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Abstract

Stable isotopes in fossil charophyte calcite may record palaeoenvironmental information but at present, very little
is known about isotopic records in modern Chara stem encrustations or gyrogonites. This problem is addressed with
isotopic data from present-day Chara from a wide spread of freshwater environments in Britain and Ireland. N13C
values of stem encrustations from low water flow environments (lakes, ponds, ditches) are more positive than their
coexisting gyrogonite values, by between 0.6 and 3.0x, reflecting microenvironmental metabolic effects caused by
photosynthesis. In stronger water flows, where dissolved inorganic carbon is well mixed, stem encrustation N

13C
values are close to equilibrium. N18O values in Chara stem encrustations are not equilibrium values, being typically
offset to isotopically lighter compositions by about 1.5x relative to equilibrium by kinetic effects during rapid
calcification. Gyrogonite N

18O values are less negative than coexisting stem encrustation values by between 0.7 and
1.7x. There is no clear evidence that gyrogonite N

18O or N13C values are influenced by extensive disequilibrium but
the data are difficult to interpret further without new experimental studies. Isotopic records in fossil lacustrine Chara
marls (mainly stem encrustation calcites) should be interpreted with caution. Environmental records, essentially of
relative changes in late summer water temperature or hydrology may be preserved, but these are unlikely to represent
true equilibrium values. Gyrogonite calcification probably happens on a timescale of weeks, such that isotopic data
represent ‘snapshots’ of the environmental conditions at the time of calcification. The timing of calcification in Chara
may itself be variable depending on environment and temperature; it is a major unknown that currently hinders
interpretation of isotopic data.
= 2003 Elsevier B.V. All rights reserved.
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1. Introduction

There is increasing interest in the possibility of
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using stable oxygen and carbon isotope data from
freshwater terrestrial carbonates as recorders of
ambient climatic and environmental information.
This is driven in part by the desire to identify
robust recorders of palaeoclimatic change, partic-
ularly on Quaternary timescales. Advances have
been made recently in identifying and assessing
the ¢delity of isotopic environmental records in
speleothems (e.g. Bar-Matthews et al., 1997;
McDermott et al., 2001), carbonate-depositing
lakes (e.g. McKenzie and Hollander, 1993; Von
Grafenstein et al., 1992, 2000; Curtis and Hodell,
1993; Schwalb et al., 1994), microbial crusts and
tufas (Andrews et al., 1993, 1997, 2000) and pa-
laeosols (e.g. Cerling, 1984; Andrews et al., 1998).
In this context, carbonate deposits of the largely
freshwater green alga Chara have attracted inter-
est as a possible environmental archive (e.g. Co-
letta et al., 2001).

Most modern charophytes (stoneworts) live in
shallow-water (6 10 m) ‘marl lakes’ where pH is
high and dissolved CaCO3 concentrations are
v 100 mg l31 (Morgan and Britton, 1977). Under
these conditions the photosynthetic activity of
Chara causes calci¢cation of the plant stems and
fruiting bodies (see e.g. Raven et al., 1986; Colet-
ta et al., 2001) usually, but not exclusively, with
low Mg-calcite (Leitch, 1991; Anado¤n et al.,
2002). On death of the plant this calcite creates
marly sediment. Chara marls are well known in
the Quaternary (e.g. Von Grafenstein et al., 2000)
and earlier geological record, the oldest charo-
phytes being Upper Silurian (Croft, 1952), mak-
ing them a potential archive of palaeoenviron-
mental information over much of Phanerozoic
time.

There are a number of unknowns concerning
the precise mechanisms of calci¢cation in Chara,
and the extent of isotopic disequilibrium these
might impart during calcite precipitation. Calci¢-
cation of Chara stems is essentially an extracellu-
lar encrustation driven by Hþ uptake. The exact
mechanism by which this occurs is debated (Rav-
en et al., 1986; McConnaughey, 1989a, 1991;
McConnaughey and Falk, 1991), and could in£u-
ence the isotopic composition of the calcite pre-
cipitate by either metabolic or kinetic e¡ects
(McConnaughey, 1989b,c). Some authors have as-

sumed that calcite encrustation of Chara occurs
with little or no isotopic fractionation (Mo«rner
and Wallin, 1977; Fritz et al., 1987; Yu, 2000).
However, most authors now agree that N

13C in
Chara encrustations are subject to signi¢cant pho-
tosynthetically driven metabolic e¡ects (e.g. Ham-
marlund et al., 1997; Von Grafenstein et al.,
2000), while N

18O from marls or encrustation ap-
pear to relate to environmental conditions in the
water (e.g. Von Grafenstein et al., 2000; Coletta
et al., 2001).

Charophytes also mineralise their fruiting
bodies by calcifying a layer around the oospore.
These structures, known as gyrogonites, are com-
mon in the fossil record and are used widely as
biostratigraphic and palaeoenvironmental indica-
tors (e.g. Becker et al., 2002). Again the calci¢ca-
tion mechanism is poorly known, although it may
di¡er from stem encrustation in that oospore cal-
ci¢cation occurs outside the plasmalemma, but
within the cell wall (Leitch, 1991). There is no
clear consensus on the degree of isotopic fraction-
ation imparted during oospore calci¢cation. A
study on modern charophyte gyrogonites from a
small pond near Lausanne in Switzerland showed
both N

18O and N
13C values in the gyrogonites o¡-

set relative to coexisting stem encrustation values
(Huon and Mojon, 1994). These authors con-
cluded that non-equilibrium isotopic fractionation
occurred during calci¢cation of Chara and that in
the case of gyrogonite calci¢cation, the e¡ect was
caused either by metabolic e¡ects during photo-
synthesis and respiration, or from a kinetic e¡ect
due to rate of calci¢cation. In contrast, Jones et
al. (1996), in a study of Chara gyrogonites from
Malham Tarn (UK), suggested that their isotopic
data demonstrated equilibrium isotopic fraction-
ation certainly for N

18O and possibly for N
13C

also.
There is clearly a need for more experimental

work on the precise methods of calci¢cation in
Chara, and for more empirical data on the rela-
tionship between N

18O and N
13C values in Chara

stem encrustations and gyrogonites. This study
contributes new data to address the latter issue;
we also review published N

18O and N
13C data from

Chara calcites to assess their signi¢cance as envi-
ronmental indicators.
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Table 1
Stable isotope data for Chara stem encrustations and gyrogonites

Location notes and national grid reference N
18O stems N

13C stems N
18O gyrog N

13C gyrog v
18O stems^gyrog v

13C stems^gyrog
x VPDB x VPDB x VPDB x VPDB x VPDB x VPDB

England
1, Eastcotts, Bedford, Bedfordshire, TL 0647 37.16 36.44 35.34 39.78 31.82 3.34
2, *Turf trench, Wicken Fen, Cambridgeshire, TL 5570a 38.93 39.28
3, Peat Pit, Burwell Fen, Cambridgeshire, TL 5767 35.15 36.51
4, *Flordon Common, Norfolk, TM 1897a 36.83 37.48
5, Bog, N. Wormley Wood, Hertfordshire, TL3105 38.99 35.96 38.14 39.01 30.85 3.05
6, Pond, Todds Green, Stevenage, Hertfordshire, TL 216266 34.47 35.65
7, *St. Faiths Well, Hexton, Hertfordshire, TL 1030a 39.63 310.31
8, Ham gravel pits, Weybridge, Surrey, TQ 0664 34.29 34.44 31.78 37.54 32.51 3.10
9, Marshes, west of Birchington, Kent, TR 2768 37.82 36.41
10, *Blackgang, Isle of Wight, SZ 4876a 35.59 38.44
11, Lake, Gore Cli¡, Rocken End, Isle of Wight, SZ 4975 37.33 37.95
12, *Orton Scar, Orton, Westmoreland, NY 6209a 37.27 39.2
13, Sedge¢eld, Co. Durham, NZ 3528 37.19 39.11
14, Widdy bank fell, Teesdale, Co. Durham, NY 8230 38.61 38.55
15, *Gordale Beck, N. Yorkshire, SD 9164a 37.51 39.78
16, *Beck below ‘ ebbing and £owing well’, Giggleswick Scar, N. Yorkshire, SD 804653a 38.50 310.40
17, Catchwater drain E of Reedham, Coningsby, Lincolnshire, TF 2556b 39.44 310.73 36.37 316.47 33.07 5.74
18, Brick pit, Gloucester, Gloucstershire, SO 8318 32.60 34.27 31.00 310.54 31.60 6.27
19, Shallow pool, sandhills, Birkdale, Southport, Merseyside, SD 3114 37.07 34.63
20, *Quakers ¢shponds, Monsal Dale, Derbyshire, SK 1771a 38.67 38.67
21, Non-loc, Nottinghamshire 37.92 310.32
22, Slow running stream, near Stockton, Warwickshire, SP 4463b 37.91 34.96 36.93 33.26 30.98 31.70
Ireland
23, Canal near Lucan, Co. Dublin, O 0030 36.71 36.19 34.95 38.98 31.76 2.79
24, *Stream to turlough, west of Gort, SE Galway, M 4000a 35.18 39.29
25, Ditch near Curracloe House, NE Wexford Harbour, T 101206 35.69 35.01
Scotland
26, Loch of Huesbreck, S. Mainland, Shetland, HU 3813 36.60 32.60 34.39 33.97 32.21 1.37
27, Pool in quarry, Quoys, Graemsay, Orkney, HY 2505 38.61 37.34
Wales
28, Rumney, Cardi¡, ST 2480 37.20 36.84 34.30 310.67 32.90 3.83
29, *Small pond, Dixton Newton, Monmouthshire, SO 518138a 39.01 37.34
30, Llyn Coron, Anglesey, SH 378700 36.74 36.75 36.24 37.08 30.50 0.33
31, Swamp Tyddyn-y-gwynt, Rhydymwyn, Flintshire, SJ 2167 38.08 36.41 36.71 39.71 31.37 3.30
32, Ken¢g Pool, N Cornelly, Bridgend, SS 799815c 33.57 30.31 33.22 32.16 30.35 1.85
33, Bosherston Lake, Pembrokeshire, SR 974946d 38.05 34.14
34, Bosherston Lake, Pembrokshire, SR 974946d 37.57 33.40
Meane 37.18 37.33 34.76 38.59 31.72 3.04
35, Malham Tarn, N. Yorkshire SD 895665, core data, Mean (n=42, Fig. 2) 37.47 35.27 36.79 35.89 30.69 0.62

Sample numbers correspond to map locations in Fig. 1.
a Samples where water temperatures and isotopic compositions at the time of sampling were likely to re£ect regional groundwater (see text).
b Small gyrogonite sample.
c Chara aspera.
d Chara ?hispida.
e Means of Chara vulgaris samples only; gyrogonite means exclude small samples.
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2. Samples

This study is based on two sample sets (Table
1). Chara vulgaris samples (outer 5^10 cm of
stems) were taken from herbarium collections
(1861^present) at the Natural History Museum
in London. The rationale was to collect data
from a Chara species that mineralises only with
low Mg calcite (Anado¤n et al., 2002) and that had
grown in a wide spread of geographic (Fig. 1),
topographic and water £ow conditions in Britain
and Ireland. This could only be achieved using
archived material as the distribution of charo-
phytes is much narrower today due to pollution
of water courses by agricultural and industrial
e¥uents, and due to land drainage (Stewart and
Church, 1992).

The archived material came from a range of
environments including £owing streams, small,
shallow ephemeral ponds and ditches, and larger
permanent lakes (Table 1), augmented by two
samples of whole Chara plants from present-day
ponds in South Wales (Fig. 1; Chara aspera from
Ken¢g Pool and Chara ?hispida from Bosherston

Lake, see Table 1). This sample set complements
that collected by Coletta et al. (2001).

While it is not possible to know the exact envi-
ronmental conditions that the archived plants
lived in, it is possible to set some limits. For ex-
ample, it is well known that groundwater-fed sur-
face waters close to feeder springs have temper-
atures similar to those of the groundwater, which
in the British Isles are typically around 10‡C (An-
drews et al., 1993). Similarly, equilibrium calcite
precipitating from British groundwater is unlikely
to have N

13C values far outside the range 38 to
312x VPDB (Vienna PeeDee Belemnite) (An-
drews et al., 1993). The oxygen isotope composi-
tion of British groundwater is closely related to
the N

18O of the recharge, which is typically
around 37 to 37.5x VSMOW (Vienna Stan-
dard Mean Ocean Water), but with less negative
values in the west (South Wales and Ireland). The
expected isotopic range of equilibrium calcites
precipitated from these waters is shown in Fig.
2. Those samples that were most likely sampled
from sites that conform to these inferred environ-
mental conditions are marked with an asterisk in
Table 1.

The second set is from sub-recent Chara globu-
laris marl, taken from 42 horizons of a 6.7 m
long, 5 cm diameter Livingston core from Mal-
ham Tarn (Table 1 and Fig. 1), a hardwater, shal-
low upland lake in northern England. Isotopic
data from these marls are directly comparable
with those of Jones et al. (1996).

3. Methods

Approximately 10 g samples were taken at 10
cm intervals down the Malham Tarn core using a
1.6 cm diameter cork borer. The sediment was
disaggregated in distilled water and passed
through a 250 Wm sieve. Gyrogonites from both
sample sets were picked from the dried sieved
fraction and cleaned of extraneous material using
a ¢ne paintbrush.

Stable isotope analyses were made at the Uni-
versity of East Anglia (UEA) and NERC Isotope
Geosciences Laboratory (NIGL). Organic matter
was removed from Chara stem calcites by low-

Fig. 1. Locality map of sample sites. Site numbers corre-
spond to those in Table 1.
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temperature ashing (UEA) in an oxygen plasma
asher (details of method in Andrews, 1991) or by
wet chemical methods (NIGL) as described in Co-
letta et al. (2001). The powdered samples were
then analysed as described in Andrews et al.
(1993, 1997) at UEA and Coletta et al. (2001) at
NIGL.

Each Chara gyrogonite analysis was made on
four (NIGL) or more (UEA) individual gyrogon-
ites. At NIGL, gyrogonites were lightly crushed in
a drop of methanol, organic centres were removed
and further traces of organic material were oxi-
dised in an oxygen plasma asher. At UEA, whole
gyrogonites were oxidised in an oxygen plasma
asher except where sample masses were very
low. Sample gases were frozen into the mass spec-
trometer cold ¢nger when necessary at UEA to
achieve su⁄cient pressures. None of the gyrogon-
ites were in¢lled with diagenetic carbonate (see
Jones et al., 1996). At some horizons in the Mal-
ham core multiple gyrogonite analyses were made
and in these cases the mean isotopic compositions
are reported.

Isotopic data for calcites are reported in delta
notation relative to the VPDB international scale
(Coplen, 1994). Isotopic data for laboratory stan-

Fig. 2. Stable isotopic composition of (¢lled circles) Chara
vulgaris stem encrustations from this study and Coletta et al.
(2001) and (¢lled triangles) Chara vulgaris stem encrustations
from Gordale Beck (Table 3). There is no clear relationship
between N

18O and N
13C (r2 = 0.18). The white box shows the

expected isotopic range for equilibrium calcites precipitated
from groundwater-fed surface waters with temperatures in
the range 9^11‡C, water N

18O between 36 and 37.5x
VSMOW and N

13C between 38 and 312x VPDB (see text).

Fig. 3. Stable isotopic data for stem encrustations and gyrogonites from Chara globularis var. virgata in the Malham Tarn core,
plotted against depth below the lake-bed. Gyrogonites have a higher N

18O than the corresponding stem material in all but one
case. N13C of the gyrogonites is less than stems in all but nine samples, four of which occur together between 21 and 27 cm.
18O-enriched gyrogonite samples were also found at this depth. The gyrogonite isotope data are distributed over a greater range
and have a higher standard deviation than the stem data. This is especially evident for N

13C (range 4.76x, c=1.17 for gyrogon-
ites; range 2.7x, c=0.63 for stems). The gyrogonite and stem encrustation N

18O values have similar distributions (range 1.4x
c=0.38 for gyrogonites; range 1.3x c=0.30 for stems). Repeat samples (between three and six) of gyrogonites from speci¢c
horizons had mean c values of 0.81 and 0.21 for N

13C and N
18O, respectively.
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dards and replicates of random samples yielded
an overall analytical reproducibility of X 0.07x
for N

13C and X 0.10x for N
18O.

4. Results

The stable isotope data are shown in Table 1
and plotted in Figs. 2^4. Chara vulgaris samples
have a mean stem encrustation N

13C value of
37.3x (ranging between 310.4 and 32.6x)
and a mean N

18O value of 37.2x (ranging be-
tween 39.6 and 32.6x). Gyrogonite data were
collected from 11 of the C. vulgaris samples,
although the mass of gyrogonite calcite collected
from two of these was very low (Table 1), on the
limit of our isotopic technique. Excluding these
two low-mass samples, the mean gyrogonite val-
ues were 38.6x for N

13C and 34.8x for N
18O

(Table 1). The mean di¡erence between stem en-
crustation and gyrogonite calcite for the nine
samples where we have reliable data for C. vulga-
ris was 3.0x for N

13C and 1.7x for N
18O.

We found no obvious geographic (N^S, E^W)
or altitude trends in the Chara vulgaris stem en-
crustation data, in agreement with Coletta et al.
(2001). No statistically valid relationship between
N
13C and N

18O values (Fig. 2) was found in the
combined C. vulgaris stem data from this study
and Coletta et al. (2001).

For the Malham Chara globularis data (Table 1
and Fig. 3) Wilcoxon matched-pairs tests show
the di¡erences between stem encrustation and
gyrogonite calcite are highly signi¢cant for both
N
18O and N

13C (both with P6 0.001). The gyro-
gonite isotope data have a larger range and a
higher standard deviation than the stem data, par-
ticularly for N13C (Fig. 3), and this variability was
also noticed when repeat samples (between three
and six) from speci¢c horizons were analysed (see
caption to Fig. 3). Mean N

18O values are 37.5x
and 36.8x for stem and gyrogonite calcites, re-
spectively (Table 1). This mean di¡erence of
0.7x is smaller than that for most of the Chara
vulgaris data, but comparable in direction. Mean
N
13C values are 35.3x and 35.9x for stem
and gyrogonite calcites, respectively. This 0.6x
di¡erence is again smaller, but again comparable

in direction, than typical di¡erences in the C. vul-
garis data. No signi¢cant correlations between
N
13C and N

18O were observed in either the stem
or gyrogonite calcite data.

5. Interpretation

5.1. Chara vulgaris N
18O

All but one (a low-mass sample) of the Chara
vulgaris gyrogonite N

18O values in this study are
less negative than their coexisting stem encrusta-
tion values (Fig. 4), typically by 1.7x (Table 1).
According to Coletta et al. (2001), N18O in Chara
stem encrustations is close to, if not demonstra-
bly, an equilibrium value. They concluded that

Fig. 4. Stable isotopic composition of Chara gyrogonites and
stem encrustations for low water £ow sites. Tie lines link
gyrogonite (open symbols) and stem encrustation (¢lled sym-
bols) values for individual plants (Chara vulgaris and Chara
aspera samples; Table 1) or for a site (Chara globularis, Mal-
ham Tarn). The C. globularis F values are mean values for
fossil material (Table 1). The C. globularis values are means
based on unpublished data from Pentecost and Spiro (1994^
5) for stems (Table 3) and from Jones et al. (1996) for gyro-
gonites. S denotes two small mass samples on the limit of
our isotopic technique. For comparison, the white box shows
the expected isotopic range for equilibrium calcites precipi-
tated from groundwater-fed surface waters with temperatures
in the range 9^11‡C, water N

18O between 36 and 37.5x
VSMOW and N

13C between 38 and 312x VPDB (as Fig. 2
and see text).
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gross variability in N
18O of stem encrustations is

probably controlled mainly by (a) the type of
water body, (b) temperature variation and (c)
groundwater isotopic composition. If Chara stem
encrustation N

18O values re£ect mainly these en-
vironmental controls integrated over the growth
season, then they should be comparable to mod-
ern British Isles microbial crust N

18O data from
£owing stream sites (Andrews et al., 1993), which
re£ect similar controls. The combined C. vulgaris
stem encrustation N

18O data from this study (Ta-
ble 1) and Coletta et al. (2001, table 1) include
eight values from £owing stream environments
(Table 2) and these have a mean N

18O of
37.2x. This is much more negative than the
mean riverine microbial crust N

18O value of
35.8x (Andrews et al., 1993), which appears
to be a near-equilibrium value. The more negative
C. vulgaris N

18O values almost certainly imply ki-
netic disequilibrium, caused by CO2 hydration
and hydroxylation during rapid precipitation of
CaCO3 (McConnaughey, 1989b,c). There are no
other obvious environmental mechanisms that
would consistently drive mean UK freshwater
equilibrium calcite N

18O values more negative
than about 36x (Andrews et al., 1993). In sup-
port of this, small disequilibrium e¡ects on N

18O
values in Quaternary lacustrine Chara encrusta-
tions have long been suspected (Fritz et al.,
1987), and more recently noted (Hammarlund et
al., 1999).

In support of the above conclusion we also
have limited data where stable isotopes were mea-
sured from both the living-Chara stem encrusta-
tions and the water (Table 3). From the N18O data
we were able to calculate the water temperature,
based on the Hays and Grossman (1991) palaeo-
temperature equation for meteoric cements, i.e. :

T�C ¼ 15:734:36ðN18OcalciteðVPDBÞ3N
18OwaterðVSMOWÞÞ

þ 0:12ðN18OcalciteðVPDBÞ3N
18OwaterðVSMOWÞÞ2

and compare the calculated temperature with the
temperature measured at the time of sampling.
For the river site (Gordale Beck; Table 3) the
calculated water temperatures are up to 2‡C high-
er than the measured temperatures. It is, of
course, very di⁄cult to be certain that the calcites
sampled are actually precipitating at the time of
water sampling, but if we assume they are, then
the mismatch in temperature suggests that the
Chara calcites are isotopically light by about
0.4x relative to an equilibrium value. This sup-
ports the notion of small disequilibrium isotopic
e¡ects in Chara stem encrustations. The typical
isotopic range of equilibrium calcites expected
for groundwater-fed systems, based on the Hays
and Grossman equation, is shown in Fig. 2, along
with the Gordale Beck data (¢lled triangles) from
Table 3.

Comparisons between N
18O values in lacustrine

Chara and microbial crusts are less meaningful
because the microbial crusts are only found on
lake shorelines that su¡er large changes in tem-
perature, evaporation and desiccation (Andrews
et al., 1993, 1997), whereas Chara usually live in
deeper water and are permanently submerged.
Where comparisons between lacustrine microbial
crust and Chara N

18O data are possible (Table 4),
the Chara values are all more negative than the
microbial crust data. This is consistent with ki-
netic disequilibrium in the Chara values, but
may show mainly that evaporation a¡ects the
Chara values less than the microbial crusts. The
limited isotopic data for living-Chara globularis
stem encrustations and lake water (Malham
Tarn; Table 3) again suggest small disequilibrium
isotopic e¡ects, as at riverine sites.

If the Chara stem encrustation N
18O values re-

Table 2
Stable isotope data for Chara vulgaris stem encrustations
from rivers and streams

N
18O stems N

13C stems
x VPDB x VPDB

Northern England
14, Widdy bank fell 38.61 38.55
15, Gordale Beck 37.51 39.78
Gordale Becka 36.4 39.7
Gordale Becka 36.7 311.5
16, Giggleswick 38.5 310.4
Clapham Becka 36.6 310.4
England and Ireland
22, Stockton, Warwickshire 37.91 34.96
24, Gort, SE Galway 35.18 39.29
Mean 37.18 39.32

Data from Table 1 (this study) and Coletta et al. (2001).
a From Coletta et al. (2001, table 1).
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£ect disequilibrium, it is possible that the gyro-
gonite values are closer to equilibrium. The
mean di¡erence between the stem encrustation
(Table 2) and microbial crust data (Andrews et
al., 1993) is 31.4x, a value that is close to the
di¡erence of 31.7x between stem encrustations
and their coexisting gyrogonites. This o¡set be-
tween gyrogonite and stem encrustation N

18O val-
ues is similar to that for Chara globularis reported
by Huon and Mojon (1994). All of the reliable
gyrogonite N

18O data come from plants growing
in stagnant or low water £ow conditions (Table 1
and Fig. 4). The mean N

18O value of these gyro-
gonites is 34.8x, close to the mean UK micro-
bial crust lacustrine value of 34.5x (Andrews et
al., 1993). We do not attach too much weight to
this similarity in means, due to the problems of
evaporation and temperature changes on the mi-
crobial crust data. Nonetheless, it is noteworthy
that the mean values are close. Overall, we can see
little clear evidence that kinetic disequilibrium has
a¡ected the Chara vulgaris gyrogonite stable iso-

tope values, but this needs further work with liv-
ing plants and their ambient water.

5.2. Chara vulgaris N
13C

Comparison of stem encrustation data from
our Chara vulgaris samples (Table 1) and those
in Coletta et al. (2001) shows that N

13C means
are very similar (37.3x and 37.1x, respec-
tively). The C. vulgaris gyrogonite data come
from plants growing in stagnant or low water
£ow conditions (Table 1). N13C values from these
gyrogonites are more negative than their coexist-
ing stem encrustation values, typically by 3.0x
(Fig. 4 and Table 1).

Coletta et al. (2001) showed that Chara N
13C

values for recent stem encrustations from low
water £ow environments are higher than those
of the dissolved inorganic carbon (DIC) values
in the water, an o¡set caused principally by pho-
tosynthesis. Our new data uphold these interpre-
tations for stagnant and low water £ow environ-

Table 3
Isotopic data for co-sampled Chara stem encrustations and waters from typical stream and shallow lake environments

Date N
13C stem N

13C DIC N
18O stem N

18O water Calculated water
temperature

Measured water
temperature

(x VPDB) (x VPDB) (x VPDB) (x VSMOW) (‡C)a (‡C)

Gordale Beck (C. vulgaris)
4/10/98 311.48 311.34 36.66 37.41 12.5 10.6
4/10/98 310.87 310.56 36.63 37.49 12.0 10.6
Malham Tarn (C. globularis var. virgata)
5/7/98b 37.98 ^ 37.19 36.72 17.8 16.1
6/7/98 38.27 38.47 37.28 36.72 18.2 14.7

a Calculated from the N
18O data using the Hays and Grossman (1991) temperature equation (see text).

b Whole Chara stem sample (other samples are 1^2 cm of growth tips).

Table 4
Comparison of stable isotope data for Chara stem encrustations and microbial crusts at lake sites

Chara stems Microbial crustsa

N
18O N

13C N
18O N

13C
x VPDB x VPDB x VPDB x VPDB

Malham Tarn, N. Yorksb 39.3 31.74 35.86 32.93
Ken¢g Pool, Bridgendc 33.57 30.31 31.77 1.42
Bosherston Lake, Pembrokeshirec;d 37.81 33.77 34.47 36.38

a Data from Andrews et al. (1993).
b Chara data from Pentecost and Spiro (personal communication).
c Chara data from Table 1.
d Mean of two values in Table 1.
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ments. The mean positive o¡set of 3.0x between
stem encrustations and gyrogonite N

13C (Fig. 4) is
comparable to that (around +4x) seen between
lacustrine Quaternary Chara marls and molluscan
carbonate that is assumed to have a near-equilib-
rium value (Hammarlund and Keen, 1994; Ham-
marlund et al., 1997, 1999; Von Grafenstein et al.,
2000). If lacustrine Chara N

13C stem encrustations
are mainly in£uenced by photosynthetic e¡ects on
DIC (see e.g. Pentecost, 1984) they might relate to
microbial crust N

13C data ^ which at lake shore-
lines also re£ect microenvironments in£uenced by
photosynthesis (Andrews et al., 1993, 1997). The
data in Table 4 suggest crude correspondence be-
tween stem encrustation N

13C and microbial crust
N
13C values (highest at Ken¢g, lowest at Bosher-
ston).

Chara vulgaris stem encrustations from stream
environments where water £ow is high have a
mean N

13C value of 39.3x (Table 2). This value
is similar to the modern UK microbial crust N13C
mean of 39.1x (data in Andrews et al., 1993).
The close similarity of these means suggests that
in £owing stream environments the metabolic ef-
fects of photosynthesis on N

13CDIC are dispersed
by mixing. In these environments Chara stem en-
crustation N

13C is thus probably close to an equi-
librium value (see also Coletta et al., 2001).

It should be noted, however, that these general
interpretations are not well supported by the
limited data in Table 3, where N

13C values in the
stem encrustations from both Gordale Beck and
Malham Tarn are quite close to N

13C in the DIC.
At the sampled temperatures the equilibrium cal-
cite values should be around 1^1.5x less nega-
tive than the DIC value (Romanek et al., 1992;
Emrich et al., 1970). We do not attach too much
signi¢cance to these data (Table 3) as they may
simply serve to illustrate how di⁄cult it is to
sample isotopic characteristics of water which is
supposed to be representative of the growing
calcite. As mentioned above for the N

18O data,
proving that the water and Chara calcites are
truly parental/cogenetic is very di⁄cult. Clearly
we need more data from controlled environ-
ments.

The mean 3.0x di¡erence in N
13C between

Chara vulgaris stem encrustation and gyrogonite

calcite for stagnant or low water £ow conditions
(Fig. 4) is similar in direction to that for Chara
globularis reported by Huon and Mojon (1994).
The mean gyrogonite N

13C value of 38.6x is
more negative than any of the lacustrine N

13C
values for British Isles microbial crusts, which
have a minimum value of 36.4x (Andrews et
al., 1993), but is comparable to British Isles mi-
crobial crust values that are not strongly a¡ected
by photosynthetic processes, i.e. stream sites (An-
drews et al., 1993). This suggests that either (a)
C. vulgaris gyrogonites are isotopically lighter
than equilibrium precipitates, or (b) that they
form more or less in isotopic equilibrium with
DIC that has not been much a¡ected by photo-
synthetic removal of 12C. Interpretation (a) is sup-
ported by the observations of Leitch (1991), who
noted a complex three-dimensional network of
organic material controlling gyrogonite calcite
crystal growth; interaction between isotopically
light organic matter and calcite might be expected
to in£uence calcite N

13C. Interpretation (b) can-
not, however, be discounted and is supported by
the lack of clear evidence for disequilibrium in the
gyrogonite N

18O data. Interpretation (b) seems to
require gyrogonite calci¢cation to occur early in
the growth season before isotopic evolution of the
waters by either evaporation (a¡ecting N

18O) or
photosynthetic e¡ects on the DIC (a¡ecting
N
13C). This discussion highlights the need for ex-
perimental data that are currently unavailable; it
also shows that the timing of gyrogonite calci¢ca-
tion is an important factor in interpreting the iso-
topic data (see Section 6).

5.3. Malham Tarn ^ present-day Chara globularis

Living Chara globularis from Malham Tarn
probably calcify their gyrogonites over a short
period of a few weeks in late summer (Pentecost,
1984; Jones et al., 1996) while the stems grow and
calcify over a growth season of May to September
(Pentecost, 1984). Di¡erences in isotopic compo-
sition of stem encrustations and gyrogonite calcite
should re£ect this ^ the gyrogonites representing a
‘snapshot’ of late summer conditions while the
stem crusts provide an isotopic record integrated
over the growth season (perhaps with a bias to-
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ward the period of strongest growth in mid
summer). Indeed, Jones et al. (1996) calculated
that mean gyrogonite N

18O values (35.6x) in
this lake are in isotopic equilibrium with the
lake waters at typical late summer temperatures
around 16X 1‡C (Pentecost, 1984). Jones et al.
(1996) did not present comparative stem encrus-
tation isotopic data. However, the mean N

18O of
stem encrustations representative of the whole
growth season (39.3x, mean of ¢ve samples
collected in the late summers of 1994 and 1995;
Pentecost and Spiro, personal communication,
2002) are o¡set negatively by 3.7x relative to
the mean gyrogonite calcite of Jones et al.
(1996; Fig. 4). Moreover, when these stem encrus-
tation values are used to calculate water temper-
atures (Hays and Grossman, 1991; see also
above), an unacceptably high value of 34‡C re-
sults. The degree of disequilibrium indicated by
these data is larger than that shown in Table 3,
perhaps indicating that the bulk stem N

18O data
are not strongly related to the isotopic composi-
tion or temperature of the water at the time of
sampling. Overall, however, the data suggest that
present-day stem encrustation calcites are further
from oxygen isotopic equilibrium than gyrogonite
calcites in this lake. This disequilibrium, as with
Chara vulgaris, is likely to be caused by kinetic
e¡ects during rapid precipitation of CaCO3

(McConnaughey, 1989b,c), suggesting that stem
calci¢cation is rapid relative to oogonium calci¢-
cation.

The N13C of living Chara globularis stem encrus-
tations from Malham Tarn is 31.74x (mean of
¢ve samples; Pentecost and Spiro, personal com-
munication, 2002). This value is higher than: (a)
the typical gyrogonite N

13C values around 37x
(Jones et al., 1996); (b) the in£owing DIC, which
has a N

13C around 314x (Coletta, personal
communication, 2002); and (c) the late summer
DIC of the tarn water itself, which varies from
34.3 to 39.0x depending on the amount of
plant macrophyte growth in£uencing the extent
of photosynthesis. These data show that C. globu-
laris stem encrustations are well out of equilibri-
um with the DIC source, a feature almost entirely
caused by photosynthesis, as discussed for low
water £ow Chara vulgaris. The gyrogonite N

13C

could be near-equilibrium values (Jones et al.,
1996) if the N

13CDIC was close to its lower late
summer values around 38 to 39x. Alterna-
tively, disequilibrium e¡ects may have resulted
in isotopically negative gyrogonite N

13C values,
as discussed for C. vulgaris (Section 5.2).

5.4. Chara globularis ^ Malham Tarn core

The Chara globularis N
18O data from the Mal-

ham Tarn core (Table 1 and Fig. 3), show a mean
o¡set of 0.7x between stem encrustations and
gyrogonite calcite (Fig. 4), a much smaller di¡er-
ence than that seen in the present-day data (Sec-
tion 5.3). Calculation of water temperatures
(Hays and Grossman, 1991) assuming a late
summer water N18O value of 36x and gyrogon-
ite N18O from the top of the sediment core (13 cm,
Fig. 3) gives a reasonable water temperature of
18‡C (slightly warmer than the measured late
summer water temperature of 16X 1‡C). The
water temperature calculated using the corre-
sponding stem encrustation carbonate is 1.2‡C
higher, again suggesting that the stems calci¢ed
furthest from equilibrium.

The di¡erences between the gyrogonite and
stem encrustation N

13C values in the Malham
core samples are again much smaller, around
0.6x, but in the same direction as the present-
day o¡set between Chara stems and gyrogonite
calcites in the lake. A small o¡set was also found
in the lacustrine Chara vulgaris sample from Llyn
Coron (Table 1 and Fig. 4). These small o¡sets
may result from a sampling bias, or be a function
of the timing of calci¢cation in larger temperate
productive lakes, issues that are discussed in Sec-
tion 6.

There is evidence of a 0.5x change toward less
negative N

13C with time (up-core) in both stem
encrustation and gyrogonite calcites (Fig. 3),
although the scatter in the data is larger for the
gyrogonites. This may re£ect an increase in the
plant macrophyte density in the lake, extracting
more isotopically light carbon from the DIC dur-
ing summer, or possibly a trend to smaller lake
volume with time due to sedimentation, allowing
the e¡ects of photosynthesis to intensify on a
smaller DIC pool.
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6. Timing of calci¢cation in charophytes

A problem that hinders concrete interpretation
of the isotopic data is that little is known about
the timing ^ or the controls on the timing ^ of
calci¢cation in charophytes. Calci¢cation of stems
probably occurs mostly over the spring^summer
growth season (Pentecost, 1984; McConnaughey
et al., 1994). Seasonality has been recorded in the
stable isotopic compositions of Chara stem seg-
ments from a small UK lake (Coletta et al.,
2001), but not in a £owing stream, a signi¢cant
¢nding because it implies that seasonal isotopic
variability is ampli¢ed in lakes where residence
times of water are longest. Bulk samples of Chara
encrustations should typically provide an average
isotopic composition, perhaps biased toward
summer values, when calci¢cation is heaviest.
We note, however, that there may be a sampling
bias to thicker, more robust early growth season
encrustations from the lower parts of stems as
the thinner tip encrustations account for less ma-
terial and are more liable to disintegrate in the
sediment and during preparation. It may be that
the Malham Tarn core samples (Section 5.4) were
biased in this way, containing more early growth
season stem encrustation with relatively negative
N
13C.
Other published information on the timing of

calci¢cation is sparse. In a small pond in Switzer-
land, calci¢cation of Chara globularis gyrogonites
started in April (Huon and Mojon, 1994), where-
as in a larger upland temperate lake (Malham
Tarn), calci¢cation of C. globularis gyrogonites
occurred in late summer (Jones et al., 1996). Pos-
sibly, the timing of gyrogonite calci¢cation is
highly variable, depending on the species, the tem-
perature and the degree of CaCO3 saturation. It is
possible that a threshold temperature is the
‘switch’ for oogonium fertilisation and calci¢ca-
tion and that this typically occurs earlier in small
lowland lakes, relative to larger upland ones.
Gyrogonite calci¢cation probably happens on a
timescale of weeks such that the isotopic data
will represent ‘snapshots’ of the ambient environ-
mental conditions, picking up the temperature
and water isotopic compositions (N13CDIC and
N
18Ow) of that time period.

Isotopic variability in lacustrine conditions will
typically be most marked in small shallow lakes
and ponds where temperature, evaporation and
metabolic (photosynthetic) e¡ects are large. These
e¡ects will normally intensify over a growth sea-
son such that Chara calcites forming early in the
season (? gyrogonites in Chara vulgaris) will have
the least evolved isotopic values. Larger lakes will
typically su¡er less short-term variability in iso-
topic composition, which may explain why some
late Quaternary N

18O records from Chara marls
record relative changes in climatic and hydrolog-
ical parameters so convincingly (e.g. Von Grafen-
stein et al., 2000).

Progressive photosynthetic removal of isotopi-
cally light DIC by large plant macrophyte beds
during a growth season might cause seasonal ef-
fects on Chara calcite N

13C. In Malham Tarn,
spring to summer growth of Chara globularis
can cause about a 33% decrease in DIC concen-
tration (Pentecost, 1984). During this time prefer-
ential photosynthetic removal of 12C will cause
the N

13CDIC to evolve from a catchment value
around 314x, to a late summer tarn water value
of 34.3 to 39.0x, depending on the amount of
plant macrophyte growth. Stem encrustations
growing in early summer will form from the iso-
topically lighter DIC, but shifted positively by
3^4x by metabolic e¡ects. Conversely, oogo-
nium calci¢cation occurs in late summer, when
the DIC is most evolved to isotopically heavier
values. Thus the gyrogonite N

13C values are rela-
tively isotopically enriched in 13C (notwithstand-
ing possible disequilibrium e¡ects), coincidentally
close to the values of the earlier formed stem en-
crustations. This scenario may explain the rela-
tively small variability in N

13C between stem en-
crustation and gyrogonites from lakes like
Malham Tarn and Llyn Coron, and may be a
feature of large temperate lakes, where oogonium
calci¢cation occurs late in the growth season.

7. Conclusions

(1) In general, Chara stem encrustation N
13C

values from low water £ow environments (lakes,
ponds, ditches) are more positive than their coex-
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isting gyrogonite values, typically by between 0.6
and 3.0x. These values in stem calcites mainly
re£ect microenvironmental metabolic e¡ects, close
to the site of calci¢cation, caused by photosyn-
thesis. In stronger water £ow, where the DIC is
well mixed, stem encrustation N

13C values are
close to equilibrium. Gyrogonite N

13C may be iso-
topically lighter than equilibrium values, but
could equally be close to equilibrium from non-
evolved waters.

(2) Chara gyrogonite N
18O values are less neg-

ative than their coexisting stem encrustation val-
ues, typically by between 0.7 and 1.7x. N

18O
values in stem encrustations are not equilibrium
values, being typically o¡set to isotopically lighter
compositions by about 1.5x relative to equilib-
rium, presumably by kinetic e¡ects during rapid
calci¢cation. However, N

18O values in stem en-
crustations may still record changes in environ-
mental conditions, including seasonal e¡ects, es-
pecially in stagnant water bodies. There is no
clear evidence that gyrogonite N

18O values are in-
£uenced by extensive disequilibrium.

(3) Little is known about the timing, or the
controls on the timing, of calci¢cation in charo-
phytes and this hinders interpretation of the sta-
ble isotope data. If a threshold temperature trig-
gers calci¢cation it will happen earlier in small
lowland lakes, relative to larger upland ones.
Gyrogonite calci¢cation probably happens on a
timescale of weeks such that isotopic data repre-
sent ‘snapshots’ of the environmental conditions
at that time. Isotopic variability will be most
marked in small shallow lakes and ponds, where
environmental e¡ects are large, whereas large
lakes with long water residence times will bu¡er
environmental e¡ects.

(4) Isotopic records in fossil Chara marls
(mainly stem encrustation material) from lakes
should be interpreted with caution due to disequi-
librium e¡ects. Environmental records, essentially
of late summer conditions, may be preserved in
the N

18O of marls from deep cool lakes; these are
unlikely to represent true equilibrium values but
may indicate relative changes in water tempera-
ture or hydrology. Isotopic data from Chara cal-
cites formed in small lakes and ponds will re£ect a
combination of disequilibrium and environmental

e¡ects that will be di⁄cult to interpret in the fossil
record.

(5) This study highlights the importance of dis-
equilibrium isotopic e¡ects in Chara calcites. We
need biochemical experimental data from living
plants on the degree of isotopic equilibrium/dis-
equilibrium particularly in gyrogonites. We also
need more empirical data on the timing and trig-
gers for charophyte calci¢cation in nature.
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