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Abstract 

The model of calcite precipitation kinetics of D. Buhmann and W. Dreybrodt, based on the rate laws of L.N. Plummer et al., 
is used to predict cave flowstone growth rates. These theoretically modelled growth rates are compared to actual growth rates of 
recent samples found in cave and mine sites in southwest England. A good agreement is found between modelled and actual 
growth rates within the 95% confidence level of the determinations, although in general modelled growth rates overestimate 
actual growth rate by between 2.4 and 4.7 times. Several reasons for this overestimation are discussed, including uncertainties 
arising from the experimental data of L.N. Plummer et al., seasonal shut-off of water flow onto the flowstones and significant 
variations in the growth rate determining parameters during the period of flowstone growth. For one flowstone an underestimation 
of growth rate is observed and is explained by the presence of rimstone pools which pond water on the sample surface. 

1. Introduction 

Flowstones (also known as sinter or travertine) are 
inorganic secondary calcite precipitates found in caves, 
and formed by del~3sition of calcite on the bed of a 
cave stream or seepage flow. The most important mech- 
anism for flowstone deposition is the degassing of 
groundwaters which contain elevated carbon dioxide 
concentrations (Holland et al., 1964; Ford and Wil- 
liams, 1989); the elevated CO2 being derived from the 
high partial pressures of CO2 in the soil atmosphere 
generated by microbial processes and root respiration 
(Dorr and Munnich,. 1986). 

In a recent papers,. Buhmann and Dreybrodt ( 1985a, 
1985b) have established a theoretical model for the 
kinetics of calcite dissolution and precipitation, based 
on the rate laws of Plummer et al. (1978). This model 
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takes into account the three processes which occur dur- 
ing the deposition of a flowstone: (1) chemical reac- 
tions at the calcite-solution interface; (2) diffusional 
transport of species through the solution to the surface 
of the solid; and (3) slow conversion of carbon dioxide 
into protons and bicarbonate ions. It was shown that 
these processes could be combined into a linear rate 
equation of the form: 

R=ot ( [CaE+]~q- [CaZ+])  ( m m o l c m - 2 s  -1) 

(1) 

where a is a rate constant depending on Pco2, temper- 
ature and the geometry of flow (details are presented 
in Buhmann and Dreybrodt, 1985a, b); and [CaZ+]~q 
is the Ca 2÷ concentration at saturation. The square 
brackets denote concentrations. 

In subsequent papers the model was extended by the 
consideration of foreign ions and ion pairs (Buhmann 



122 A. Baker, P.L. Smart/Chemical Geology 122 (1995) 121-128 

and Dreybrodt, 1987) and the inclusion of turbulent 
flow effects (Dreybrodt and Buhmann, 1991). In a 
study of a calcite precipitating stream, Dreybrodt et al. 
(1992) determined that in a turbulent flow situation 
the growth rate model overpredicted the actual growth 
rate by an order of magnitude due to the omission of 
diffusion boundary layer effects. However, no studies 
have been undertaken to compare the growth rates pre- 
dicted from the model with actual rates on cave flow- 
stones, where deposition is from a thin water film and 
under laminar flow conditions, and the molecular dif- 
fusion of the reactants may be rate determining. 

Recently, improved dating precision has allowed the 
determination of the growth rates of flowstones depos- 
ited in the Quaternary time period by both mass spec- 
trometric uranium series dating (Li et al., 1989; Baker 
et al., 1993) and annual luminescence banding (Baker 
et al., 1993, 1995). There is thus potential for the use 
of the growth rate model to interpret these Quaternary 
growth rate variation. In this study we compare pre- 
dicted growth rates derived from the model of 
Buhmann and Dreybrodt (1985a) with those measured 
for recently deposited flowstone samples, in order to 
determine the adequacy of the model. 

2. Experimental methods and results 

Recent growth rates were determined for flowstones 
which had grown in mines or excavated caves, where 
it was possible to estimate the maximum time duration 
since their deposition from the date of opening of the 
mine or cave [a technique used by Orr (1952) ]. Sam- 
ples of flowstones were then taken, and their thickness 
measured. This gives an estimate of growth rate, which 
must be considered a minimum, since it can not be 
assumed for certain that speleothem deposition 
occurred immediately after mine opening or cave exca- 
vation. Despite this problem, this approach gives a bet- 
ter estimate of actual growth rate than analysing the 
weight gain of calcite slabs placed on flowstone sur- 
faces. Experiments showed that the errors associated 
with this approach were too large for useful compari- 
sons with theoretical growth rate to be made, primarily 
because the minimum thickness of the calcite slabs was 
significantly thicker than the water film (Baker, 1993). 
Flowstone thickness determinations also allow for mul- 
tiple samples to be taken from each flowstone in order 

to investigate the change in growth rate with distance 
from the water source. Between two and eleven sam- 
pies were taken from each individual flowstone, and 
the thickness of each was measured a minimum of six 
times using a + 0.1-mm-precision Vernier caliper. In 
total thirty samples were taken from seven flowstones, 
care being exercised to make these samples as small 
and discretely located as possible in order to conserve 
the speleothems. 

Flowstone growth rate measurements were made in 
two caves, Kent's Cavern and Dolebury Levy. Kent's 
Cavern is developed in the Devonian limestones at 
Torquay, Devon, SW England. The flowstones sam- 
pled were situated below the level of a former stalag- 
mite floor excavated by W. Pengelly between 1865 and 
1880 during archaeological investigations (Proctor and 
Smart, 1989). The second sampling location was Dole- 
bury Levy, an adit situated in the Lower Limestone 
Shales of the Carboniferous Limestone Series at Row- 
berrow, Mendip Hills. The adit was wholly excavated 
by Dr. Benjamin Somers in 1830 in search of haematite 
and ochre (Gough, 1967; pp. 173-175 and 243-245). 
Details of the sample locations for both sites are pre- 
sented in Baker (1993). 

A second set of measurements were also made to 
determine the growth rate controlling variables; cal- 
cium concentration, temperature and water flux (film 
thickness, discharge and seasonality of water flow) 
which are required in the model (Eq. 1). Cave air 
Pcoz was not measured, but assumed to be 3.10 - 4  atm. 
This approximation does not have a significant effect 
on growth rate, as shown by Buhmann and Dreybrodt 
(1985a), and detailed later in Table 4. Measurements 
were made over the course of the annual hydrological 
cycle within the period May 1991 to October 1992. 

Calcium concentration in the cave waters feeding the 
flowstone were measured using standard ethylene 
diamine tetraacetate (EDTA) titrations. Water was col- 
lected in 125-ml glass sample bottles filled to the top 
and stoppered to prevent degassing, and the titrations 
were performed in the minimum possible time (usually 
< 24 hr from collection). Samples were collected as 
close to the water source in the cave as possible (to 
prevent degassing), taking care not to include particles 
of bedrock or mud which might contaminate the sam- 
ple. Where possible, calcium concentrations were also 
obtained at the base of the deposit to determine the 
change in calcium saturation over the surface of the 
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flowstone. For some samples, water drip rates were 
frequently so slow as to make the collection of water 
samples for titration impossible. Film thickness meas- 
urements were obtained on the flowstones, using a Ver- 
nier spherometer. At least six measurements of film 
thickness were obtained per site. Where possible, a 
measure of discharge was also obtained by recording 
the drip rate onto the flowstone. Occasional tempera- 
ture measurements were also made to confirm that the 
water temperatures approximate to the mean annual 
temperature for the region (9-11°C; Wigley and 
Brown, 1977). 

For all samples, the flowstone thickness measure- 
ments and the calculated (minimum) growth rates are 
shown in Table 1. The measured calcium concentra- 
tions, water film thicknesses and discharges are pre- 
sented in Table 2. All measurements made in this study 
varied between 10 ° and 11°C. A value of 10°C is used 
in all growth rate calculations. 

3. Discussion 

Data presented in Table 1 show that growth rates 
derived from the thic, kness measurements are of a sim- 
ilar order of magnitude (0.009-0.050 mm yr-1) ,  the 
exception being for the top of sample KC-91-1, where 
significantly elevated growth rates were measured 
(0.1304).261 mm yr-1) .  Such a significant decrease 
in growth rate downstream would suggest a long water 
residence time, with degassing of CO2 as the water 
flowed over the sample resulting in a decrease in cal- 
cium concentration (see later discussion). For all other 
samples there was no observed variation in flowstone 
thickness down the length of individual flowstones. 
Given this finding, h is appropriate in further calcula- 
tions to consider average growth rates and averaged 
present-day conditions. 

Calcium concentrations and hydrological data are 
presented in Table 2 Calcium concentrations were not 
determined for DL-91-2 and DL-91-3 as the flows feed- 
ing these flowstones were too slow for sample collec- 
tion; two titrations fi'om fast dripping sources near the 
samples measured 1.63 and 1.90 mmol 1-1, the same 
concentration as that measured at DL-91-1. All three 
sites are in the same bedrock, at a similar depth and 
with identical surface vegetation; therefore it is 
assumed that the calcium concentration of DL-91-2 and 

Table 1 
Flowstone thickness and growth rate data 

Distance Slope Thickness Growth rate 
(cm) (°) (mm) (mm y r - ' )  

KC-91-h 

Top: 
15 5 30.57 +4.75 0.261 +0.041 
30 5 23.03 + 6.37 0.217 -1- 0.060 
32 5 15.88+5.05 0.130+0.041 
45 5 23.82+4.36 0.174+0.032 
Base: 
75 80 3.74 5:1.18 0.033 -6 0.010 
90 70 1.98 5:0.92 0.017 -6 0.008 
105 75 1.98 -6 1.00 0.017 +0.009 
120 75 2.63 -6 0.92 0.023 -6 0.008 
125 80 2.12-60.44 0.018-60.004 
147 85 1.01-6 0.60 0.009 -6 0.005 
150 85 1.30 5:0.58 0.011-6 0.005 

KC-91-5: 

21 85 1.68 -6 1.36 0.015 -6 0.012 
42 85 2.68 -6 1.18 0.023 -6 0.010 

KC-91-8: 

63 85 4.12-6 1.16 0.036-60.010 
69 85 5.70-60.66 0.050-60.006 

KC-91-10: 

15 50 4.36 -6 1.42 0.038 -6 0.012 
30 50 5.95 -6 1.84 0.052 -6 0.016 
45 50 4.33 + 0.64 0.038 -6 0.006 
60 50 3.25 -6 1.41 0.028 -6 0.012 

DL-91-h 

20 90 3.43 -6 0.42 0.021-6 0.003 
40 90 3.05 -6 0.92 0.019 -6 0.006 
40 90 2.95 -6 0.66 0.018 -6 0.004 
60 90 2.66-60.56 0.016-60.005 

DL-91-2: 

30 90 2.26-60.90 0.014+0.006 
60 90 3.17-6 1 . 1 4  0.0205:0.007 
90 90 2.46 -6 0.66 0.015 -6 0.004 
110 90 3.38-60.56 0.021-60.003 

DL-91-3: 

30 90 3.16 -6 0.86 0.020 -6 0.005 
50 90 2.69 4- 0.88 0.017 -6 0.006 
75 90 3.17 -6 0.40 0.020 + 0.003 

The slope of the flowstone surface is measured to the nearest 5 °, sampling 
distance from the drip/seep source to the nearest em. Uncertainties in 
flowstone thickness are I tr derived from multiple measurements made 
upon each sample. Growth rates are minima, based on sample deposition 
starting on cave or mine excavation. 

-3 is the same as that for DL-91-1. For two samples, 
KC-91-1 and -8, the calcium concentration was deter- 
mined both at the water source and at the base of the 
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Table 2 
Calcium ion concentrations, water film thickness and discharge rate and timing for the seven flowstone samples 

Site Calcium Water film thickness Discharge 
(mmol 1-1 ) (mm) 

(1 s -  1 ) nature 

KC-91-1 
(top) 2.64 + 0.32 (n = 8) 0.158 + 0.125 (n = 3) (5.2 +4 .7 ) -  10 -5 (n = 8) continuous 
(base) 1.77+0.38 ( n = 3 )  

KC-91-5 1.67 + 0.38 (n =4 )  0.069 + 0.047 (n = 4 )  (4.9 +5 .8 ) .  10 -6 (n = 4 )  winter only 
KC-91-8 

(top) 2.49+0.15 ( n = 5 )  0.086+0.060 ( n = 4 )  (11 .0+6 .7) ,  10 -5 ( n = 4 )  winter only 
(base) 2 .17+0.16 ( n = 3 )  

KC-91-10 2.34 + 0.72 (n = 9) 0.073 +0.061 (n = 4 )  (2.2 + 1.2). 10 -3 ( n =  8) continuous 
DL-91-1 1.90+0.11 ( n = 5 )  0.048+0.040 ( n = 5 )  (2 .7+1 .9 ) .10  -4 ( n = 5 )  winter only 
DL-91-2 n.d. 0.047 + 0.019 (n = 4) (5.4 + 1.7), 10 -7 (n = 6) continuous 
DL-91-3 n.d. 0.038 +0.027 ( n = 4 )  ( 1.5 +0 .7 ) ,  10 -6  ( n = 6 )  continuous 

n = number of sampling occasions over the seasonal cycle. Error terms are the 1 tr errors, reflecting seasonal variations, n.d. = not determined. 

flowstone. In each case, the calcium concentration was 
lower at the latter, suggesting that water flow rates were 
slow enough for significant degassing of COz to occur. 
However, there appears to be no corresponding 
decrease in growth rate with increasing distance from 
the drip source (Table 1). Water film thickness meas- 
urements are not statistically different between all flow- 
stones sampled. This is because of both the limited 
range of drip discharges and the large error terms asso- 
ciated with the film thickness measurements. These 
errors are a function of the naturally variable thickness 
of water over the heterogeneous flowstone surfaces. 
The hydrological characteristics of the flowstones sep- 
arate them into two groups. KC-91-1, KC-91-10, DL- 
91-2 and DL-91-3 were observed to have a continuous 
drip source and remain wet all year around. KC-91-5, 
KC-91-8 and DL-91-1 were all observed to have water 
flows for only 4-6 months during winter and early 
spring. 

The mean and one standard deviation calcium con- 
centrations for each site, together with the mean and 
+ 1 standard deviation for all film thicknesses meas- 
ured in this study (0.075 +0.055 mm) were used in 
the calculation of model growth rates. The water tem- 
perature was taken as equal to the mean annual tem- 
perature of 10°C, and the partial pressure of carbon 
dioxide in the cave atmosphere was assumed constant 
at 3.10 - 4  atm, giving a value of [Ca 2+ ] ~q of 6.3.10 -4 
mmol cm -3 (from Table 2; Buhmann and Dreybrodt, 
1985a). Modelled growth rates were calculated using 

Eq. 1 listed above. The value of c~ was interpolated 
from data presented in Buhmann and Dreybrodt 
(1985a, table 2), and was determined to be 

O+2.9 1 J-2.5" 1 0 - 6  c m  S- (the range of values dependant 
on the variable film thickness). The growth rate was 
converted from mmol cm-  2 s -  1 to mm yr -  1 by mul- 
tiplying by 1.174.107, assuming a molecular weight of 
CaCO3 of 100.09 g mol-~; calcite density of 2.689 g 
cm -3 and that 3.15.107 s occur in a year (Dreybrodt, 
1980). A comparison of the modelled growth rates and 
the (minimum) growth rates determined from sample 
thickness are shown in Table 3. Except for the top 50 
cm of site KC-91-1, actual growth rates are lower than 
that predicted by the model by 2.4-4.7 times. However, 
if the 2tr (rather than lcr) standard deviation error 
ranges of both the actual and modelled growth rates are 
taken into consideration, then there is no significant 
difference between the two. 

3.1. Comparison of modelled and observed growth 
rates 

Although there is no difference between modelled 
and observed growth rates at 2 standard deviations, 
there is a consistent overprediction of growth rate by 
the model. Several explanations for this pattern may be 
suggested. Firstly, sample growth may have com- 
menced significantly more recently than when the cave 
or mine was excavated. While this is possible, for 
example Berner (1980) demonstrated that seeding was 
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Table 3 
Comparison of modelled and actual growth rates for all flowstone sites 

125 

Site Modelled growth rate Actual growth rate Modelled/actual mean growth rate 
(mm yr -I)  (mm yr-i)  

KC-91-1 
(top) 0.09 + 0.06 0.201 5:0.049 0.4 
(base) 0.09 5:0.06 0.019 5:0.009 4.7 

KC-91-5 0.06 5:0.04 0.018 5:0.007 3.3 
KC-91-8 0.10 + 0.06 0.039 + 0.011 2.6 
KC-91-10 0.10+0.06 0.041 5:0.011 2.4 
DL-91-1 0.07 5:0.04 0.019 5:0.003 3.7 
DL-91-2 0.07 + 0.04 0.018 5:0.004 3.9 
DL-91-3 0.07 + 0.04 0.019 5:0.003 3.7 

Modelled mean and Io- errors are calculated as described in the text. Mean and ltr errors for the actual growth rate calculated from sample 
thickness estimates from each of the sites. 

necessary before crystal growth could start, this is 
unlikely to explain the magnitude of the observed over- 
prediction of 2.6-4.7 times. Secondly, the calcium con- 
centrations and discharge may have decreased 
significantly over the last 10(O150 yr. However, this is 
considered unlikely. While human induced vegetation 
changes may decrease calcium concentration, the Dole- 
bury Levy site is situated in a nature reserve which has 
not undergone significant change in vegetation. Fur- 
thermore, agricultural land use changes are generally 
observed to increase calcium concentrations (by a fac- 
tor of up to 2 × on the Mendip Hills; Richards, 1987), 
rather than decrease them. In fact, had changes in cal- 
cium concentration occurred, then the observed rela- 
tionship between calcium concentration and growth 
rate (see next section) would not be present. Changes 
in discharge are also not considered likely as changes 
in precipitation are not generally recognised as signif- 
icant over this time period. 

A third factor which could explain the disparity 
between observed and modelled growth rates is the 
effect of seasonal shut-off of water flow during the 
summer. However, a sensitivity of growth rate to sea- 
sonally limited discharge was not observed. Three of 
the seven samples for which rates could be determined 
(KC-91-5, KC-91-8 and DL-91- I; Table 3) had a water 
supply for only 4-6 months. However, the growth rates 
observed for these smnples are not significantly differ- 
ent from those which were wet all year (KC-91-1, KC- 
91-10, DL-91-2 and DL-91-3); see Table 3. Had 
continuous growth for KC-91-5, KC-91-8 and DL-91- 
1 been possible, an increase of 2-3 times the observed 

values would be expected (to 0.036-0.054, 0.078- 
0.116 and 0.038-0.057 mm yr-1, respectively). This 
would be in closer agreement to that theoretically mod- 
elled (0.06, 0.10 and 0,07 mm yr - t ,  respectively). 
However, this fails to explain the overprediction of 
growth rate for sites with continuous water supply. 

Alternatively, it seems possible that the uncertainties 
implicit within the Plummer et al. (1978) kinetic model 
upon which the growth rate model is based may explain 
the discrepancy in growth rates. Reddy et al. (1981) 
noted that a range of up to 2 times is present in the rates 
determined from Plummer et al. (1978) dissolution 
experiments. However, Buhmann and Dreybrodt 
(1985a) show that for the thin (0.1 mm) water films 
observed here, the errors in the Plummer et al. (1978) 
equations are not significant as molecular diffusion 
within the water film is rate determining. Uncertainties 
in the Plummer et al. (1978) equations may become 
important for the thick water films observed at the top 
of sample KC-91-1 (discussed later). Other compli- 
cating factors may also be important. For example, 
Compton and Daly (1984) reported a significantly 
higher value for the rate constant k2 derived from dis- 
solution experiments using a rotating disc compared to 
that from the powdered calcites of Plummer et al. 
(1979). Hence surface roughness may be important in 
controlling precipitation and dissolution rates. Using 
freshly cleaved crystals, Compton et al. (1986) showed 
that initial rate of dissolution was very slow, but that 
the rate increased as dissolution progressed and surface 
roughness increased. The higher surface roughness of 
speleothems compared to that of the calcite used in the 
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Fig. 1. Relationship between growth rate and calcium concentration 
for the seven flowstone samples. Error bars are 1 ~,; the linear regres- 
sion line described in the text is shown. Where calcium concentra- 
tions were determined at both the water source and the base of the 
flowstone, the mean value is plotted here. Only growth rate data for 
the base of KC-91-1 are plotted. 

dissolution experiments may thus cause a significant 
increase in actual growth rate compared to the model 
(W. Dreybrodt, pers. commun., 1993), although the 
magnitude of this effect would probably not explain 
the large disparity observed in this study. 

fering discharge-film thickness relationships) or sim- 
ply results from the limited range of sample discharges. 
Although film thickness does not vary between sam- 
ples, discharge does exhibit seasonal limitations, with 
three of the seven sites becoming dry in the summer, 
those with continuous flow (KC-91-1/-10, DL-91-2/ 
-3) have an observed growth rate of 0.023 + 0.008 mm 
yr-~ (n = 18), not significantly different from those 
with 4--6 months of winter flow (KC-91-5/-8, DL-91- 
1) with a growth rate of 0.025 +0.007 mm y r - i  
(n = 8). These results suggest that for this limited sam- 
ple set the calcium concentration is of greater impor- 
tance to growth rate than either the seasonality of water 
supply or water film thickness for these samples. 

The observed sensitivity of growth rate can be com- 
pared to that predicted according to Eq. 1. Table 4 
shows the effect of increasing the growth rate deter- 
mining variables individually by 50% from the average 
value observed for all sites in this study. It can be seen 
that growth rate is most sensitive to changes in calcium 
concentration, although a significant sensitivity to 
water film thickness and temperature are also predicted. 
The former was not observed in our field data due to 
the lack of a relationship between discharge variations 
and water film thickness, but may be observable from 
a larger sample size of flowstones which cover a greater 
variability in discharge. Only minor differences in tem- 
perature occur between sample sites, and we are not 
able to confirm this relationship from our field data. 

3.2. Sensitivity of modelled growth rates to 
controlling parameters 

3.3. Explaining the elevated growth rate of  KC-91-1 

The data collected also allow investigation of the 
sensitivity of observed growth rates to the determining 
parameters: temperature, calcium concentration, film 
thickness and seasonally limited discharge. The 
observed growth rate of the flowstone samples and the 
measured calcium concentrations demonstrate a weak 
but statistically significant relationship ( r  = 0.81, n = 7, 
significant at a 95% confidence level); with an increase 
in growth rate with increased calcium concentration 
(Fig. 1). In the case of the hydrological parameters, no 
significant correlation was observed between film 
thickness and discharge over the seasonal cycle 
( r =  0.43, n = 12, not significant at a 95% confidence 
level). This may be a function of amalgamating data 
from all the flowstone samples (which may have dif- 

A final important observation is of the very high 
growth rate for the upper part of KC-91-1, which is an 
order of magnitude higher than that observed for any 
other flowstone at the site, and is greater than that pre- 

Table 4 

Sensitivity of growth rate to a 50% increase in the value of each of 

the variables from the mean value observed in Kent's Cavern and 

Dolebury Levy 

Variable Mean Growth rate change 
(mmyr -1) 

Calcium concentration 2.00 mmol I- i + 0.037 

Water film thickness 0.08 mm + 0.025 

Temperature 10°C + 0.018 
CO2 partial pressure 3.10-4 atm + 0.007 
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Table 5 
Flow measurements made upon KC-91-1, KC-91-5 and KC-91-8 

Sample Drip rate Velocity Film thickness Reynolds 
(Is -Z ) (cms -l ) (cm) number 

KC-91-1 7.5.10 -'~ 0.20 0.6 0.95 
KC-91-1 7.5.10 -5 0.66 0.6 3.122 
KC-91-5 1.5.10 -4 0.33 0.08 0.21 
KC-91-8 3.8"10 -4 0.18 0.08 0.11 

Drip rates are those measured at the time of the velocity determina- 
tion; all values fall withirL the 2o" range of drip rates measured over 
the annual cycle (Table 2 ). The Reynolds number is defined as equal 
to pud/p., where p is the density of water, v is the velocity, d is the 
water depth and/~ the vi.,;cosity of water at 10*C (0.01307 gcm- 1 
S-I). 

dicted from model. There are several potential expla- 
nations of this observation. Firstly, it may be due to the 
development of turbulent flow, which would lead to 
growth rates an order of magnitude higher than under 
laminar flow conditions (Buhmann and Dreybrodt, 
1985a). A test to see if turbulent flow was present was 
undertaken at three sites (KC-91-1, -5 and -8) by plac- 
ing a drop of Rhodamine WT dye onto the flowstone 
surface and measuring the velocity of the labelled water 
down the flowstone. Water drip rate and film thickness 
were also recorded, ~Lnd together these variables can be 
used to derive the Reynolds number (R~), an index of 
flow regime. Typical flow velocities were in the range 
0.01-0.2 cm s -  1 (for drip rates between 4 .10 -5 and 
8" 10 -4  1 s -  ~) (Table 5). For KC-91-1, the calculated 
Reynolds numbers (Table 5) were in the range 0.1-4, 
and demonstrate no likelihood of turbulent flow occur- 
ring. 

A second cause of the elevated growth rate may be 
the shallow gradient at the top of the flowstone, where 
rimstone pools are present, with lower growth rates 
observed on the steeply sloping sides. Thus slope 
angles may cause inc, reased water residence times and 
high water film thicknesses, allowing additional degas- 
sing of CO2. This is supported by the significant dif- 
ference in the calcium concentration of the source water 
and that at the base of the flowstone (Table 2). A third 
factor may be the thicker water film; film thickness at 
the upper sample site on which rimstone pools were 
visible was 6.4 mm (lo- uncertainty= +3.2 mm; 
n = 14), significantly deeper than that observed on the 
steeper sloping face of the sample (0.158 + 0.125 mm, 
Table 2). The thicker water film may allow some move- 

merit within the water, increasing the rate of molecular 
diffusion and thus growth rate. Alternatively, the pond- 
ing may permit a continual supply of water, giving 
continuous deposition, whereas lower down the sample 
the flowstone may become dry under some conditions. 
(In fact, throughout the year of observations, a water 
film was observed over the whole sample.) Further 
research is needed to investigate the effect of irregular- 
ities on the flowstone surface in increasing residence 
times and maintaining high water film thickness. 

4.  C o n c l u s i o n s  

Flowstone growth rates were measured on seven 
samples. Measured growth rates were minima, and 
ranged between 0.018 and 0.201 mm yr-1. These are 
within the 2tr error range predicted by Eq. 1 for modern 
temperature, calcium concentration, water film thick- 
ness and cave air Pco2 conditions, although growth 
rates were generally overpredicted by the model by 
between 2.4 and 4.7 times This may be a result of 
uncertainties in the rate constants derived from exper- 
imental studies of calcite dissolution, possibly relating 
to differences in surface roughness of the experimental 
calcites compared to natural surfaces. The model also 
predicted the sensitivity of growth rate to calcium con- 
centration which was observed in the field data. 

This study has important implications for the palaeo- 
climatic interpretation of flowstone growth rates, sug- 
gesting that the model of Buhmann and Dreybrodt 
(1985a) may be used to interpret growth rates. Mod- 
elled sensitivity of growth rate shows a complex 
dependence on temperature, calcium concentration and 
discharge. In this study calcium was shown to be the 
predominant control, although an inadequate range of 
discharges, film thicknesses and water temperatures 
were observed. Further work is needed over a longer 
timescale, during which variations in both temperature, 
discharge and calcium concentration may have 
occurred. Such investigations are now possible with 
the use of annual luminescence banding and mass spec- 
trometric uranium series dating for samples which have 
grown during periods of known palaeoclimate (e.g., 
the Holocene in the U.K.). 
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