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ABSTRACT: In order to provide a better chronological constraint on a British Middle Pleistocene
interglacial, a large stalagmite boss from the Mendip Hills was selected for palaeoclimate data
using pollen analysis. Dating analyses by thermal ionisation mass spectrometry (TIMS) of
uranium–thorium ratios and by magnetostratigraphy constrain the age of the sample to 450–
780 ka. The isotopic consistency of the TIMS analyses, plus the presence of luminescence
laminations, suggest that the sample has been preserved under closed-system conditions. Pollen
assemblages have been recovered from the speleothems, despite the fact that the pH of calcite
deposition is usually greater than 7. Furthermore the evidence presented here indicates that the
pollen was probably transported by the speleothem feedwater, rather than entering the cave
aerially. The pollen record contained within the stalagmite is interpreted as early–mid-interglacial
but does not have clear Cromerian affinity.  1997 by John Wiley & Sons, Ltd.
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surrounds the correlation and completeness of these recordsIntroduction
from the British Isles (see discussion in Bridgland (1994)
and, particularly, Turner (1996), for example), and it is
likely that the Dutch ‘Cromerian Complex’ comprises moreThe British Quaternary sequence is characterised by its lack

of continuous record. Palynological studies have succeeded interglacials than so far recognised in the British sequence
(Zagwijn, 1996b). Thus, there is a need to provide datedin differentiating interglacial periods by their distinctive flora,

and recent developments in faunal identification and their type sites that can better constrain the British Quaternary
stratigraphy, for example, Proctor (1994) successfully usesecological ranges have helped improve our understanding

of Quaternary environmental change at several sites. How- alpha-spectrometric U–Th analyses on speleothems to differ-
entiate faunal deposits of Oxygen Isotope Stages 7, 9, andever, the majority of sites suffer from a lack of chronological

constraint, especially once outside the limits of 14C, U–Th 11 in Devon cave systems. Another possible solution would
be to use pollen that is contained in speleothem samples,and amino-acid techniques. A good example is the ‘Cromer-

ian Complex’, which is assigned to Oxygen Isotope Stages which can be dated reliably by U–Th analyses back to
450 ka using TIMS techniques, and thus be used for corre-13–21 on the grounds that the Anglian glaciation is Oxygen

Isotope Stage 12, and that Cromerian Complex sites underlie lation with other terrestrial sites.
With the advent of the TIMS U–Th technique (Edwards etthese glacial deposits. A series of glacial–interglacial cycles

is known from this period in The Netherlands (Zagwijn, al., 1986), there is a potential to constrain the pollen records
derived from cave speleothem deposits back to 450 ka. Pol-1996a; de Jong, 1988), and Cromerian sites from the British

Isles include the Sugworth Channel Deposits of the Thames len trapped in speleothems may provide proxy palaeocli-
matic data. Although the validity of such records has been(Bridgland, 1994), West Runton (West, 1980a,b), and Little

Oakley (Gibbard and Peglar, 1990). Considerable debate questioned (Turner, 1985), Bastin (1978, 1990) has demon-
strated a good agreement between stalagmite pollen and
surface pollen records for the Holocene period, and Burney
and Burney (1994) have monitored pollen transport mech-* Correspondence to: A. Baker, Department of Geography, University of

Exeter, Amory Building, Rennes Drive, Exeter EX4 4RJ, England anisms in contemporary caves to demonstrate that speleo-
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thems could be a good repository of pollen with little taphon- Results
omic bias. Although high pollen concentrations have been
reported from speleothems near the entrances of African
cave sites (Brook et al., 1990), there have been few pub- The results of the TIMS uranium–thorium and palaeomag-

netic determinations are presented in Table 1. The TIMSlished studies of pollen input through groundwater seepage
into deep caves (Brook and Nickmann, 1996) where there results demonstrate that the sample is free from detrital

thorium, the constant uranium concentration and systematicwere no major openings to the outside atmosphere. A short
pollen record in a British stalagmite from the East Mendip decrease in 234U/238U activity ratio from base to top suggests

that the sample has remained isotopically closed, and withHills, together with U–Th and palaeomagnetic dating, is
presented here as a pilot study. 230Th/234U at secular equilibrium the stalagmite yields an

age beyond the limits of the technique (. 450 ka). All five
palaeomagnetic directions are positive downwards, indicat-
ing that the speleothem was probably deposited during the
Brunhes magnetochron, and is therefore younger thanMethods
780 ka, the Brunhes–Matuyama boundary (Baksi, 1993).

Luminescence laminations are discontinuously preserved
throughout the sample, with the biggest concentrationStalagmite HQ-91-1 was sampled from a small cave inter-

sected by quarrying operations on the East Mendip Hills, between 5 and 18 mm from the base and 45–50 mm from
the base (Fig. 2). In the 23 mm of sample for which lami-England (51°159N, 2°259W, National Grid Reference

ST7040). The boss, of about 10 cm in diameter and 7 cm nations can be observed, 106 laminations have an average
(61s) width of 0.026 6 0.010 mm.in height, was collected from a depth of . 20 m from the

surface, the cave thus being significantly distant from any The pollen results are presented in Table 2, and demon-
strate interglacial affinity. The arboreal pollen (AP) and shrubentrances to the surface prior to quarrying. The stalagmite

was sectioned and polished for luminescence analysis counts comprise a consistent variety of taxa, including
Betula, Pinus, Quercus, Alnus and Corylus, with lower valuesaccording to the method of Baker et al. (1993), and sub-

sampled for mass spectrometric uranium series dating, pollen for Ulmus, Fraxinus, Acer, Salix, Ilex and Buxus. The non-
arboreal pollen (NAP) assemblage is dominated by Poaceaeanalysis and palaeomagnetic determinations. A section

through the sample, including subsampling locations, is but with a variety of herbs, particularly Bellis perennis and
Lactuceae type (Taraxacum), with the following referable topresented in Fig. 1. The three subsamples (top, middle and

base) of 1–2 g were used for TIMS uranium series analysis species level: Anagallis arvensis, Plantago lanceolata, Cheli-
donium majus and Mercurialis perennis. Ericales pollen wasusing techiques based on Edwards et al. (1986). Five 1 cm3

subsamples for palaeomagnetic determinations (P1 to P5) found in all samples, but at very low counts. Although
counts for unidentified pollen varied between 20 and 35%were sawn along the growth axis (Latham et al., 1986). The

sample was also sectioned into three bulk sections for pollen TLP + unidentified, this was due mainly to mechanical dam-
age, with little chemical breakdown, and such figures areanalysis (pollen top, middle and base), of respectively 256 g,

192 g and 182 g. Samples were dissolved in 10% HCl, and not unusual in speleothem data. Resistant taxa such as Bellis
and Taraxacum may be overrepresented, but the range ofthen processed by standard procedures (Moore et al., 1991)

with double treatments of boiling in HF and acetolysis. taxa found suggests that the assemblage is a reasonable
representation of the flora of the time of deposition.Spikes of Lycopodium spores were added to allow determi-

nation of pollen concentration per gram of calcite.

Interpretation and conclusion

The three TIMS uranium–thorium analyses give ages greater
than 450 ka. The values of the 234U/238U ratios of 1.12 to
1.26, however, show that insufficient time has elapsed for
equilibrium to have been attained and this implies that the
sample is still substantially less than 1.5 Ma old. This is
supported by the palaeomagnetic directions, which indicate
that the sample was deposited during a period of normal
Earth polarity – which is most likely to be the early part of
the Brunhes chron; i.e., between 780 and 450 ka. Correlation
with the earlier Jaramillo subchron (910 to 970 ka) remains
a possibility. No interglacial floral evidence is yet established
for the British Isles for this period, although in The Nether-
lands deposits of the Bavel interglacial of the Bavelian Stage
show partial positive polarity (Zagwijn, 1975, 1996b). Corre-
lation would have to be with the later part of this interglacial,
which retains Tertiary relicts such as Tsuga and Eucommia,
as well as including Picnea and Abies (Zagwijn, 1992). The
speleothem pollen has none of these taxa. Thus, consideringFigure 1 Stalagmite HQ-91-1, showing the five palaeomagnetism
that the 234U/238U ratios in the stalagmite are significantlysubsamples (PM1 to PM5) in relation to the vertical orientation of
distant from secular equilibrium, such an early age isthe sample. The TIMS uranium–thorium sample locations and
unlikely.pollen subsamples are also shown (TIMS and PO1 to PO3

respectively). The luminescence laminations contained within the stalag-
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Table 1 Summary of three TIMS uranium–thorium results and palaeomagnetic directions of the five subsamples for HQ-91-1
(a) TIMS uranium–thorium results

Sample ID 238U (ppm) 234U/238U act 232Th (ppb) 230Th/232Th act 230Th/234U act Age (2s)

TIMS-top 0.50477 6 0.00090 1.12006 6 0.00316 16.08367 6 0.01925 114.90 6 0.28 1.06959 6 0.00381 .450 ka
TIMS-mid 0.47897 6 0.00078 1.19182 6 0.00396 13.37448 6 0.01414 138.59 6 0.32 1.06253 6 0.00414 .450 ka
TIMS-base 0.40849 6 0.00034 1.25714 6 0.00204 8.23587 6 0.01300 208.16 6 0.71 1.09243 6 0.00377 .450 ka
(blank) 0.00002 6 578E-8 0.01728 6 0.00008

(b) Palaeomagnetic results

Relative declination (°E)a Inclination (degrees down from horizontal)b Angular moment dispersion (AMD)c

PM-1 315 71 15
PM-2 294 58 10
PM-3 282 69 14
PM-4 297 63 8
PM-5 325 80 11

aDeclination is relative as the stalagmite was not oriented upon sampling
bThe inclinations are reckoned to be within about 5°. The inclinations demonstrate unequivocally that the stalagmite layers formed in a
Normal Earth’s field
cThe AMD is the cone of 95% confidence based on the last five demagnetization steps. Samples were demagnetized in steps of 100 mT
to 500 mT

may have been comparatively worse than at interglacial
maxima.

Given the depth of the cave and thus distance from any
openings at the time of deposition, all the pollen must have
entered via drip waters from the overlying soil. Concen-
trations of pollen in the calcite of 5.9–14.7 (m = 9.2) grains
g−1 are in the range found in a stalagmite from Han-sur-
Lesse cave in Belgium (1.5 to 13.0 grains g−1; Genty, 1993),
which from its depth in the cave may also have had a drip
source. The broad range of the pollen assemblage in this
sample and in others (Bastin, 1978; and Brook and Nick-
mann (1996), for example) suggests that there has beenFigure 2 Luminescence laminations at a distance 17 mm from the

base of the stalagmite, image captured using ×10 magnification little or no taphonomic bias when compared with surface
using a Zeiss Axiotech microscope and enhanced using Image concentrations, although, in a more comprehensive study,
Pro Plus. Younging is to the top of the image and each lamina this would need to be tested further.
has a width of ca. 30 mm. There is some variation in the presence/absence of pollen

taxa across the speleothem, but the overall assemblage is
remarkably consistent, especially the ratio ofmite are probably annual. Demonstration of this is limited
AP + shrubs:NAP. Given the range of NAP taxa, and theby the non-finite U–Th results, but using analogues with
variety of trees and shrubs represented it is likely that thereother laminated samples growing in the region and else-
was an open scrubby vegetation immediately over the site,where in the current interglacial, annual luminescence varia-
dominated by birch and alder, but with relatively thermophil-bility is suggested (Baker et al., 1996; Genty et al., 1997).
ous (i.e. interglacial) woodland contributing a longer distanceIf so, the stalagmite grew at a rate of 0.026 6 0.010 mm yr−1,
component. Given the groundwater source for the pollen,and when extrapolated over the rest of the sample stalagmite
the herb flora probably represented by local groundstoreydeposition occurred for ca. 2–4 ka. The discontinuous nature
of the scrub, dominantly grasses and typical open-groundof the laminations may be caused by changes in the season-
species such as Taraxacum, Bellis and Plantago, but alsoality or groundwater residence time of the drip waters feed-
with tall herbs such as Filipendula and herbs more character-ing the samples; these may be caused by climatic variations,
istic of the scrub, e.g. Mercurialis perennis. Of particularbut as individual stalagmites have different responses to
interest is the presence of Bruxus, which suggests conditionsclimate (Baker et al., 1997), a climatic interpretation is
close to maximum warmth experienced in interglacials (i.e.not possible without calibration against other high-resolution
minimum July temperature of 17°C; Zagwijn, 1996a), andproxies (Smart et al., 1996). However, one important obser-
which may have been important in the local woodland.vation from the growth rate of the sample as determined

From the dating constraints, no later than 450 k BP, thefrom the annual laminations is that the growth rate of |0.01–
assemblages should correlate with Cromerian assemblages0.03 mm yr−1 is at the lowest extreme of values observed in
elsewhere in the British Isles. Although a composite of sev-the region today (0.02 to 0.2 mm yr−1; Baker and Smart,
eral interglacial stages these assemblages are well docu-1995; Baker et al., 1996). Growth rate theory dictates that
mented (West, 1980a,b), with sites such as West Runtonthis is caused by a very low calcium concentration in the
(West, 1980a), Ardleigh (Bridgland et al., 1988) and Littledrip waters (Dreybrodt, 1988; Baker et al., 1996), possibly
Oakley (Gibbard and Peglar, 1990) in East Anglia and thedetermined by a poor surface soil development or unfavour-

able conditions for microbial respiration, and thus conditions Thames Basin. The absence of any relict Tertiary taxa would
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Table 2 Pollen results from the three sub-samples of stalagmite HQ-91-1

Top Middle Base

Betula 11 (8.1:6.5) 2 (1.7:1.1) 4 (8.9:5.8)
Pinus sylvestris 18 (13.2:10.6) 14 (11.8:7.9) 6 (13.3:8.7)
Ulmus – – 1 (2.2:1.4)
Quercus 5 (3.7:2.9) 8 (6.7:4.5) 1 (2.2:1.4)
Alnus glutinosa 12 (8.8:7.1) 13 (10.9:7.3) 2 (4.4:2.9)
Fraxinus excelsior – 2 (1.7:1.1) –
Acer campestre 1 (0.7:0.6) 2 (1.7:1.1) –

Percentage arboreal pollen 34.5 34.5 31.0

Corylus avellana type 2 (1.5:1.2) 5 (4.2:2.8) 2 (4.4:2.9)
Salix 1 (0.7:0.6) 1 (0.8:0.6) 1 (2.2:1.4)
Buxus sempervirens 2 (1.5 (1.2) – –
Ilex aquifolium 1 (0.7:0.6) – –

Percentage shrubs 4.4 5.0 6.6

Poaceae undifferentiated 48 (35.3:28.2) 59 (49.6:33.3) 18 (40.0:26.1)
Ericales 1 (0.7:0.6) 3 (2.5:1.7) 1 (2.2:1.4)
Bellis perennis 14 (10.3:8.2) 1 (0.8:0.6) –
Chelidonium majus 3 (2.2:1.7) – 4 (8.9:5.8)
Lactuceae (Taraxacum) 8 (5.9:4.7) 7 (5.9:3.9) –
Anagallis arvensis 4 (2.9:2.3) – 1 (2.2:1.4)
Chenopodiaceae 1 (0.7:0.6) – –
Filipendula 1 (0.7:0.6) 1 (0.8:0.6) –
Hypericum performatum t. 1 (0.7:0.6) – –
Plantago lanceolata 1 (0.7:0.6) – 1 (2.2:1.4)
Mercurialis perennis – – 1 (2.2:1.4)
Ranunculaceae – – 1 (2.2:1.4)
Rubiaceae – – 1 (2.2:1.4)
Urticaceae – –

Percentage non-arboreal pollen 60.8 60.4 62.1

Unidentified 34 (20.0) 58 (32.8) 24 (34.8)

Total pollen 170 177 69

Pre-Quaternary spores 17 34 11

Figures in brackets represent (%TLP:%TLP + unidentified pollen). Nomenclature follows
Bennett (1994)

suggest later Cromerian age, but with absence of Picea from is a valid representation of the overlying vegetation in its
range of taxa within the time period defined by the radio-this site is a major problem. Picea is characteristic of Cromer-

ian assemblages, especially once relatively warm conditions metric and palaeomagnetic dating, the results do raise a
number of problems. Either the date of deposition is notare found, as indicated here by Buxus (the pollen of which

is generally lacking from Cromerian assemblages). It is within the Cromerian and the dating is wrong, or the site
is Cromerian and reflects a vegetation particularly character-unlikely that Picea was preferentially lost in pollen depo-

sition considering the high levels for Pinus, much of it as istic of local conditions as a ‘western’ site. A further possi-
bility is that sites previously defined as Hoxnian, but notbroken fragments. Comparison is better with some early

Hoxnian assemblages, such as at Nechells in Zone IIN (Kelly, suitable for radiometric dating, represent interglacials older
than 450 ka BP.1964), in which macrofossils, but not pollen, of Buxus are

recorded with a similar AP assemblage, and in which, The data presented above, especially the geochronological
data, suggest that this stalagmite was deposited in interglacialalthough present, levels for Picea are very low. Hoxnian

deposits themselves probably represent two interglacial epi- conditions, and that this interglacial was one of those in the
Cromerian Complex. The analyses may not have improvedsodes, but are also usually characterised by the presence of

Type X pollen. This was not found here, although one understanding of the chronology of this event, but it has
demonstrated the presence of adequate numbers of pollenunidentified grain had a number of features characteristic of

this pollen type (Phillips, 1976). grains for analysis from speleothems of Middle Quaternary
age. Furthermore, this sample from a deep and enclosedIt is difficult to be certain as to how close a correlation

can be made between pollen assemblages from a speleothem cave site is unlikely to have airborne pollen transported on
to it, and thus a drip-water source is likely. Further studieswith those from other depositional environments, especially

when the main records are from much more eastern are necessary to investigate this flow routing and any taphon-
omic biases it may create; but the presence of pollen assem-locations. Nevertheless, assuming that the pollen assemblage
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