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ABSTRACT

Six drip waters, which were actively depositing stalagmites in Lower Cave, Bristol, were analysed both for discharge and
luminescence properties. Drip discharges were determined for two di�erent years, and show a complex response to
surface precipitation variations. Inter annual variability in drip discharge is demonstrated to be signi®cantly higher than
intra-annual variability, and discharge was demonstrated both to increase and decrease non-linearly with increased
precipitation. Drip waters demonstrate a correlation between their luminescence intensity and drip discharge, with
increased luminescence in winter as more organic matter is ¯ushed through the aquifer. The strength of the relationship
between luminescence intensity and discharge increases with increased discharge. The results presented here have
implications for the palaeoenvironmental interpretation of annual growth laminae and the growth rates of stalagmite
samples. # 1997 John Wiley & Sons, Ltd.
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INTRODUCTION

Detailed investigation of the relationship between precipitation and discharge for slow cave drips is required
to provide important information for the characterization of karst aquifers. Flows within the unsaturated
zone are recognized to be very varied, ranging from slow drips to considerable ¯ows, with a wide range of
discharge variation and a complex dependence on both surface precipitation and evaporation, soil moisture
storage, surface detention, the subcutaneous zone storage and the geological characteristics of the aquifer;
see Figure 1 (from Smart and Friedrich, 1987). This latter theorization is the most complex of many attempts
to categorize karst groundwater ¯ow (see also work by Gunn, 1981; Williams, 1983; Atkinson; 1985). Smart
and Friedrich (1987) classify the hydrological characteristics of inlet ¯ows in one cave system (G.B. Cave,
Mendip Hills, England) by their maximum discharge and discharge variability (Figure 1). For example,
seepage ¯ows have relatively low discharge and coe�cient of variation, and often exhibit seasonal variations
in discharge related to storage replenishment in winter followed by recession in the periods of soil moisture
de®cit. Shaft and vadose ¯ows have higher coe�cients of variation and higher discharge, often with a more
peaky, storm response. Subcutaneous ¯ows have high coe�cients of variation owing to their intermittent
action, and are commonly found in the top 30 m of the aquifer, which is more highly ®ssured. Using this
classi®cation system, drip feeds to stalagmites, with a typical observed drip rate of 1 drip every 1±1000 s
(0.0005±0.5 l hÿ1), should fall into the seepage ¯ow category and exhibit continuous ¯ow with low
variability. Such low discharge ¯ows were not analysed by Smart and Friedrich (1987) in their study.

As well as providing important information as to the hydrological characteristics of karst aquifers, the
measurement of stalagmite drip discharge is also important in a palaeoclimatological context. Recent
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advances in the development of high resolution records of environmental change from cave stalagmites
include the measurement of visible and luminescent annual bands (Genty, 1992; 1993; Baker et al., 1993,
1995a; Railsback et al., 1994; Shopov et al., 1994; Genty et al., 1996). Banding in stalagmites is generally
caused by the presence of humic and fulvic acids, which alter both the visible optical properties as well as the
luminescence of the samples when excited by ultraviolet light. In some instances variations in the width of the
annual laminae have been demonstrated to correlate with annual variations in precipitation (Railsback et al.,
1994; Genty and Quinif, 1996), and di�erences in the structure of the brightness of the banding have been
suggested to correlate with seasonal variations in precipitation (Genty et al., 1997a). Stalagmites have the
advantage of being datable by uranium series techniques, with a precision of up to 1% by thermal ionization
mass spectrometry (Edwards et al., 1987), and thus the annual records can be temporally constrained and

Figure 1. Classi®cation of karst groundwater ¯ow types from their discharge and discharge variability. From Smart and
Friedrich (1987)
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provide high resolution records of palaeoprecipitation change for the last 300 000 years. The latter is
particularly signi®cant as palaeoprecipitation has generally proved di�cult to determine from other palaeo-
environmental indicators. In order to obtain a better understanding of the palaeoenvironmental records
contained within the annual banding of stalagmites, calibration experiments need to be undertaken for
samples that are actively forming and for which precipitation and discharge measurements can be under-
taken. Such data has not been frequently collected for two reasons. First, the discharge on to stalagmite
samples is very low, with typical values in the range of 1 drip every 5±1000 seconds. With a typical drip
volume of 0�17+0�05 cm3, this is equivalent to a discharge of 3� 10ÿ5±2� 10ÿ7 l sÿ1. Such low discharges
limit the water sample size available for collection for chemical analysis (100 ml of water can take 24 hours to
collect), and limits the use of geochemical variations as an aid to ¯ow characterization as a result of samples
degassing during collection. Secondly, although many studies have been undertaken on the intra-annual
variability of discharge on to stalagmites (see, for example Pitty, 1966; 1974; Stenner, 1973), to our know-
ledge, only one has considered interannual variations (Genty et al., 1997b).

In order to determine the relationship between the drip discharge on to stalagmites and precipitation
change, and its palaeoenvironmental applications to annually laminated stalagmites, data were collected
from Lower Cave, Bristol, England. Discharge data were collected over two annual ®eld cycles; the ®rst in
1991±1992, after ®ve years of below average precipitation; the second in 1994±1995, after three years of
above average precipitation. Over the second annual cycle, samples were also collected for luminescence and
total organic carbon (TOC) analysis, in order to determine the relationship between annual luminescence
banding preserved in stalagmites and their hydrological characteristics.

SITE DESCRIPTION

Lower Cave, Bristol (518 27' N, 028 36' W; National Grid Reference ST566732) is a short 18 m long cave in
Lower Carboniferous limestone (Figure 2). This limestone is massive, well jointed, pure limestone dipping at
408; the cave follows a weakness along a bedding plane in the direction of dip. The cave contains both active

Figure 2. Survey of Lower Cave, Bristol. Location of sample sites LC-1 to LC-6 are labelled by `S'
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and inactive ¯owstone and stalagmite deposits, the former including recent samples that have been deposited
over the last 50 years, since the cave was last used as a storage site. The cave contains a high density of drip
sources (an average straw stalactite density of 7 samples mÿ2), the drip sources did not appear to be
associated with ®ssures or fractures and are thus likely to be associated with intergranular storage. The
overlying surface consisted of a steeply inclined cli�ed slope (at a 508 angle), which comprised of 50% bare
rock and 50% vegetation cover, the latter of scrub (50% of total vegetation; Rubus fruticosus agg, Syringa
vulgaris, Crataegus monogyna, etc.), tall calcareous grassland (40% of total vegetation; Bromopsis erecta,
Festuca rubra, Veronica spicata, etc.) and short calcareous grassland (10% of total vegetation; Thymus
praecox, Plantago lanceolata, etc.). The soils over the cave consisted of 1±5 cm of humic layer, with
occasional litter layers and rooting throughout. The climate of the region is cool temperate oceanic, with a
30-year mean annual precipitation of 842 mm with a winter maximum, and a mean annual temperature of
10.08C with a winter minimum of 3.98C (January) and a summer maximum of 16.58C (July). In summer,
evaporation exceeds precipitation.

Seven drip sites (LC-1, LC-2, LC-3, LC-4, LC-5, LC-6a, LC-6b) were analysed within the back 5 m of the
cave, the sites chosen were such that the drip water would have passed through a signi®cant volume of
limestone (> 15 m) (Figure 2). The drip waters all originated from actively depositing straw stalagmite
sources; the straws were within a 2 m2 area but were not visibly connected hydrologically. Each drip had an
associated actively forming stalagmite deposit of 4±6 cm in diameter, which was being deposited on a man-
made gravel ¯oor emplaced when the site was used as a store.

EXPERIMENTAL METHOD

The hydrological characteristics of the drip feeds supplying the seven stalagmites were measured over the
course of two annual ®eld cycles, the ®rst of which covered the period July 1991±August 1992 (with a two
month gap in May and June 1992 when the ®rst author was unable to collect data), and the second between
March 1994 and April 1995. Discharge measurements were made at 2±3 weekly intervals throughout these
time periods by taking multiple readings of the elapsed time between drips and then taking the average to get
a measure of drip rate, assuming a constant drip volume of 0.17 cm3 (the measured average volume of drips
at the site). In 1994±1995, 10±25 ml water samples were collected in glass bottles (the time for collection
averaged 4±8 hours), before being preserved for organic matter analysis by freezing. In order to determine
the relationship between discharge and organic matter, measurements were made of both drip water
luminescence properties and total organic carbon (TOC) content (the volume of sample collectable in 8
hours being too small to allow direct measurement of humic and fulvic acid concentration). Although
absorption at 360 nm has been correlated with TOC in river and peat waters (Grieve, 1985), such a
relationship has not been demonstrated for either the absorption or luminescence of cave drips. Therefore,
luminescence was measured by analysing water samples with an ultraviolet (325 nm, HeCd) laser; water
samples were held in 5 ml UV transparent cuvettes and the luminescence intensity at 420 nm was collected
using a photomultiplier. TOC analyses were performed on 10 ml water samples using a standard TOC
analyser.

RESULTS AND INTERPRETATION

Stalagmite Discharge Data 1991±1992

The drip discharges for the seven sample sites, together with the precipitation record, are presented in
Figure 3, and data on the mean discharges and cross-correlations of discharges between drip sites are
presented in Tables I and II, respectively.

Figure 3 demonstrates that there is no response of drip rate to summer storm events owing to the increased
evaporation, and hence soil moisture de®cit, at the time, and that there is a slight lag between winter
precipitation and an increase in drip discharge. Visual examination of the ®gure suggests that an increase in
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Figure 3. Daily precipitation for the period 1991±1992, together with the drip discharge for samples LC-1 to LC-6

#
1
9
9
7
Jo
h
n
W
iley

&
S
o
n
s,
L
td
.

H
Y
D
R
O
L
O
G
IC

A
L
P
R
O
C
E
S
S
E
S
,
V
O
L
.
1
1
,
1
5
4
1
±
1
5
5
5
(1
9
9
7
)

D
IS
C
H
A
R
G
E

A
N
D

O
R
G
A
N
IC

M
A
T
T
E
R

C
O
N
T
E
N
T
O
F

S
T
A
L
A
G
M
IT

E
D
R
IP

W
A
T
E
R

1
5
4
5



winter drip discharge occurs between December and March (Julian days 334±420), and that this is
1±2 months after the ®rst increase in precipitation. Lagged correlation coe�cients between precipitation and
drip discharge demonstrate statistically signi®cant lags of between 24 and 30 days for all six sites (LC-1 to
LC-6a; 0�54 < r < 0�67; n � 16; statistically signi®cant at a 95% con®dence level).

Over the course of 1991±1992, only six of the seven sites were hydrologically active, with no discharge
from LC-6b (Table I). LC-4 had a statistically higher discharge than all the other sites at a 95% con®dence
level, all other sites having statistically similar discharge characteristics (determined using Mann±Whitney U
statistic). Most discharges were in the range expected for seepage ¯ows (Figure 1). The coe�cients of
variation of discharge varied between 11.7 and 66.7%; there is no correlation between the coe�cient of
variation of discharge and discharge (r � ÿ0�063). LC-5 had the lowest CV (coe�cient of variation) and
demonstrated little seasonal variation in discharge. Similar results have been observed for seepage ¯ows by
Smart and Friedrich (1987), explained by substantial storage maintained by seasonal recharge, yet only
minor changes in the head driving ¯ow. All of the drip sources remained hydrologically active for the whole
year, with the exception of LC-6a, which was dry for the summer months. This is re¯ected in the high CV of
this site, which falls outside the range of seepage ¯ows of Smart and Friedrich (1987); see Figure 1. Instead,

Table I. Descriptive statistics for Lower Cave sites in 1991±1992 and 1994±1995

Site Discharge 1991±1992 (�10ÿ7 l sÿ1) Discharge 1994±1995 (�10ÿ7 l sÿ1) Charge in discharge
between 1991±1992

x 1s CV n x 1s CV n and 1994±1995

LC-1 6.07 2.21 36% 13 0.80 0.61 77% 16 �0�13
LC-2 7.84 4.66 59% 13 55.2 57.5 104% 18 �7�05
LC-3 8.18 2.14 26% 16 22.7 24.8 109% 18 �2�78
LC-4 14.2 2.94 21% 16 35.1 53.8 153% 18 �2�47
LC-5 5.24 0.61 12% 16 6.26 2.64 42% 18 �1�19
LC-6a 8.47 5.64 67% 16 30.6 24.0 79% 16 �3�61
LC-6b dry Ð 16 35.1 24.4 70% 18

Table II. Cross-rank correlations on drip discharge data for Lower Cave, 1991±1992

LC-1 LC-2 LC-3 LC-4 LC-5

All year
LC-2 0.850
LC-3 0.278 0.371
LC-4 0.523 0.546 0.870
LC-5 0.816 0.500 0.278 0.296
LC-6a 0.729 0.826 0.801 0.866 0.483

Winter
LC-2 0.786
LC-3 0.536 0.036
LC-4 0.464 0.107 0.857
LC-5 0.821 0.429 0.571 0.357
LC-6a 0.964 0.679 0.607 0.536 0.893

Summer
LC-2 ÿ0�457
LC-3 ÿ0�533 0.639
LC-4 ÿ0�344 0.074 0.800
LC-5 0.714 0.029 0.000 0.050
LC-6a ÿ0�445 0.679 0.979 0.828 0.142
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this has the discharge variability characteristics of subcutaneous ¯ows yet at a lower discharge, and can be
classi®ed here as a seasonal drip.

The degree of cross-correlation between the individual sites show signi®cant variation, both for annual
and seasonal (summer and winter) data (Table II). Taking the year as a whole, most of the drips are
correlated at a statistically signi®cant level, the exception being LC-3, which is only weakly correlated with
LC-1, LC-2 and LC-5, and the weak correlation between LC-4 and LC-5. LC-1 and LC-2 demonstrate the
strongest correlation, suggesting a strong hydrological connection. When seasonal data are taken into
consideration, the statistically signi®cant cross-correlations persist in winter, but for most sites break down in
the summer. This suggests that at this time the groundwater ¯ow system for these sites is decoupled from the
precipitation input, although signi®cant variability in the cross-correlations demonstrates between-site
variability with signi®cant between-site di�erences in head or lag time to precipitation change.

Stalagmite Discharge Data 1994±1995

Drip discharge and precipitation data for 1994±1995 are presented in Figure 4, and data on the mean
discharge and cross-correlations within the discharge data are given in Tables I and III, respectively.
In Figure 4 it is apparent that there is a rapid response to winter precipitation, an observation con®rmed

when the lagged correlation coe�cients between precipitation and drip discharge are calculated. All sites
demonstrate a lag between precipitation and discharge, with the best correlation with lags of the average
total precipitation between 1±6 and 1±20 days (0�618 < r < 0�799; n � 18; all signi®cant at a 95%
con®dence level).

Over the course of 1994±1995, all seven drip sources were hydrologically active (Table I). Mean discharges
fell into three separate groups; LC-1 had a discharge that was statistically lower than all other sites; LC-5 had
a statistically lower discharge than LC-2, -3, -4, -6a and -6b (Mann±Whitney U statistic). All sites remained
hydrologically active throughout the year except LC-6b which only became active once the discharge
through LC-6a exceeded 1�7� 10ÿ6 l sÿ1. Once active, the two sources were strongly linearly correlated

Table III Cross-rank correlations on drip discharge data for Lower Cave, 1994±1995

LC-1 LC-2 LC-3 LC-4 LC-5 LC-6a

All year
LC-2 0.822
LC-3 0.897 0.907
LC-4 0.857 0.914 0.938
LC-5 0.842 0.882 0.880 0.920
LC-6a 0.819 0.963 0.930 0.951 0.865
LC-6b 0.748 0.934 0.887 0.894 0.828 0.938

Winter
LC-2 0.569
LC-3 0.867 0.728
LC-4 0.767 0.661 0.717
LC-5 0.600 0.452 0.383 0.567
LC-6 0.555 0.814 0.714 0.824 0.261
LC-7 0.418 0.832 0.628 0.653 0.293 0.861

Summer
LC-2 0.799
LC-3 0.849 0.667
LC-4 0.699 0.767 0.917
LC-5 0.858 0.867 0.933 0.950
LC-6a 0.860 0.900 0.850 0.883 0.950
LC-6b 0.612 0.548 0.548 0.548 0.548 0.548
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Figure 4. Daily precipitation for the period 1994±1995, together with the drip discharge for samples LC-1 to LC-6
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(r � 0:99, n � 10, signi®cant at a 99% con®dence level), and demonstrate the presence of over¯ow
characteristics at a low discharge and local scale. Coe�cients of variation for all sites were high, ranging
between 42 and 153%, with no relationship between the coe�cient of variation of discharge and discharge
(r � 0�520, n � 7, not statistically signi®cant). The observed range of discharge and CV place all but LC-5
outside the range classi®able as `seepage ¯ows' in Figure 1.
Cross-correlations between the seven drip sites are presented in Table III. All sites are correlated at a

statistically signi®cant level throughout the year, although the relationship is weakest for LC-5 in winter.
This suggests a di�erent mode of operation of this site during the winter months compared with the other
drips. This is con®rmed by the data presented in Figure 4, which show very little seasonal variation in
discharge at this site, as was also the case in 1991±1992.

Comparison of Discharge Records

Precipitation data for Bristol were provided from the Bristol Meteorological O�ce (National Grid
Reference ST585727); the 10-year trend is presented in Figure 5. The 1991±1992 ®eld cycle occurred after
®ve years of below average precipitation (1.3±15.8% below the 12-year mean), whereas the 1994±1995 cycle
followed three years of above average precipitation (4.9±23.9% above the 12-year mean). The response of
the seven sites to the di�erence in long-term precipitation between 1991±1992 and 1994±1995 is presented in
Table I. (Comparison with evapotranspiration was not undertaken owing to the large uncertainties
associated with its determination.) Discharge at six of the seven sites increased with increasing precipitation,
although this increase in discharge varied by between 119 and 278%. One site, LC-6b, went from being
hydrologically inactive to having limited activity dependent on LC-6a. LC-6a went from being hydro-
logically inactive in summer in 1991±1992 to being active throughout the year in 1994±1995. One site (LC-1)
decreased to 13.2% of its former discharge in 1994±1995. The variability of discharge also increased with
increased annual precipitation. Di�erences in the lag time between precipitation and discharge are also
noticeable; in 1991±1992 statistically signi®cant lags occur at 24±30 days; in 1994±1995 these occur at
between 1±6 and 1±20 days. The cross-correlations between the sites also vary between years; there are
generally stronger correlations for annual data between sites in 1994±1995 compared with 1991±1992, and
this persists for both summer and winter data. In 1991±1992, cross-correlations break down for the lower
discharge summer period.

The variations in the hydrological response to precipitation change can be explained by the characteristics
of karst aquifers (Figure 1). In particular, the variability of response between sites is typical of the variability
of ¯ow in the unsaturated zone. Changes in the hydrological connectivity, re¯ected in the loss of cross-
correlations for many sites in the summer of 1992, demonstrates the importance of evaporative loss from the
surface and the presence of a decoupling between the unsaturated zone and surface precipitation. The
discontinuous cover at the site suggests that this evaporative loss may occur from the groundwater system
as well as from soil moisture. Lag times between discharge and precipitation are long in comparison with
an inlet feeding a ¯owstone at the site, which had a mean discharge in 1994±1995 of 5�4+7�0 l sÿ1, and

Table IV. Relationship between mean annual discharge and degree of correlation of luminescence with discharge for
Lower Cave, 1994±1995. The correlation coe�cient is strongly correlated to the discharge (r � 0�951, n � 5)

Sample Mean annual Mean annual Correlation between Signi®cance
discharge luminescence discharge and level

(�10ÿ7 l sÿ1) (units) luminescence

LC-2 45�4+44�5 13�34+4�47 0.937 (n � 16) 99%
LC-3 18�5+20�5 12�12+1�25 0.538 (n � 16) 95%
LC-4 20�9+14�4 12�22+1�32 0.519 (n � 15) 95%
LC-5 5�8+1�9 10�62+1�55 ÿ0�357 (n � 15) None
LC-6 27�1+21�7 12�20+2�47 0.415 (n � 16) 90%
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a response to individual storm events of512 hours, yet these lags vary. In 1994±1995 the lag times are much
shorter than 1991±1992, suggesting that lag times decrease with increased precipitation.

Comparison between the two years demonstrates the complexity of hydrological response to precipitation
change in low discharge cave drips. In particular, the response of individual drips to both annual and long-
term discharge is highly variable, with both under¯ow and over¯ow behaviour being present. It is suggested
that in 1994±1995 the increased precipitation recharged the aquifer and ®lled a signi®cant amount (if not all)
of the available storage. This would lead to both rapid pulse ¯ow in response to precipitation, which would

Figure 5. Annual precipitation for Bristol for the period 1982±1994. Mean annual precipitation is shown by the dashed line; sampling
periods are also shown
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explain the high winter discharges, and more water to sustain discharge into the summer when evapo-
transpiration exceeds precipitation, which would explain the maintained cross-correlations. In addition,
LC-1 decreased in discharge whereas all other samples increased, suggesting blocking or diversion of the ¯ow
path. Similar results have also been observed on a seasonal level for recently active seeps depositing ¯owstone
samples (Baker, 1993) and for one site in G.B. Cave (Smart and Friedrich, 1987), but has not been demon-
strated for low discharge drips. The nature of the transition from high to low discharge of LC-1 is not
known; future studies of long-term, high frequency time-series data is needed to determine whether this
occurred gradually or catastrophically.

Organic Matter Variations 1994±1995

Figure 6 presents the luminescence intensity data for sites LC-2 to LC-6 (samples were not obtained for
LC-1 owing to the low discharge). To con®rm that luminescence intensity re¯ects organic matter concentra-
tion, a random subsample of water samples from all the stalagmites was analysed for TOC. These results
demonstrated the following relationship: TOC � 3�57 � 3�45 LUM (n � 16, r � 0�63), with the predicted
and actual total organic carbon concentration for the stalagmite drip waters ranging from 0.5 to 2.0 mg lÿ1.
The strength of this relationship is weaker than that observed for peaty waters, and suggests that a signi®cant
fraction of the TOC is in a non-humic/fulvic acid form at the Lower Cave site, and that luminescence
intensity re¯ects humic and fulvic acid concentration rather than total organic matter concentration.

Figure 6 demonstrates that humic and fulvic acid concentration increases in general at all sites from
November to March (Julian days 330±420). This correlates with the winter maximum of discharge, as
demonstrated in Figure 6 by the time-series plots of luminescence intensity and discharge. Hence it seems
likely that: (1) when precipitation exceeds evapotranspiration, organic acids that have decomposed over the
summer and autumn are washed into and through the karst groundwater system; and/or (2) surface organic
matter production is continuous but the high molecular weight organic acids are only transportable through
the karst aquifer when there is increased discharge. Winter increases in organic acids have also been inferred
from observations of deposition of visible laminae in speleothem (Genty et al., 1997a) and in stream sites
(McDowell and Likens, 1988; Heikkinen, 1994). However, the relationship between discharge and lumines-
cence/humic and fulvic acid concentration is not statistically signi®cant for all sites (Table IV). In fact, there
appears to be a relationship between the strength of the correlation and mean annual discharge (r � 0�951,
n � 5), although further samples are required from other sites to determine whether this result is statistically
signi®cant. In particular, for the highest discharge site (LC-2), the double peak structure of winter discharge
in 1994±1995 is re¯ected in the structure of the luminescence signal. Similar results have been demonstrated
from a recently deposited, high discharge (42�8� 10ÿ3 l sÿ1) stalagmite deposited in a Belgian tunnel
(Genty et al., 1997a).

CONCLUSIONS

Implications for Karst Aquifer Characteristics

The sites analysed in this study show only limited agreement with the `seepage ¯ow' characteristics as
classi®ed for low discharge feeds in G.B. Cave, Mendip Hills, by Smart and Friedrich (1987). Although the
lag times to precipitation events are of a similar order of magnitude, most other ¯ow characteristics were
much more complex than previously recognized. In previous studies, intra-annual discharge data has been
used to classify karst groundwater ¯ow types. Here, the observed inter-annual variation (changes in
discharge of �0�13 to �7�05 for a precipitation increase of 25%) is much greater than the intra-annual
variation in discharge. Signi®cantly, sites classi®ed as `seepage ¯ows' under one year of data were reclassi®ed
as `seasonal drips' in 1994±1995. Hence, several years of data under varying precipitation rates are required
to classify groundwater drip ¯ow.

In this study, the importance of complexities of ¯ow are highlighted. Drip discharges demonstrated both
typical `seepage ¯ow' characteristics, as well as over¯ow, under¯ow and seasonal dryness. The latter were
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Figure 6. Time-series data for luminescence intensity and discharge for sites LC-2 to LC-6 for the period 1994±1995
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characterized as seasonal drips; further studies are required in order to determine how frequently such drip
characteristics are observed, and whether this frequency decreases with the depth in the unsaturated zone of
the aquifer. In addition, no relationship was observed between discharge and the coe�cient of variation of
discharge; decreasing variability with decreasing discharge has been suggested by other workers (Smart and
Friedrich, 1987). Figure 7 presents intra-annual discharge±discharge variability data for the sites analysed in
this study, plus those from other work from British Carboniferous Limestone caves (Smart and Friedrich,
1987; Baker 1993; Pitty, 1966; 1974; Stenner, 1973). No correlation is present (r � 0�03) and it is again
apparent that interannual variations in discharge and discharge variability are greater than between-site
di�erences in intra-annual data, suggesting that further interannual data is required to obtain a precise
picture of changing ¯ow variability with discharge.

Figure 7. Relationship between discharge and the intra-annual variability of discharge for all cave sites in Carboniferous limestone in
England. Intra-annual variability of the Lower Cave sites are labelled and linked by arrows demonstrating the interannual variation

between 1991±1992 and 1994±1995.
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Implications for Palaeoenvironmental Reconstructions from Stalagmites

The results presented here demonstrate that palaeoenvironmental reconstructions using speleothem
samples should ideally use multiple samples. The complexities of ¯ow at even low discharge stalagmite drip
feeds, including under¯ow and over¯ow behaviour and variable response of discharge to precipitation
change, suggest that caution must be exercised when interpreting individual samples; similar cautions have
been urged after analysing the growth patterns of mass spectrometrically dated Quaternary ¯owstone samples
from Yorkshire (Baker et al., 1996b). In particular, the complex response to precipitation change has speci®c
implications for the environmental interpretation of growth rate variations and annual banding records.

Growth rate reconstruction. The growth rate of stalagmites has been demonstrated, in theory, to be dependent
on the calcium concentration of the drip water, the water drip rate, the temperature, the thickness of the
water ®lm on the stalagmite cap and the carbon dioxide concentration in the cave air (Dreybrodt, 1980, 1981;
1988), Application of this theory has suggested that the water drip rate is not an important variable
determining growth rate, with a doubling of drip rate generating only a 15% increase in growth rate (Baker
et al., 1995a). Variations in temperature and calcium concentration of the drip water are more important,
although for recently deposited stalagmites where these variables are less likely to have varied, a correlation
between growth rate and surface water excess has been observed (Genty and Quinif, 1996). The presence of
seasonal cessation of one of the drip feeds in Lower Cave suggests that the reconstruction of palaeo-
environments from stalagmites may be more complex than previously observed. For example, a 50%
decrease in growth rate may be a result of a seasonal drying of the drip source, whereas growth rate theory
suggests that this could also be interpreted as a 4±7 8C fall in temperature.

Annual growth laminations. The relationship observed at Lower Cave for some sites suggests a potential
signal between organic acid concentrations and annual lamination structure. This result con®rms results
observed within recently deposited stalagmites in the Godarville Tunnel, Belgium, for which the structure of
the luminescence peak was observed to correlate with trends in the seasonal water excess (Genty et al.,
1997a). Data from Lower Cave suggest that this relationship is strongest for stalagmites with high drip
discharges, although this relationship is derived from only ®ve sites and further analyses need to be
undertaken from di�erent cave sites.

The presence of annual growth laminations also has implications for the interpretation of growth rate
variations. Annual banding is not observed in all stalagmite samples; previous studies have quoted mixing of
groundwater in the aquifer, soil water residence characteristics and depth in the aquifer as a primary cause of
the lack of banding preservation (Baker et al., 1993; 1996a; Shopov et al., 1994). A seasonal cessation of the
drip feed will lead to a lack of banding preservation, as the `summer' component of the luminescence band
will not be deposited. Hence, if a lack of growth banding correlates with a decrease in growth rate determined
by other techniques (for example, uranium series dating), then it suggests that drip cessation is the cause and
thus provides a limited palaeoclimate record.
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