Deep groundwater flow and geochemical processes in limestone
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Abstract Thermal waters potentially provide information
on geochemical processes acting deep within aquifers. New
isotopic data on groundwater sulphate, inorganic carbon
and strontium in thermal and non-thermal waters of a ma-
jor limestone aquifer system in Derbyshire, England, UK,
are used to constrain sulphate sources and groundwater evo-
lution. Shallow groundwaters gain sulphate from oxidation
of sulphide minerals and have relatively '*C-depleted dis-
solved inorganic carbon (DIC). Thermal waters have rel-
atively high Sr/Ca and more '3C-enriched DIC as a result
of increased water—rock interaction. In other respects, the
thermal waters define two distinct groups. Thermal waters
rising at Buxton have higher Mg, Mn and %’Sr/*¢Sr and
lower Ca and SOy, indicating flow from deep sandstone
aquifers via a high permeability pathway in the limestone.
By contrast, Matlock-type waters (97% of the thermal flux)
have elevated sulphate concentrations derived from interac-
tion with buried evaporites, with no chemical evidence for
flow below the limestone. About 5% of the limestone area’s
groundwater flows to the Matlock group springs via deep
regional flow and the remainder flows via local shallow
paths to many non-thermal springs. Gypsum dissolution
has produced significant tertiary porosity and tertiary per-
meability in the carbonate aquifer and this is an essential
precursor to the development of karstic drainage.

Résumé Les eaux thermales peuvent apporter des infor-
mations sur les processus géochimiques dans les aquiferes
profonds. De nouvelles données isotopiques sur les sulfates
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présents dans les eaux souterraines, le carbone inorganique
et le strontium dans les eaux thermales et non thermales
d’un systeme aquifere calcaire majeur dans le Derbyshire,
Angleterre, Royaume Uni, sont utilisées pour comprendre
les sources de sulfates et I’évolution des eaux souterraines.
Les eaux souterraines phréatique s’enrichissent en sulfate
via I’oxydation des minéraux sulfatés et ont un Carbone
Inorganique Dissous (DIC) relativement appauvri en'3C.
Les eaux thermales ont un rapport Sr/Ca relativement plus
élevé et un DIC plus enrichi en'*C, du fait de I’interaction
accrue des eaux avec les roches. En d’autres mots, les eaux
thermales définissent deux groupes distincts. Les eaux ther-
males remontant 2 Buxton ont un Mg, un Mn et un rapport
87Sr/%6Sr plus hauts, mais un Ca et SOy plus faible, indi-
quant un écoulement a travers les zones perméables des
aquifers gréseux. Par contraste, les eaux du type de Mat-
lock (97% du flux thermique), possedent des concentrations
élevées en sulfates, provenant de l’interaction des eaux
avec les évaporites enfouies, tandis qu’il n’existe aucune
évidence chimique d’un écoulement sous les calcaires. Sur
environ 5% de la surface des calcaires, les eaux souter-
raines alimentent des sources non-thermales. La dissolu-
tion du Gypse a produit une porosité tertiaire significative
et une perméabilité dans les aquiferes calcaires, et ceci
est un précurseur essentiel au développement du drainage
karstique.

Resumen Las aguas termales potencialmente proporcio-
nan informacién sobre procesos geoquimicos que actian
a profundidad en acuiferos. Nuevos datos isotpicos de
sulfatos, carbon inorganico y estroncio en aguas termales
y no-termales de un acuifero importante de caliza en Der-
byshire, Inglaterra se utilizan para delinear las fuentes de
sulfato y la evolucién de aguas subterrdneas.

Las aguas subterrdneas no muy profundas adquieren
sulfato a través de la oxidacién de minerales de sulfuro
y poseen carbén inorganico disuelto (DIC) relativamente
deplatado de '*C. Las aguas termales muestran un ratio
Sr/Ca relativamente alto y poseen (DIC) mds enriquecido
en'3C, como resultado de la mayor interaccién de roca-
agua. En otros aspectos, los aguas termales definen dos
grupos distintivos. Las aguas termales que ascienden en
Buxton tienen mas Mg, Mn y 37Sr/*0Sr y menos Ca and
SOy, indicando flujo de acuiferos de areniscas profundas
por un sendero de alta permeabilidad en la caliza.
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En contraste el tipo de agua - Matlock (97% del flujo
termal) posee altas concentraciones de sulfato, derivado
por interaccién con evaporitas enterradas, sin evidencia
quimica de flujo debajo de la caliza. Aproximadamente 5%
del agua del area de la caliza se fluye al grupo de manan-
tiales de Matlock a través de un flujo regional profundo y el
resto fluye por senderos locales poco profundos a muchos
de los manantiales no-termales. La disolucién de yeso ha
producido porosidad terciaria importante asi como perme-
abilidad en el acuifero de carbonato y este es un precursor
esencial del desarrollo de drenaje karstico.

Keywords England - Hydrochemistry - Karst - Stable
isotopes - Thermal conditions
Introduction

In most limestone aquifers the original primary (matrix)
permeability is low but there is a higher secondary (fracture)
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permeability. This is enhanced by the effects of carbonate
dissolution to give an even higher tertiary (channel) perme-
ability (Worthington and Smart, 2004). Numerical mod-
elling has shown that conduit systems commonly develop
over periods of tens of thousands of years in the vadose zone
and the upper part of the saturated zone in a wide range
of hydrological situations (Dreybrodt 1996; Hanna and
Rajaram 1998; Gabrovsek and Dreybrodt 2001). These
models represent local flow systems in the terminology
of Téth (1963). Processes acting deep within limestone
aquifers are not readily amenable to study, yet may pro-
foundly affect the subsequent, shallower permeability en-
hancement of the aquifer. Usually, chemical evidence of
processes operating deep within an aquifer is masked by
dilution or attenuation in shallower groundwaters, which
tend to have shorter residence times and far higher flow
rates than deep waters. Deep boreholes and tunnels can
give insights into processes affecting deep groundwaters,
but are rare. Occasionally, deep waters flow to the surface
at springs in a relatively unmodified form and can be distin-
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guished from shallow groundwaters by associated thermal
and chemical anomalies. Such waters provide a natural win-
dow through which the deeper parts of the aquifer may be
viewed. In the vast majority of cases, though, the geochem-
ical and other characteristics of accessible groundwater are
dominated by the shallow component. Consequently, most
studies of secondary porosity and permeability develop-
ment in limestone aquifers have focussed on shallow set-
tings. This paper reports studies on thermal groundwater
springs representing regional flow (T6th 1963) that were
undertaken to elucidate processes acting deep within a lime-
stone aquifer.

Part of the Peak District in central England comprises a
significant upland area dominated by carbonate lithologies,
mainly limestone with minor dolomite, that is commonly
known as the White Peak (Gunn et al. 1998)—shown in
Fig. 1. The limestones form a regionally significant aquifer
and groundwaters flow to a large number of springs, some
of which are thermal. The thermal springs have stable and
distinctive chemistry and low tritium concentrations (e.g.
Edmunds 1971; Christopher and Wilcock 1981; Pentecost
1999), all factors indicating a component of flow via deep
pathways. In this study the chemical and thermal charac-
teristics of these waters, together with new sulphate, dis-
solved inorganic carbon (DIC) and strontium isotope data,
are used to infer processes acting deep within the lime-
stone aquifer. This evidence is used to constrain the depth
to which these waters have penetrated, the amounts of water
transmitted via deep flowpaths, the origins of the distinctive
thermal water chemistry and the implications for porosity
and permeability development at depth. A hydrogeological
model for the aquifer system is derived and the implications
for deep porosity/permeability development in the regional
aquifer are examined.

Geological setting

Springs sampled during this study issue naturally or via
mine drainage adits (locally called soughs) from various
beds within a carbonate-dominated Dinantian (Carbonifer-
ous) sequence. Formational terminology recommended for
the carbonate units by Aitkenhead and Chisholm (1982)
remains in use, and the entire carbonate succession is now
included within the Peak Limestone Group (Waters et al.
in press).

In this area the Peak Limestone Group comprises thickly
bedded, generally pale grey shelf limestones, about 2000 m
in total thickness. The uppermost 600 m are exposed, and
are relatively uniform across the northern and eastern White
Peak and in the southwest whereas variable dark grey off-
shelf limestones, shales and sandstones occur between the
Derbyshire and Staffordshire shelf areas (Fig. 1). Partic-
ularly in the north and west discontinuous fringing reef
limestones border the shelf; elsewhere reef knolls grew
locally in shallow lagoons.

Beneath the Derbyshire shelf, early Dinantian rocks
were proved in the Woo Dale (Cope 1973, 1979) and
Eyam (Dunham 1973) boreholes, where thick dolomitic
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and evaporitic beds overlie Lower Palaeozoic sedimen-
tary and volcanic rocks. Dolomitic beds within the
Woo Dale Limestone reach surface locally, but older
evaporites do not crop out. Beneath the Staffordshire
shelf, the Caldon Low Borehole (Institute of Geological
Sciences 1978) proved early Dinantian dolomitic lime-
stones and sandstones overlying Devonian arenaceous
rocks.

Discontinuous local chert beds, argillaceous or coaly lay-
ers, dolostone, and zones of silicification and secondary
dolomitisation interrupt the limestone sequence. Lavas,
tuffs and mafic igneous intrusions occur in the north and
east, with more widespread thin clay partings, of volcanic
origin, termed ‘wayboards’. Some wayboards, lavas and
tuffs overlie paleokarstic surfaces, and it is recognised that
these beds have influenced the establishment and guidance
of underground drainage routes within the otherwise rela-
tively uniform carbonate mass.

The Peak Limestone Group forms one major and several
smaller inliers (Fig. 1) surrounded by younger Carbonifer-
ous beds, and is overstepped in the south by Triassic rocks.
Preserved patches of younger rock overlying the limestones
include outliers of Namurian clastic rocks (also seen as nep-
tunean fill in paleokarstic cavities) and ‘pocket deposits’,
the remnants of a formerly extensive Neogene cover.

West of the White Peak, Silesian clastic rocks underlain
by Dinantian carbonate rocks not unlike those described
above form a series of major, more or less N-S trending,
synclines and anticlines. Immediately west of the Peak,
the Goyt Syncline (Fig. 1) extends more than 30 km from
around Leek (20 km southsouthwest of Buxton) almost as
far as Glossop (20 km north of Buxton), where it ceases
to be recognizable. The fold, which plunges both north-
wards and southwards towards Chapel-en-le-Frith (8 km
north of Buxton) is clearly expressed in the landscape,
with its flanks marked by crags of Namurian sandstone.
In the core of the syncline small outliers of Westphalian
strata are preserved above the Namurian sequence, which
in turn overlies Dinantian carbonates at depth. About 25 km
west of the westernmost carbonate outcrops of the White
Peak, carbonates are exposed along the Astbury Anticline,
close to Congleton and ~20 km west of Buxton (Fig. 1).
As buried carbonates also lie relatively close to the present
surface within other anticlines between Congleton and the
Peak, the original continuity of Dinantian rocks at depth
between the Peak and the provings to the west is relatively
certain.

In this paper the term ‘Peak District Dome’ is used in pref-
erence to the more commonly used ‘Derbyshire Dome’ as
the Peak District also includes part of Staffordshire. How-
ever, it is recognised that the term is somewhat misleading,
as it masks significant structural complexity. Uplift of the
massif was already taking place during Dinantian times.
Present geometry reflects interference of folds on three ma-
jor trends (approximating to W—E, N-S and NW-SE), im-
posing a complex pattern of asymmetrical troughs, domes
and monoclinal flexures. Innumerable minor interference
ripples cross the limbs of the regional folds, and the local at-
titude of confined and unconfined hydraulically favourable
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beds has significant effect on underground drainage, even
where dips and fold plunges are gentle.

Faults of all scales affect the Dinantian rocks, and move-
ment began locally during late Dinantian times. Common
trends are WNW-ESE, WSW-ENE and approximately N—
S, but these are generalisations and many faults display ar-
cuate traces. Many faults have been reactivated, some with
a different sense of displacement, and strike-slip move-
ment is evident locally. Commonly faults are assumed to
provide fracture permeability within otherwise low perme-
ability sequences, but they may also truncate or divert un-
derground drainage routes within stratigraphically-guided
zones of conduit permeability. Many faults or fault-related
joint fractures in the White Peak are mineralised. Veins
and related unmineralised cavities influenced underground
drainage, and human activity, in mining the veins and in
cutting deep drainage adits, has caused significant modifi-
cation of underground flow patterns.

According to Smith et al. (1985) the northern White Peak
is underlain by two southwestward-dipping basement tilt
blocks, separated by the Bakewell Fault, a major growth
fault that dips towards the north. There is little surface ex-
pression of these deep structures, but the tilt-block/growth
fault model provides one plausible explanation for signif-
icant thickness and depth variations in the Dinantian se-
quence and for the known distribution of early Dinantian
evaporitic rocks.

Previous work on limestone groundwaters

Carbonate rocks are highly soluble due to the presence
of dissolved CO; (carbonic acid) in recharge waters as a
result of soil zone respiration. Hence, spring waters rising
from the limestone should have solute chemistry dominated
by dissolution reactions in the carbonate system, i.e. Ca-
Mg-(Sr)-HCO;~ compositions. However, regional studies
of spring water chemistry in the White Peak (Christopher
et al. 1977; Edmunds 1971) have shown that sulphate is
present in significant concentrations in many spring wa-
ters, especially thermal waters in the Matlock area. Various
hypotheses have been advanced for the origin of elevated
sulphate concentrations in limestone groundwaters, both in
general and in the White Peak in particular, and these are
reviewed below.

Christopher et al. (1977) attributed elevated sulphate in
White Peak springs to weathering of galena and sphalerite
in ore bodies, a source confirmed as significant by isotopic
studies of sulphate sources in the Castleton catchment (in
the north of the White Peak) (Bottrell et al. 2000). At Castle-
ton, other significant sulphate sources identified by Bottrell
et al. (2000) were shale weathering and agricultural prac-
tices on non-limestone catchments (which supply water to
the limestone aquifer via sinking streams) and oxidation of
pyrite in the limestone. Similarly, Moncaster et al. (1992,
2000) demonstrated that anthropogenic sulphur sources (at-
mospheric pollutants and agrichemicals) and oxidation of
pyrite in the aquifer matrix dominated the sulphate budget
of the Lincolnshire Limestone aquifer (eastern England).
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Further afield, both Crabtree and Trudgill (1984) and Lang-
muir (1971) inferred dominantly anthropogenic sources for
sulphate (atmospheric pollution and agrichemicals, respec-
tively) in groundwaters of the Magnesian Limestone of
eastern England and limestones of central Pennsylvania,
USA, respectively.

Edmunds (1971) noted a general East—West trend in
both sulphate and strontium concentrations in the White
Peak groundwaters and correlated this with the distribu-
tion of mineralisation, suggesting that dissolution of im-
pure (Sr-rich) barite in mineralised areas contributed these
components. Worthington and Ford (1995) envisaged a
rather different scenario. They attributed high sulphate
in the thermal springs at Matlock to dissolution of gyp-
sum or anhydrite evaporite deposits at depth in the car-
bonate sequence, by a component of deep groundwater
(under)flow. This deep component then flowed to springs
at the lowest elevation limestone outcrop in the Derwent
valley. Their model is similar to that proposed by Krothe
and Libra (1983), who used sulphur isotopic compositions
to identify a significant gypsum sulphate component as-
sociated with flow to karst springs in southern Indiana,
USA.

The only study of deep groundwater diagenesis in the
same Carboniferous Limestone aquifer was undertaken
by Downing (1967) who used analyses of Carboniferous
Limestone formation waters from oil exploration and pro-
duction wells 80 km east of Matlock (Fig. 1), where the
aquifer is confined at depth. He noted a general increase
in chloride and sulphate in the deeper waters. He con-
sidered evaporites as a possible source, but discounted
them as the extent of evaporite deposits in the Lower
Carboniferous was then thought more restricted than now
known. He thus preferred oxidation of pyrite (or ore sul-
phide minerals in possible mineralised zones) as the sul-
phate source. However, he noted that the waters were
effectively ‘stagnant’ and that dissolution or leaching of
only relatively small amounts of these components was re-
quired. The resurging thermal waters, on the other hand,
have a constant flow with essentially unchanging chem-
istry over the period they have been studied (see Pentecost,
1999) and thus require continuous replenishment of these
salts.

Sampling and analytical details

Sampling rationale

Sampling sites were selected as far as possible to yield data
representative of four types of ground and thermal waters
present in the White Peak, viz:

1. Autogenic karst springwaters, i.e. those fed by catch-
ments without sinking streams inflowing from non-
karst catchments. These were sampled at natural surface
springs, at percolation water inflows to caves and at one
private supply borehole.

2. Thermal springs and wells, which divide geographically.
There is a single thermal rising at Buxton and a number
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of thermal risings along the eastern side of the limestone
outcrop from Stoney Middleton to Matlock (see Fig. 1).
The latter group are referred to as the ‘eastern group’ or
‘Matlock-type’ waters in this work.

3. Mine drainage adits with no evidence of a thermal na-
ture, i.e. with temperatures in the same range as non-
thermal springs.

4. Mine drainage adits issuing thermal waters, i.e. at an av-
erage temperature above that of the non-thermal springs.

In addition, rain water was collected at a weather station
at Oxlow House Farm near Castleton at the north of the
White Peak (Fig. 1). In this work an annual average datum
isused (April 1995—-March 1996), calculated as the volume-
weighted mean concentration and the mass-weighted mean
sulphate isotopic composition.

Sampling and analytical procedures

Samples were collected from springs, wells, a supply bore-
hole, drainage adits and underground locations. On site
pH, temperature and conductivity of the waters were mea-
sured with portable meters, and titratable alkalinity was
determined with a Hach digital titrator. Two aliquots were
syringe filtered through 0.45 pwm membranes in the field;
one was kept unacidified and refrigerated for analysis for
anion concentrations with a Dionex DX-100 ion chromato-
graph; the other was acidified with 2% ‘Analar’ nitric acid
for cation analysis using an ARL Maxim ICP-AES system.
Samples for Sr isotopic analysis were also filtered at col-
lection but taken in specially-cleaned bottles and acidified
with quartz-distilled HCI. In some cases a further sample
was collected for total dissolved inorganic carbon (TDIC)
isotopic analysis; an aqueous solution of SrCl, + NH,OH
was used to precipitate SrCO3 from the sample water and
this was recovered by vacuum filtration (Bishop 1990).
The SrCO; was reacted with phosphoric acid under vac-
uum to produce CO, for isotopic analysis (McCrea 1950).
A fourth, larger sample was collected for sulphate isotopic
analysis and filtered in the laboratory. This was adjusted
to pH = 3.0 with HCI and heated to ~70°C before pre-
cipitation of sulphate as BaSO,4 by the addition of BaCl,
solution. The precipitate was recovered on a 0.45 pm mem-
brane filter, washed and dried. One aliquot was fluxed with
Na3(PO3); to produce SOz, which was immediately re-
duced to SO, on Cu wool (Halas et al. 1982). Another
aliquot was reacted with graphite to produce a CO, + CO
mixture; the CO was disproportionated to CO, with quanti-
tative recovery of oxygen (McCarthy et al. 1997). All gases
were purified using standard vacuum-cryogenic techniques
and analysed for 3*S/32S (S0O,),'*C/!2C and '#0/'°0 (CO,)
on a VG SIRA 10 gas source isotope ratio mass spectrome-
ter. Data are reported in standard 8 notation in per mil (%o)
enrichment or depletion of the heavy isotope relative to the
V-CDT (sulphur), V-PDB (carbon) and V-SMOW (oxygen)
standards (these are IAEA Vienna-defined standards, see
Gonfiantini, 1978, 1984). Sr was separated from ground-
water by standard ion exchange techniques and ®/Sr/%0Sr
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determined on a VG Isomass 54E mass spectrometer, cour-
tesy of Dr. R. A. CIiff.

Results and discussion

The cation, anion and light stable isotope analyses are pre-
sented in Table 1. Sulphate concentration is plotted against
83*S of sulphate in Fig. 2 and this plot serves to distinguish
the main water types.

Rainfall, spring and cave drip (percolation) waters

Spring and cave drip waters are Ca-HCOj3 waters and the
813C of the DIC (around — 14%o, Table 1) shows the bicar-
bonate to be derived in roughly equal proportions from soil
gas CO; and limestone carbonate (e.g. Bishop and Lloyd
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1990). The annual average rainfall contains 11.1 ppm sul-
phate with 8*S of +4.1%o. This point lies to one end of the
distribution of the karst spring waters, which range up to
46 ppm sulphate with more depleted isotopic compositions
(down to 8°*S = —4.4%o). Clearly, the trend to more 3*S-
depleted concentrations with increased sulphate concentra-
tions is likely to result from addition of varying amounts
of**S-depleted sulphate during transit of groundwater. The
plot of 8%*S vs. SO4/CI for karst spring and percolation
waters in Fig. 3 confirms that this is the case, as differential
evaporative concentration of sulphate in the soil zone prior
to recharge (which might also produce a range of SO, con-
centrations) would not affect SO4/Cl ratios. The data exhibit
a spread away from the rainfall composition toward more
34S-depleted compositions with increasing SO4/Cl, but do
not follow a single trend, indicating that sulphate is added
from more than one source with different, but always*S-
depleted, isotopic composition. The isotopic composition
of the sulphate added is consistent with the range of iso-
topic compositions of both mineral-vein sulphides hosted
by the limestone (—23 to 47%o, Robinson and Ineson
1979; Ewebank et al. 1995) and diagenetic sulphide in
the limestone (—22.3 to +3.4%o, Bottrell et al. 2000). The
8180 of sulphate in these waters is consistent with addi-
tion of sulphate produced by oxidation of sulphide in an
oxygenated environment (e.g. Van Stempvoort and Krouse
1994).

The cave drip waters have low Mg concentrations and
low Mg/Ca ratios, as a result of being derived from low
Mg-limestone in this catchment. Spring waters have a
higher range of Mg concentrations and Mg/Ca ratios (Ta-
ble 1, Fig. 4) as a result of interaction between ground-
water and dolomitic limestones; the range of values is a
function of both the variable presence of dolomite in the
aquifer matrix and residence time. Thus, apart from the
usual carbonate system reactions, the chemical evolution
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Fig.4 Sulphate 3**S plotted vs. Mg/Ca for all analyzed waters. Note
the high Mg/Ca of all the thermal waters (Matlock-type, Buxton and
thermal adits) compared to the non-thermal spring and cave drip
waters
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of spring waters and cave drip waters is significantly af-
fected by addition of sulphate from oxidation of sulphide
minerals.

Thermal springs

The thermal spring waters of the White Peak have long at-
tracted scientific interest and, as a result, there is a consider-
able historical database of chemical analyses. The present
analyses (Table 1) are similar to previous ones and confirm
the observation of Pentecost (1999) that there has been
no significant change in their chemistry during the history
of their study. The geographical division of the thermal
spring waters is reflected in a strong differentiation in their
chemistry: the Buxton waters are relatively dilute and dis-
tinguished by their low Ca and high Mg/Ca, whereas the
eastern (Matlock-type) group have much higher sulphate
concentrations (Table 1, Fig. 2). Both groups of thermal
springs are distinguished from the spring and percolation
waters by relatively elevated Sr/Ca ratios and generally
higher Cl concentration (Fig. 5). The higher Sr/Ca pre-
sumably results from increased interaction between these
waters and the limestone aquifer material. Extensive car-
bonate dissolution/reprecipitation reactions concentrate Sr,
as an incompatible element, in the aqueous phase, whereas
Ca concentration remains constant at calcite saturation. The
13C content of TDIC confirms this, as both groups of ther-
mal waters have TDIC enriched in '*C (—8 to —10%cppg)
compared to the spring waters (around —14%ocppp; see
Fig. 6). Such enrichments of '*C in TDIC are also the
result of extensive dissolution/reprecipitation of carbonate
minerals (e.g. Bishop and Lloyd 1990). The long residence
times of these thermal waters required for such extensive
groundwater-aquifer interaction are confirmed by the low
tritium concentrations measured in some of these waters
by Edmunds (1971).
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The isotopic composition of sulphate also differs between
the two groups of thermal water (Figs. 2 and 7). The Bux-
ton waters have 8*S ~ +6%o and 880 ~ +10%o, whereas
the eastern group has 83*S ~ +15%o and 8'30 ~ +14%o.
These latter values correspond exactly with isotopic com-
positions of marine sulphate from Lower Carboniferous
evaporites in Britain (Claypool et al. 1980; Taylor 1983;
Crowley et al. 1997). Such evaporites are known from the
eastern side of the White Peak in a borehole core from
Eyam, so dissolution of evaporites would appear to be the
source of high sulphate and chloride concentrations in the
eastern group thermal waters. These**S-enriched compo-
sitions are also within the wide range of compositions (5—
23%o) reported for barite sulphate associated with miner-
alisation (Robinson and Ineson 1979). However, evaporite
dissolution (rather than barite dissolution as suggested by
Edmunds 1971) is considered to be the likely source of
this sulphate because of (i) the exact match of both 83S
and 8'80 in dissolved sulphate with that of Lower Car-
boniferous evaporite sulphate; (ii) the very low solubility
of barite; and (iii) the association of sulphate with chlo-
ride. The chloride can readily be provided by dissolution
of chloride evaporite minerals associated with anhydrite
or gypsum, but it is not a component of mineralised vein
assemblages.

The Buxton thermal waters have far lower sulphate con-
centrations than the eastern group of thermal springs, but
their high Sr/Ca ratio and 13C_enriched TDIC attest to
their long residence time. Some aspects of their chem-
istry and isotopic compositions suggest that they could be
mixtures of the Matlock-type thermal waters and shallow
spring/percolation waters (e.g. Figs. 4, 5 and 7). However,
because of their high Mg/Ca (Fig. 4) and very low sulphate
concentration (Fig. 2), the Buxton waters cannot be diluted
Matlock-type thermal waters, even if the diluent were un-
altered modern rainwater. The high Mg/Ca in the Buxton
waters is also unlikely to originate from leaching of Mg
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Fig. 7 Sulphate 33*S plotted vs. sulphate 8§20 for all analyzed
samples. Note the clear distinction between the different sample
groupings

from lavas or ‘wayboards’ since such waters are charac-
terised by high sulphate (Christopher and Wilcock 1981).
The low sulphate concentration of the Buxton waters cannot
be the result of removal of sulphate from a Matlock-type
water by bacterial sulphate reduction (followed by some
dilution). This would produce a residual sulphate that was
very strongly enriched in **S and 3O (i.e. at more positive
values on Fig. 7 than the Matlock-type waters, rather than
the less positive values that they actually have). Such iso-
topic enrichments are a consequence of the large isotopic
fractionations associated with bacterial sulphate reduction
and the large proportion of sulphate that would have to
be removed from a Matlock-type water (Chambers and
Trudinger 1979; Strebel et al. 1990).

In pre-industrial times, rainwater would have had lower
sulphate concentration, due to the absence of sulphate de-
rived from fossil fuel burning. Such an unpolluted rainwater
would, however, be dominated by marine-derived sulphate
aerosol and would thus have a far more *S-enriched
isotopic composition (see e.g. McArdle and Liss 1996;
Bottrell and Novak 1997). Edmunds et al. (1995) estimate a
value of +7%o from isotopic studies of sulphate in the Tri-
assic aquifer south of the Peak District but, Coulson et al.
(2005) find evidence for pre-anthropogenic atmospheric
sulphur inputs closer to 4+20%o in the northern Peak
District, suggesting that the estimate by Edmunds et al.
may be influenced by soil zone or other sulphur sources.
The Buxton thermal water sulphur isotopic composition
lies on an extension of the spring and percolation water
trend in Fig. 2 and this suggests that it represents a mixture
of pre-industrial recharge (with §**S > +10%o0) with some
sulphate derived from sulphide oxidation. The 8'® Ogyiphate
of these waters, at around +10%o, is considerably enriched
in'0 relative to the spring/percolation water sulphate,
probably the result of the'®O-enriched composition of the
marine-derived sulphate (at ~412%0), which dominated
the pre-industrial recharge. Such an origin is consistent
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with the relatively high Cl concentrations (~40 ppm,
Fig. 5) and low SO4/Cl (Table 1) in the Buxton waters.
The marine aerosol-dominated rainwater recharge would
have had lower SO,4/CI than modern rainwater and the Cl
concentration of the Buxton waters is no higher than the
highest non-thermal springwaters (Fig. 5).

Non-thermal adit drainage

One mine-drainage adit was sampled that had no evidence
of increased water temperature (Magpie Sough, sample
23). On Figs. 2, 4 and 5 this sample lies displaced from
the bulk of the spring water data, toward the composi-
tions of the Matlock-type thermal waters. This suggests
that a small component of Matlock-type thermal water is
mixing with shallow spring/percolation water at this site
without causing any measurable thermal perturbation. This
hypothesis seems reasonable, given the geographical loca-
tion of Magpie Sough relative to the distribution of the east-
ern group of thermal waters (see Fig. 1). Edmunds (1971)
also noted elevated Sr concentrations in non-thermal mine
drainage waters compared to springwaters, and attributed
this to interaction between normal shallow groundwater
and ore minerals containing high Sr concentrations (prin-
cipally barite). However, the isotopic data does not support
this and instead suggests water mixing, which is perhaps
more reasonable given the very low solubility of barite.
This mixing may have been induced by local lowering of
groundwater head by mine drainage, resulting in an upward
migration of deeper water with thermal-type chemistry.

Thermal adit drainage

A number of mine drainage adits on the east side of the
White Peak have mean temperatures greater than those of
normal springs. Three such waters were sampled and two
(#24 and #26) show similar chemical and isotopic charac-
teristics (Figs. 2, 4 and 5) to the Magpie Sough water (#23)
discussed above, suggesting that they are similar mixtures
of Matlock-type thermal waters and shallow groundwater.
Again the geographical location of these sites (Fig. 1) is
consistent with this hypothesis and lowering of groundwa-
ter heads by mine drainage may have promoted upward
movement and resurgence at surface of thermal water. The
third of these sites (#27) has very high concentrations of
sulphate (Fig. 2) and chloride (Fig. 5), very '*C-enriched
TDIC (Fig. 6) and high Sr/Ca (Fig. 5). These features are all
consistent with a large component of Matlock-type thermal

water, as is its geographical location. However, this water
differs from the others in having very**S-and'®O-depleted
sulphate isotopic compositions (Fig. 7) and has higher sul-
phate concentration and SO4/CI (Fig. 2, Table 1) than the
Matlock-type thermal waters. This water then cannot be
either a Matlock-type thermal water or a simple dilution
with shallow groundwater. However, if a thermal water
were mixed with an oxygenated shallow groundwater that
had undergone extensive interaction with pyrite, then the
observed chemical and isotopic compositions would re-
sult. Interaction between oxygenated water and pyrite in
a carbonate aquifer is described by the overall reaction
(Nicholson et al. 1988):

FeS; +4CaCO3 + 3.750, + 3.5H,0

= 2S0,4% +4HCO;3~ + 4Ca>" + Fe(OH); (1)
where Fe(OH); is a stable end product provided that a
near-neutral pH is maintained by calcite dissolution. This
reaction would add sulphate to the groundwater mixture,
increasing SO4 concentration and SO4/Cl above that pre-
dicted for a simple mixture and this sulphate would be
34S-depleted if it were derived from pyrite of diagenetic or
mineral-vein origin (Robinson and Ineson 1979; Ewebank
et al. 1995; Bottrell et al. 2000). The 3'30 of the sulphate
formed in this way would also be much lower than the
evaporitic values of Matlock-type thermal waters (e.g. Van
Stempvoort and Krouse 1994), as we observe. The reaction
also adds DIC derived from '*C-rich calcite (both marine
carbonate aquifer matrix and mineral vein calcite have 8'3C
around 0%oppp, Robinson and Ineson 1979) to the ground-
water, consistent with the measured DIC $'3C of —9%so,
the '3C-rich calcite-derived DIC offsetting the effect of the
13C-depleted shallow groundwater DIC in the mixture.

Strontium isotopic compositions

Both non-thermal and Matlock-type thermal springs have
closely similar strontium isotopic compositions that are
slightly enriched in radiogenic®’ Sr compared to limestones
which will have Carboniferous marine compositions (Ta-
ble 2). This small enrichment could result from interaction
with K-bearing minerals in soils, in igneous rocks or more
clay-rich lithologies. Importantly, the Sr isotopic data
do not indicate any significant interaction between the
Matlock group thermal waters and lithologies outside the
Lower Carboniferous carbonate/evaporite sequence, the

::;};es:s ofsg:;l?]grir;tlrsi(c)t(g(l)cme Sample location Date of sampling Water type 87Sr/8Sr
groundwaters and best estimate 2 29" January 1998 Non-thermal spring 0.70853
of Lower Carboniferous 10 29" January 1998 Non-thermal spring 0.70864
(sjzam)aé;rﬁsornlsotoplc 18 29" January 1998 Buxton thermal water 0.71020

19 29" January 1998 Buxton thermal water 0.71022
Sample location numbers are as 21 29 January 1998 Matlock-type thermal water 0.70861
Table 1. Precision and accuracy 27 12 March 1998 Matlock-type thermal water 0.70884

of all water analyses is

+0.00003. Burke et al. (1982)

N/A

Lower Carboniferous sea-water 0.7081-0.7084
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rocks of which are dominated by a Lower Carboniferous
sea-water Sr isotopic composition. The Buxton thermal
water is distinctly®’Sr-enriched compared to the other
waters. This indicates that the Buxton thermal waters have
interacted with a source of radiogenic Sr not seen in the
other waters, and reinforces the distinction between the
Buxton and Matlock-type thermal waters.

Thermal output of the springs
The thermal output of the thermal springs is given by the
relationship:

Thermal output (kW) = 4.2 x Ty x discharge 1s7h, )

where Ty is the temperature difference (in °C) between
thermal and non-thermal springs. Edmunds (1971) gives
discharge and temperature data for all the significant ther-
mal risings. The calculated thermal output is plotted (on a
logarithmic scale) against spring elevation in Fig. 8. The
eastern group of thermal risings define a clear trend on
this plot with increasing thermal output at lower elevation.
Two of the thermal adit risings are displaced below/to the
left of the main trend, possibly because these constructed
features have not attained the same thermal equilibrium
as the natural springs or, in the case of Ridgeway Sough,
because the waters issue from the Crich Inlier, a different
hydrogeological setting to the other thermal risings in the
Derwent valley. The Buxton waters lie well away from the
trend and have a higher temperature (27.5°C) than any of
the other thermal risings (highest 19.8°C). A temperature
difference of 18.5°C at surface for the Buxton water implies
a thermal reservoir temperature (7)) of ~48°C (Turcotte and
Schubert 1982), or a depth around 1 to 1.5 km (Oxburgh
et al. 1980; Downing and Gray 1986). On the same basis,
the warmest of the eastern (Matlock) group thermals would

400
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Fig. 8 Thermal output of thermal risings plotted on a logarithmic
scale against their altitude. The Eastern Group of thermal springs and
adits lie on a trend with increasing output at lower elevations. The
Buxton thermal rising plots well away from this trend
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have a thermal reservoir T of ~30°C, or a depth less than
1 km.

Barker et al. (2000) considered the effects of thermally-
generated density differences on the flow of the thermal
spring at Buxton and concluded that the flow of thermal
water was principally driven by such a mechanism. Their
model was supported by comparison with recent hydro-
graph and rainfall data. A similar mechanism could be
partly responsible for the upflow of the eastern group of
thermal waters, though their cooler temperatures would
make any driving force less potent. However, the focusing
of the thermal output of the eastern group thermal waters
toward lower altitude risings indicates a significant compo-
nent of their flow must relate to head differences between
their recharge and discharge zones.

Porosity generation at depth

The Matlock-type thermal waters contain around 100 ppm
of sulphate derived by gypsum dissolution at depth, cor-
responding to 140 ppm dissolved CaSO, (equivalent to
176 mg gypsum dissolved by each litre). Using the total
thermal output from the Matlock group of thermal risings,
and assuming a discharge temperature unmodified by shal-
low mixing with non-thermal water of 20°C, the total dis-
charge of thermal water can be calculated as 480 1s~!, or
15x10° m® year~!. The rate of dissolution of gypsum is
thus ~2300 tonnes year~' or ~1100 m* gypsum removed
per year. This is a significant rate of porosity generation,
even when the areal extent of the aquifer system (max-
imum 540 km?) is taken into account. It is impossible to
know how localised or dispersed this gypsum dissolution is
within the deep aquifer, but this rate equates to an increase
in aperture of 1 mm per year over a 1000 km network of
1 m wide fractures.
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Fig. 9 Composite conceptual model of major geological compo-
nents and deep thermal groundwater flow between the Goyt syncline
in the west and the Derwent valley in the east. All topographical
and geological relationships are greatly simplified. The nature and
position of the Bakewell Fault and related basement blocks (Smith
et al. 1985) are speculative. Vertical exaggeration about x20
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Hydrogeological model

A conceptual hydrogeological model for the thermal waters
of the White Peak is illustrated in the form of a west—east
cross section in Fig. 9. Dashed arrows indicate the flow
paths of Buxton (A) and Matlock-type (B) thermal waters.
The Buxton waters are shown as migrating to ~1500 m
depth in the Goyt syncline before rising as a result of ther-
mal effects, the flow possibly being focussed by faulting
at the limestone contact. Matlock-type waters are shown
as migrating to ~800 m depth to interact with evaporite
deposits. Their return flow to surface may be driven by
a combination of elevation head difference between the
recharge area on the limestone plateau and the Derwent
valley (hence the higher thermal fluxes at lower elevation
thermal springs) and by thermal effects similar to, but less
efficient than, those at Buxton. Upward return flow would
be via cross-stratal leakage on fractures and focussed by
plunging antiformal structures. The Matlock and Buxton
groups of thermal waters are distinct in terms of their chem-
istry and isotopic compositions. These clear distinctions
suggest very different origins for the two types of thermal
waters. The Buxton waters are more dilute and appear to be
pre-industrial recharge that has undergone limited interac-
tion with sulphide minerals. The 1-1.5 km depth inferred
for the thermal flow at Buxton is comparable to the thick-
ness of Namurian (Millstone Grit) and Westphalian (Coal
Measures) clastic sediments (~1400 m; Aitkenhead et al.
1985) overlying the limestone in the Goyt Syncline to the
west of Buxton. The Buxton water has elevated®’Sr, proba-
bly due to interaction with clay-rich detrital rocks, and high
Mn (75 wg 17! vs. ~1 pg 17! for the eastern group thermal
waters; Edmunds 1971), also indicative of interaction with

detrital sedimentary rocks. High Mg in the Buxton waters
could also be derived in part from e.g. chlorite in a detrital
aquifer. The low Ca and lack of Carboniferous evapor-
ite inputs indicate a relatively short flow path within the
limestone sequence. These lines of evidence imply that the
Buxton thermal water has migrated from deep sandstone
aquifers below the high ground to the west of Buxton before
finally discharging through fissured limestone at the topo-
graphic low at the head of the Wye valley. Sandstones in
these sequences are known to form relatively good aquifers
(at least locally) with permeability largely through fracture
systems. Individual boreholes in these sandstones typically
yield 0.3 to 2.21s~! on pumping and some artesian wells in
these sandstones below the Westphalian shales yield up to
41s~! under natural overflow conditions (Downing 1970).
Thus, at Buxton the karstic permeability of the limestone
(and possibly permeability associated with faulting at the
limestone contact) is simply providing a hydraulically ef-
ficient pathway from the sandstone aquifer to a discharge
point at a topographic low.

The Matlock-type waters have gained salinity by inter-
action with Lower Carboniferous evaporite deposits. The
calculated depth of the thermal flow is consistent with the
depth of buried evaporites in the sequence. The water chem-
istry and depth of flow do not require the thermal waters to
have moved outside of the known Carboniferous Limestone
sequence. Both thermal and non-thermal mine drainage wa-
ters on the eastern side of the White Peak show chemical
and isotopic evidence for mixing of Matlock-type thermal
water with shallow groundwater. The thermal risings at
Matlock (including Meerbrook Sough) account for 97%
of the groundwater thermal flux in the Dome (Edmunds
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1971) and these risings are grouped around the lowest
altitude outcrop of limestone (Fig. 1). Along the eastern
side of the main dome structure, thermal risings occur in
groups where minor antiforms, trending approximately at
right-angles to the dominant structural components of the
Dome, have been truncated by the incision of the Der-
went valley (Fig. 10). These provide ‘targets’ of lowest
head in the aquifer toward which upward flow of thermal
waters has been focussed. Figure 8 shows the clear ef-
fect of altitude of the rising on the flux of thermal water,
the flux being concentrated at the lowest outcrop of the
limestone.

As estimated above, the total discharge of Matlock-type
thermal water is ~15x10% m® year~!. The precipitation
excess over evapotranspiration in the area is 528 mm
(MORECS square 106, 1961-1990 average value, Mete-
orological Office) and the Carboniferous Limestone catch-
ment (including allogenic inputs) is ~540 km?, giving an
annual recharge to groundwater of 285x10° m® year~!.
The discharge of thermal water is therefore ~5% of the
annual groundwater budget of the Carboniferous Lime-
stone aquifer, requiring a recharge area of ~29 km?”. These
thermal waters have elevated sulphate concentrations due
to evaporite dissolution which is occurring at rates likely
to give rise to significant porosity and permeability en-
hancement in the deep aquifer. The development of deep
high permeability flow paths is probably an essential pre-
requisite for the discharge of such large volumes of thermal
water at surface.

Further evidence of deep groundwater flow in the White
Peak Carboniferous Limestone aquifer comes from a neg-
ative temperature gradient between 450 and 575 m below
ground level in the Eyam borehole, interpreted by Downing
and Gray (1986) as being a consequence of deep ground-
water movement. One of the authors (JG) has undertaken
many water tracing experiments in the White Peak using
fluorescent dyes, and these have determined the main flow
paths of shallow groundwater in local flow systems. How-
ever, no tracer has been recovered at known springs from
repeated injections in the Calton Hill area (Fig. 1) despite
the use of very large amounts of dye. Hence, this area (and
possibly other, as yet undetermined, areas) may be sup-
plying recharge to long-term storage in the deep regional
thermal flow system.

Conclusions

The Buxton and Matlock-type thermal waters exhibit
chemical characteristics that testify to a high degree
of water—rock interaction and long residence time, but
otherwise have very different sources. A conceptual
hydrogeological model for the waters is summarised in
Fig. 9. The Buxton waters have a distinctive chemistry
and are elevated in®’Sr above limestone groundwaters.
This implies an ultimate source in deeply-buried, locally
confined, sandstone aquifers to the west of Buxton. The
Matlock group of thermal risings (including Meerbrook
Sough) account for 97% of the groundwater thermal flux in
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the White Peak (Edmunds 1971) and have interacted with
evaporite deposits, confirming the deep underflow hypoth-
esis of Worthington and Ford (1995). Importantly, there
are similarities with the results of Krothe and Libra (1983)
which suggest that this phenomenon is not unique to the
White Peak and may be a widespread process in carbonate
aquifers. Shallower groundwaters show no evidence of
interaction with evaporites, deriving smaller amounts
of sulphate instead by oxidation of sulphide minerals.
Either evaporites were not present higher in the carbonate
sequence, or these more soluble minerals were removed by
similar deep groundwater flows when the land surface was
higher. The present rate of dissolution of deep evaporites
is significant and will give rise to zones of increased
porosity and permeability deep within the aquifer. The
presence of such zones would significantly influence later
cavernous karst development by carbonic acid dissolution
of limestone by providing an initial secondary porosity to
allow the deep penetration of dissolutionally aggressive
groundwaters. This supports the hypothesis of Lowe
(2000) that processes not involving carbonate dissolution
can be responsible for the inception of tertiary porosity and
permeability (matrix = primary; fracture = secondary)
in carbonate aquifers. Tertiary porosity/permeability is an
essential precursor to the development of karstic drainage.

In the White Peak the discharge of the deep flow com-
ponent is controlled regionally by the lowest outcrop of
limestone in the Derwent valley. The discharge of Matlock-
type thermal waters from mine adits results from the local
lowering of groundwater head by driving of the adit and
consequent upconing of the deeper thermal water. Deep
regional thermal flow constitutes 5% of groundwater dis-
charge from the Peak District limestone aquifer.

This study has demonstrated the power of combined iso-
topic studies of sulphate and strontium in distinguishing
different sulphate sources and hydrogeological processes
deep within a carbonate aquifer. It has also shown that
deep evaporite dissolution can be a significant process on
a regional scale in carbonate aquifers and give rise to early
high permeability groundwater flow paths that influence
later aquifer development by the ‘normal’ process of car-
bonate dissolution.
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