = 1.9. In comparison to the composition of

The samples leached with peroxide plot close to the pyrite, their respective pH 5.5 extracts, all plot at higher (HoiYb)
suggesting that they are, as planned in the extraction protocol, values. Equally, the pH 1.6 extracts compositions of all the
dominantly of pyritic composition (Fig. 5). However, two sam-  other extracts plot at lower (Ho/YQ)values than their respec
ples show a distinct pattern characterised by steep declinestive pH 5.5 extracts. In general, the hydrogen peroxide—leached
across the LREEs and low levels of unfractionated HREEs, samples and the pyrite samples have the lowest values of
with no Ce or Eu anomalies. These samples are both from the (Ho/Yb),. An exception is the hydrogen peroxide—leached
Main Post sandstone. It is difficult to understand what phase samples from the Main Post sandstone, which have already
this represents as levels of pyrite in sandstone are zero, andbeen discussed, that have positive Ce anomalies.
although there are trace levels of organic matter in this sand- Acid leaching of the carbonate phase appears to result in
stone, it is insignificant compared with the shale and coal fractionation of REEs with MREE being preferentially ad-
layers. sorbed by cation exchange. This could be expected, considering
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the decrease in charge density of ions with increasing atomic anomaly axis, but whatever controls this does not appear to be
number across the REE series. Indeed, Benedict et al. (1997)important for the composition to this spring.
showed that REE adsorption to alluvium was stronger for
LREE than for HREE and the trend across the series was 4. DISCUSSION
approximately log linear. This effect should pertain across the
whole of the REE series, and so a similar fractionation would ~ To what extent is it possible to delineate the lithological
be expected for the LREE, but no such fractionation is observed controls on the composition of the Northwood spring using
(Fig. 9). The preferential adsorbance of MREE leaves a solu- REE compositions? The principal component analysis shows
tion relatively enriched in HREE as is reflected in the compo- clear mixing lines for the Northwood spring. These mixing
sition of the pH 1.6 leachates, identified here as the ochre lines suggest a composition controlled by pyrite oxidation and
deposits, which would precipitate from these solutions. buffering against iron ochres. The iron ochres inherit their
An alternative explanation is to consider complexation as composition from the weathering of carbonates within the
explanation for the observed fractionation behaviour of the Sequence, suggesting a weathering cycle where REE composi-
REEs in solution. Many inorganic and organic ligands form tions show significant inheritance through a sequence of car-
preferentially stronger solution complexes with HREE than bonate dissolution and ochre precipitation. Within this se-
LREE (Cantrell and Byrne, 1987; Lee and Byrne, 1993; Mil- duence there is little evidence for a significant role of a silicate
lero, 1992; and Byrne and Sholkovitz, 1996). Johannesson et al.Phase, either directly by buffering the solution or through
(1999) demonstrated that observed HREE enrichment in ochre; Fha} have precipitated from such a solution. However,
groundwaters from an alluvial aquifer were due to changes in the similarity of the REE composition between carbonate and
complexation strength. Carbonate complexes may well domi- silicate phases may well obscure such a signal in this case. The

nate in these groundwaters when they are carbonate buffered,REE (?'ata do provide substantia_l ev_idence for the source and
but this is unlikely to be the case as pH and alkalinity drops. evolution of the groundwaters issuing from the Northwood

Alternatively, phosphate has been shown to be a significant SPTing- The source of the spring cannot be the strata around the
complexing agent for REE (Johannesson et al., 1996); however,5/4 seam, because this seam did produgg acidic groundwater at
in Fe-rich solutions the low levels of phosphate may be readily one stagt_e that had a distinct co.mposmon from that of the
precipitated and indeed may form a scavenging mechanism for present dlscharge_. The present discharge appears b_uffered by
removing REE rather than complexing REEs. Organic ligands the_ Fe oxy-hydr(_)xu_j(_es of the_ very top I_aye_rs of the Main seam.
have been shown to have strong associations with REE (Mc- This suggests significant acid production in the top leaf of the
Carthy et al., 1996, 1998), but concentrations of dissolved Main seam. The fact that '9.Wer strata do not appear.to co.ntrib-
organics in th}s systém are I,ikely to be low in comparison with ute to the spring's composition suggests that the spring still has

. o . . . a significant time period before the acid producing potential
inorganic ligands. An alternative possibility is complexation by becomes exhausted. One possible explanation of this observa-
the abundant sulphate found in these groundwaters. :

. . . . ... tion is that before opencasting, the perched water table that
This chain of events (?ould be reversed (i.e., the preC|p|taF|on must have fed this spring may well have kept parts of the Main
of c_)chre may preferentially remove HREE leaving a solu_tlon seam saturated and thus limited pyrite oxidation of these strata.
enriched in MREE to undergo cation exchange). Grandje_an- Do REE patterns enable us to distinguish between the influ-
L?C”yer etal. (1993,) have suggested t.hat Fe oxy-hydrqmdes ence of the various possible buffering systems within the catch-
will remove LREEs in the aqueous environment. There is N0 a4 of 4 horehole? The discriminant analysis shows that it is

evidence for this mechanism from our study. Equally, Worrall - gigsic it to discern particular combinations of REE or anoma-
and Pearson (in press-a) showed that there was no evidence f0fjeg that would enable us to clearly distinguish one extract from
this mechanism of REE fractionation in a study of other acidic 4n6ther. The variation in the fractionation of HREE does,
discharges in the same basin. The pH 3.6-leached samples,qyever, suggest that there might be a discernible evolution in
overlie the pH 1.6-leached samples, suggesting noninvolve- discharges distinguished by a trend in (Ho/¥bYoung dis
ment in this fractionation process, either because the silicate charges will be characterised by highly HREE fractionated
phases are not being weathered or because ochre precipitatiothatterns. This fractionation decreases over time as the spring
and/or cation exchange from these solutions does not prefer-gijther evolves towards the composition of pyrite or towards
entially remove HREE or MREE. being buffered by Fe oxy-hydroxides.

The Northwood spring plots between the pH 5.5- and 1.6—  To what extent are these results applicable to other AMD
leached samples and could easily fall along a mixing line discharges? The Northwood spring is easily characterised due
between acid leachable material of various origins and pyrite or to access to the strata from which it originates. It is unclear,
at least hydrogen peroxide leachates. The samples from arounchowever, how the Northwood Spring applies to discharges in
the 5/4 seam are more widely differentiated and fractionated the rest of this basin or to other such basins where the source
along the (Ho/Yhy), axis than are those from the Main seam. area cannot be examined? This is a question of whether the
This could imply that these strata are more extensively weath- compositions of carbonate and silicate phases are uniform
ered and that their weathering was, and is, more heterogeneousacross the basin as the behaviour of the exchangeable phase and
than in the Main seam. The variation along the (Ce/Get}is the ochres can be considered to follow on directly from what is
of the 5/4 seam is remarkably restricted and follows the same available in solution from these sources. Two pieces of evi-
trend as the spring composition, pyrite, and the majority of the dence from this study suggest that the results may be generally
hydrogen peroxide leached samples. Samples from the strataapplicable. First, because the composition of coal-hosted pyrite
associated with the Main seam are differentiated along the Ce from opencasting operations elsewhere in the basin is similar to
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