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Abstract: Detailed monitoring of three drip sites in New St Michael’s Cave, Gibraltar, reveals a
strongly coherent seasonal pattern of dripwater chemistry despite each site having significantly
different flow paths and discharge patterns. Calcite saturation is closely linked to regular seasonal
variations in cave air pCO2 caused by seasonally reversing ventilation driven by temperature difference between the cave interior and the air outside. A coupled model of CO2 degassing and calcite
precipitation links seasonal d13C variations in coexisting dripwater, cave air CO2 and speleothem
calcite to large variations in pCO2 that are driven by cave ventilation. The relationships between
stable isotope ratios, Sr/Ca and speleothem fabrics across annually formed calcite laminae are
consistent with a degassing– calcite precipitation process in which rapid degassing controls the
d13C of both drip water DIC and calcite whereas a much slower rate of calcite precipitation
causes seasonal cycles of Sr in a more complex manner. By demonstrating the causes of laminated
speleothem fabrics plus trace element and isotope cycles in modern speleothem from a closely
monitored cave, this study provides clear links between the local microclimate and the proxy
record provided by speleothem geochemistry. In Gibraltar, low cave air pCO2 in summer is
unusual compared to what has been revealed by cave monitoring carried out elsewhere and
shows that caution is needed when linking paired speleothem fabrics to specific seasons without
knowledge of local processes operating in the cave.

Speleothems provide continuous and precisely
dated records of past environmental change which
have advanced understanding of climate variability
on timescales from glacial –interglacial cycles
(Wang et al. 2008) down to seasonal patterns of
precipitation (Borsato et al. 2007). Speleothem
deposition in stable cave environments can record
changes in surface climate as variations in properties such as extension rate, trace element abundances and stable isotopes (McDermott 2004;
Fairchild et al. 2006a) but the causal relationships
between these proxies and climate are not always
fully understood. For some proxies they appear
to be straightforward, for example the dependence
of extension rate on the amount of rainfall
(Baker et al. 2008), but for others such as stable
isotopes interpretations have often been based on
assumptions and guesswork regarding the aspects
of climate that are most closely reflected.
Ideally, any proxy-climate transfer function
used should be based on a full understanding of
the physico-chemical workings of the local

climate –karst-cave system and its influences on
the recording process.
Careful, multi-annual monitoring of the cave
microclimate, dripwater chemistry and calcite
growth mechanisms reveals some of the local
effects that may modify the climate recording
process. Some of the important issues include the
relationships between precipitation, recharge, drip
rates and solute chemistry (Bottrell & Atkinson
1991; Genty & Deflandre 1998; Baker & Brunsdon
2003; Tooth & Fairchild 2003; Cruz et al. 2005;
Baldini et al. 2006; Genty 2008), the role of seasonal
ventilation and degassing (Ek & Gewelt 1985;
Bar-Matthews et al. 1996; Spötl et al. 2005;
Banner et al. 2007; Baldini et al. 2008) and the
impact of kinetic factors such as fast degassing or
crystal chemical effects on CaCO3 growth (Hendy
1971; Mickler et al. 2004, 2006). Knowledge of
these local processes and their stability through
time are a critical step in the derivation of reliable
climate –proxy transfer functions that can be used
for quantitative climate reconstruction.
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Several recent studies of speleothem records at
high resolutions have revealed climate features on
seasonal (Treble et al. 2003; Johnson et al. 2006;
Banner et al. 2007; Mattey et al. 2008) or even
synoptic time scales (Frappier et al. 2002) which
provide the critical direct link between the local
weather and how it is recorded during the speleothem deposition process. Speleothem calcite
deposition in caves is commonly seen to be cyclical,
resulting in the development of laminae defined by
alternating pairs of fabrics (Baker et al. 2008;
Genty & Quinif 1996). Using constraints from
growth on dated artefacts and 14C analyses
(Baldini et al. 2005; Genty et al. 2001; Tan et al.
2006; Mattey et al. 2008) cyclic laminae have sometimes been shown to be annual features and related
to strong seasonality of the local climate. Annual
growth laminae provide a means of deriving a
chronology at the best possible precision, and may
also preserve trace element and stable isotope patterns that can be related to the local climate and
hydrological cycle.
Our work in Gibraltar combines comprehensive
multi-annual cave monitoring with high resolution
analyses of fabric, trace elements and stable isotopes in modern speleothem. A recent study of a
modern stalagmite from New St. Michaels Cave
(Mattey et al. 2008) revealed annual growth
laminae which preserve exceptionally well-defined
seasonal d13C and d18O cycles linked to ventilation.
We were able to identify the d18O of winter
dripwater from the complex seasonally resolved
speleothem record and show excellent inter-annual
correspondence with the d18O of winter precipitation. In the present paper we present a more
detailed overview of the results of the first 4 years
of cave environment monitoring which includes
local meteorology, cave and soil temperature,
humidity and pCO2, and of drip discharge and
monthly analysis of drip water for trace element
and isotopic analysis. The monitoring data enable
the seasonally resolved speleothem fabric, trace
element and isotope record to be precisely linked
to the nature and timing of local processes in the
soil, cave air and local climate. We propose a
coupled CO2 degassing–calcite precipitation
model which links the development of annual
cycles in d13C and Sr with the effects of seasonal
cave ventilation.

Regional setting, monitoring techniques
and analytical methods
Old and New St Michaels Caves
The Rock of Gibraltar, located where the Atlantic
meets the Mediterranean at the junction of Europe
and Africa, forms a North–South trending ridge

2.5 km long with a maximum elevation of 423 m
(Fig. 1). The ridge is asymmetric, having a steep
to near-vertical eastern slope which is partly
banked by Pleistocene sand-dune deposits, and a
western slope falling more steadily at 358 towards
the town of Gibraltar near sea level. Above 100 m
altitude the western slopes are covered in Mediterranean scrub forest with low rock outcrops of the
Gibraltar limestone. The peninsula of Gibraltar
links the Betic and Rif mountain chains, which
form the southwestern end of the Mediterranean
Alpine belt and is mainly composed of early Jurassic
age limestone and dolomite which form the lower
limb of an overturned nappe (Rose & Rosenbaum
1991). These beds dip steeply to the west and
although there are no surface streams, swallets or
resurgence features, the dolomites and limestones
contain many solution caves located at altitudes
ranging from below present sea level to near the
summit ridge at over 400 m. Many caves have
natural entrances exposed by erosion, but other
significant caves have also been revealed though
tunneling (Rosenbaum & Rose 1991).
The location and a plan of St Michaels Cave
is shown on Figures 1 and 2. Old St Michaels
Cave (OSM) (Shaw 1955) has been known since
Roman times and is open to tourists as a
show cave. The cave has developed in faulted
dolomitic limestone creating a large main
chamber. Dissolution has also followed bedding
planes, creating minor caves linked to OSM and
forming natural entrances to the system. During
World War II, a new access tunnel was driven into
the lowest part of the show cave, known as the Hospital, exposing a lower series of solution rifts
leading southwards along the strike of the Gibraltar
limestone at an altitude of around 325 m (Fig. 2).
This system, New St Michaels Cave (NSM) (Shaw
1954), rivals the old show cave system in terms
of the scale of speleothem decoration, and also
contains a 6 m deep lake which accumulates water
from seepages and drips entering the southern part
of NSM.
Gibraltar caves such as the St Michaels system
preserve evidence of phreatic origins and have
since undergone several phases of draining and
decoration with secondary speleothem deposits
(Tratman 1971). Because the present altitude of
the large St Michaels system is over 300 m asl, the
phreatic features indicate that these caves have
undergone significant uplift to their present position (Tratman 1971; Rose & Rosenbaum 1991;
Rodrigues-Vidal et al. 2004). Tunnelling near sea
level in the 19th century revealed more large
natural caves such as the Ragged Staff system
with similar overall morphology but with far less
speleothem deposition. Ragged Staff Cave contains
brackish lakes with water filled passages extending
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Fig. 1. Location of Gibraltar, St. Michaels cave and other features described in the text. Figure adapted from Mattey
et al. (2008).

below sea level suggesting that initial phases of
dissolution may have taken place by mixing near
the freshwater-seawater interface via processes
similar to flank margin cave formation (Mylroie
& Carew 1988; Romanov & Dreybrodt 2006).
Wave-cut platforms (90 and 130 m asl) are a prominent feature of the geomorphology of Gibraltar
(Rodriguez-Vidal et al. 2004) recording higher
stands of sea level in the past, and although the
age and development history of Gibraltar caves
are not yet well understood, solution voids and
their subsequent decoration by speleothem deposition may be controlled by neotectonic uplift in
conjunction with sea level fluctuations between
glacial and interglacial periods (Rodriguez-Vidal
et al. 2004).
OSM has a number of natural entrances as well
as artificial high and low level tunnels used for
tourist access. The showcave develops strong

natural chimney ventilation (Wigley & Brown
1976; Atkinson et al. 1983) between high- and
low-level entrances and is known to show seasonal
reversals in flow direction. In winter, warm cave
air flows upwards drawing cool outside air into the
lower entrances whereas in summer cave air flows
out of lower entrances, drawing atmosphere
into upper entrances. Before modern development
for tourism the natural entrances would all
have been at a higher level and chimney ventilation
may not have been as strong a feature as it is
at the present time. The NSM cave system has no
known natural entrances and remained unconnected
to OSM until the link was made in 1942 with
the lowest part of main show cavern. Seasonally reversing chimney ventilation can also be
detected though the 1 m2 trapdoor link between
OSM and NSM, although sealing this connection
for one month in August 2006 was found
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Fig. 2. Plan of the St. Michaels Cave systems based on the survey by Shaw (1954) and figures from Rose & Rosenbaum
(1991). Locations of monitoring sites and features discussed in the text are shown.

to have no impact on CO2 levels and ventilation
of NSM as a whole (our unpublished data).
Deeper within the NSM system very weak air

flow patterns can be detected using smoke tracers,
but the dramatic seasonal fluctuations in CO2
levels described by Mattey et al. 2008 and in
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this work suggest the existence of connections to the
surface or other caves which allows large-scale
natural advective transport of air through the
entire system.

Cave environmental monitoring
All meteorological data were recorded at the RAF
Meteorological Office located 3 km away from the
cave (Fig. 1). The cave monitoring, sampling and
analysis program obtained data via continuous
logging (l) and spot measurements or sample(s)
taken during regular monthly visits from June
2004–April 2008, for the following parameters:
1.

2.
3.

cave air: pressure (l), temperature (l) and
relative humidity (l,s), mixing ratios of CO2
(l,s) and CH4 (s), analysis of d13CCO2 and
d13CCH4 (s)
soil: temperature (l) and soil air mixing ratios
of CO2 and CH4 (s), analysis of d13CCO2 and
d13CCH4 (s)
drip water: discharge (l); pH, total alkalinity,
electrical conductivity, cations, d18O and
dD (s)

The locations of environmental monitoring sites are
shown on the cave plan in Figure 2. Seasonal variations in temperature and relative humidity in
ambient air at the cave entrance, within the main
chambers of the cave system and within the soil
zone above the cave (temperature only) were
measured by continuous logging supplemented by
spot measurements made using hand held instruments during monthly visits. Temperature and
humidity were measured by continuous logging
using single- (temperature) and dual-channel (temperature and humidity) loggers from Gemini Data
loggers deployed outside above the cave entrance
tunnel, and in the Hospital, Dark Rift and Gib04a
sites within the cave (Fig. 2). Soil temperature at
50 cm depth was logged at the soil CO2 sampling
site (see below). Temperature-logging at a resolution of 0.4 8C early in the project was improved
to 0.18C resolution at some sites from 2007. Spot
measurements were made at the time of sampling
at air and drip water sampling sites and all temperature measurements were corrected relative to a BS
certified mercury thermometer to an accuracy of
+0.05 8C.

Surveying and dye tracing
A line survey was carried out to accurately position
the map of NSM made by Shaw (1954) relative to
surface topography. This showed that the soil monitoring site is located almost directly over the cave
(Fig. 2) and allowed us to identify sites for injecting
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dyes with the aim of tracing connections between
infiltrating rainwater and points where seepage
enters the cave. Following methodology described
by Smart (1976) and Bottrell & Atkinson (1992),
two aliquots of the fluorescent dye Photine CU
were simultaneously released into excavated fissures in bedrock at nearby points above the
Gib04a site in the cave. A second dye, Diphenyl
Brilliant Flavine DY96, was washed into scree at a
third point at a higher altitude, located where the
dip of the Gibraltar limestone projected upwards
from Gibo4a in the cave intersects the surface near
the summit ridge (Fig. 3). The injections were
made in March 2007 during a period of high rainfall,
and the dyes were washed into the ground by runoff
from sheets of polythene placed for this purpose.
Within the cave, a network of cotton detectors
were deployed at 27 stations. These provided
regular monitoring for both tracers for 85 days
after the date of injection, as well as a period of
background monitoring for 59 days beforehand.

Drip water discharge rates, sampling and
analysis
Drip water was collected in a HDPE beaker containing an acoustic drip rate logger (Collister & Mattey
2008) and fitted with an outlet tube leading to a 1.5 l
storage reservoir open to cave air. The drip logger
counted the total drips falling in 30 minute intervals
and counts were converted to discharge in l/d based
on a mean drop volume of 0.15 ml (Collister &
Mattey 2008) for all sites.
Aliquots of water were stored in 100 ml HDPE
doubly sealed bottles and pH, conductivity and alkalinity were measured within two hours of sampling.
pH was determined using a Jenway pH and conductivity probe which was calibrated at pH 7 and 10
before the sampling session. Alkalinity was determined on site by titration against bromocresol green
using a Hach digital titrator. Dripwater cation analyses were determined by ICP-AES in the Department of Earth Sciences, Royal Holloway with a
total precision of less than 5%. All isotopic analyses
in this study were carried out using GV Instruments
Multiflow –Isoprime systems at Royal Holloway.
Drip water d13C DIC was determined by acidification of 0.5 ml of water with orthophosphoric acid
and equilibrating for 7 h at 40 8C. d13C values
were normalized to the V-PDB scale via a calibrated
sodium bicarbonate internal standard and have an
external reproducibility of better than 0.08‰.

Air sampling and analysis
Spot samples of background atmosphere, cave
air and soil gas were collected in 1 l or 3 l Tedlar
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Fig. 3. Geological setting of St. Michaels Cave showing injection sites for the yellow dye DY96 (yellow) and blue dye
Photine CU (blue) together with schematic flow pathways. Bedrock geology adapted from the map compiled by
Rosenbaum & Rose (1991). Cave plan located relative to 1000 m UTM grid co-ordinates using data from a new line
survey carried out in 2007.
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bags using a small hand-held pump for analysis of
mixing ratios and the d13C of CO2. Soil gas
samples were collected initially using a steel tube
inserted into the soil and from June 2007 using
porous PTFE gas sampling cells permanently
buried at 25 cm and 50 cm depth. Mixing-ratio
analysis of CO2 was carried out using a LiCor
6252 NDIR analyser calibrated against NOAA
standards. Isotope analyses of CO2 were determined
using a GV Instruments Trace Gas – Isoprime
system and precisions (1s) for 10 consecutive analyses of the secondary standard tank were between
0.03– 0.05‰ for carbon dioxide d13C analysis.

Results
Cave temperature and humidity
The variation of temperature and humidity within
the OSM and NSM cave systems generally decrease
as a function of distance from entrances, and temperatures approach the local mean annual values in
the deeper parts of NSM. In detail, though, these
variations are quite complex both in terms of
spatial position within the cave, and as a function
of the time of year. Variations in cave air temperature and humidity at two of the monitoring sites,
the Hospital (the lowest part of the show cave,
Fig. 2) and at the GIb04a site (representative of
the distal areas of the NSM system, Fig. 2) measured
by continuous logging and monthly using hand held
instruments are summarized in Figure 4. Figure 4a
compares three NSM cave air temperatures
measured in 1948, 1954 and 1958 (Shaw 1955;
Tratman 1971), the mean annual temperature
(MAT) at the cave entrance measured in this study
between 2004– 2008 and the local MAT recorded
by the Meteorological Office since 1940. The
MAT plotted on Figure 4 are sea level data corrected
to the corresponding temperature at 325 m asl using
a lapse rate calculated from over 1300 measurements of the difference in mean daily temperature
measured at the Hospital tunnel entrance (Fig. 2)
and at sea level by the Meteorological Office
station (1.22 + 0.25 8C). The three historic spot
measurements show a 1.6 8C range and cannot be
distinguished from modern temperatures which are
within error of the MAT corrected for altitude.
Unfortunately there are insufficient data to assess
whether cave temperatures tracked the decreasing
and then rising trend in MAT observed since 1948
(Fig. 4).
Temperatures monitored by continuous logging
appear to be relatively constant in the deep cave
(, +0.4 8C) but show marked seasonal variation
of around 3 8C in the Hospital area of the show
cave (Fig. 4c, d). Relative humidity measurements
average 95 + 3% in the deep cave but are again
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are much more variable in the Hospital area
(Fig. 4b). Here temperatures are significantly
lower than the MAT of 17.5 8C all year round and
fail to reach MAT even by the end of the summer
(Fig. 4d). Humidity in the Hospital area is also
lowest in winter when chimney ventilation is vigorously pulling cold outside air through the show cave
(Fig. 4b). The permanently below-MAT temperatures of the showcave indicate that winter
ventilation removes sufficient heat from cave wall
rock such that the mean annual temperature of the
Hospital area (16.3 8C) remains over 1 8C cooler
than the annual outside MAT (17.5 8C) (cf. Atkinson et al. 1983). Conversely, the slightly higher
MAT of the deeper NSM (17.9 8C) may be indicative of advected warmer air rising from lower
levels in the rock, a hypothesis developed in more
detail below to explain the cave air CO2 data.
Spot measurements taken over the four-year
period are more variable than data returned by temperature logging recording spot measurements at
30-minute intervals and suggest that there may
some local short term variation of up to +0.5 8C
at the Gib04a and other deeper sites in NSM.
Although the 0.4 8C resolution of the early logging
devices would not have fully resolved such small
variations in air temperature, logging since June
2008 at an improved 0.1 8C resolution fails to
record regular seasonality (Fig. 4) indicating that
small fluctuations in air temperature may occur
even in the more distal regions of OSM and are
too rapid to be clearly resolved by temperature
loggers recording at 30-minute intervals.

Drip-rate variations and recharge pathways
Following the release of tracers near the end of the
period of winter recharge Photine CU was detected
at sites dispersed along the length of the cave
(Fig. 3). The drip falling onto the Gib04a stalagmite
itself was not monitored but the Photine dye was
detected at seepages nearby. The position of the
two Photine injection sites almost directly above
the cave requires that the detected dye must have
followed a nearly vertical pathway through 68 m
of rock to reach these. Dye was also detected in seepages up to 60 m horizontally NW of the nearest
injection, and 50 m away S –SE. These pathways
have overall deviations of 418 and 368 from vertical,
and indicate that percolation through a network of
interlinked voids spread the tracer laterally
between paths that diverge vertically by up to 778.
The second dye, DY96, was detected at the flowstone site, which lies almost directly down dip
from the injection point (Fig. 3). This dye was
found at only a few of the other sites monitored,
and the fluorescence at these was much weaker
and less prolonged than at the flowstone site.
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Fig. 4. Temperature and humidity variations from 2004– 2009. (a) Mean annual temperatures (MAT) at the airport
(open squares), adjusted by 1.22 8C to be comparable with the cave data as described in the text, compared with historic
OSM spot data and MAT from logging at cave sites Gib04a (closed circles) and Hospital (open circles). (b) spot relative
humidity measurements at the Gib04a and Hospital sites. (c) Comparison of daily mean temperature measurements
measured at seal level by the Met Office (grey) and at the cave entrance (black) with daily average cave air temperatures
measured at the Hospital (weak seasonality) and Gib04a sites (flat line). (d) Spot temperature measurements compared
with logged temperatures at the Gib04a and Hospital sites. The Hospital site displays much larger variations than
Gib04a, which lies deeper in the cave interior. Meteorological data # The Met Office, UK.

However these subsidiary detections were spread
along the length of the cave, indicating that percolation of the DY96 took place along a principal
channel feeding the flowstone site, but was also
spread laterally through a network of subsidiary

channels. The horizontal angle across which this
spread occurred was 708, which is similar to the
vertical angle of spread displayed by the Photine
tracer. The angle between vertical and the pathway
to the flowstone site is 308. Taking the patterns of

SEASONAL MICROCLIMATE CONTROLS ON SPELEOTHEM GROWTH

detection of the two dyes together, it seems probable
that infiltrating waters follow bedding-parallel
fractures for distances up to c. 100 m, but also
migrate vertically down intersecting joints and
small faults. The properties of the 3-D network of
fractures are such that each dye probably spreads
through a volume shaped approximately as an
upright half-cone with its apex at the point of
injection, its axis vertical, and the vertical plane of
bisection of the apical angle lying parallel to the
strike of the limestone beds. The half-angle at the
apex of this cone is about 358. Such strong lateral
dispersion of the tracers implies that infiltrating
water derived from any single point on the surface
must mix extensively with water from other points.
However the fact that DY96 was detected strongly
at only one site indicates that some parts of the
flow network are effectively channeled parallel to
the bedding and that these channeled pathways
encounter relatively few distributary junctions. Such
pathways may be expected to show less mixing, and
seepages fed by them may therefore possess distinctive chemistry and/or hydrological characteristics
compared with others that are derived from better
mixed parts of the network. Such contrasts do in
fact occur between the three seepage sites that
were monitored as part of this work.
Variations in drip discharge rates at three sites
measured at 30-minute intervals across three annual
hydrological cycles are shown in Figure 5 and show
that drip responses to the seasonal pattern of winter
rain differ dramatically at each site. The Gib04a
speleothem site (Mattey et al. 2008) is fed at a low
discharge of 0.04 to 0.06 l/d which shows no
direct relationship to the winter–summer cycle
of recharge or to individual high-rainfall events.
Dye-tracing suggests it is fed by mixed water from
a recharge zone that lies upslope and directly
above the cave chamber where the roof thickness
is 64 m (Fig. 3). The drip rate pattern is consistent
with flow through roof rock which has a capacity
for significant storage and mixing before emerging
at the drip site.
The drip monitoring site in the Dark Rift, situated at a higher level in the cave system (Fig. 2)
shows a more complex drip response that is highly
correlated with periods of heavy rainfall. The enlarged scale in Figure 5 shows that the drip rate has
a base flow component of a similar magnitude to
that seen at a lower level at the Gib04a site, but
this is punctuated by short-lived but intense discharge events which may peak at over 8 l/d for
a few hours. At the beginning of the winter season
there is a six-hour lag between the start of a rainfall
event and the sharp rise in drip rate which
subsequently declines usually to a new, higher
level of base flow. The sharp response may be
termed quick-flow and is suggestive of a channeled
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pathway. Each winter season begins with a high
degree of correlation between rain and quick-flow
events but as the wet season develops this relationship becomes less clear, presumably as recharge
fills the fracture network and flow switching
begins to contribute water from other reservoirs.
Neither dye was detected at this site, but Photine
CU was found at two drips a few metres away,
suggesting that the the main recharge zone for
base flow lies directly above the cave chamber
where the roof thickness is around 38 m. Analogy
with the spread of DY96 tracer suggests that the
recharge for the quick-flow component may
lie somewhat upslope and feed the same reservoir
as the baseflow. The pattern of water chemistry at
this site suggests a source that is quite distinct
from both Gib04a and the flowstone site.
The flowstone site is located at the same level
and less than 4 m away from the Gib04a site
(Fig. 3). Here the drip response shows remarkable
annual regularity with peak discharges around midJanuary exceeding 80 l/d. The discharge rate then
steadily declines for the remaining winter season
and by the start of the following autumn the site is
close to drying up. In winter 2005/6 the flowstone
discharge ceased completely until mid-January
but during 2006/7 and 2007/8, although flows
increased erratically at the start of the winter rainfall
season, the peak discharge was delivered in each
case at the same time in mid-January. Dye-tracing
reveals that this water is fed from a recharge zone
near the summit of the Rock, and groundwater
follows bedding places down to the flowstone site.
The unusual cyclical pattern of delayed peak discharge followed by an exponential decline suggests
the operation of a siphon which carries over accumulated early winter rainfall into a second reservoir
that directly feeds the flowstone. During heavy
periods of rainfall the siphon can be by-passed creating irregular pulses observed before the main discharge event in January. Water reaches this site
via a longer flow path (c. 120 m) and the drip
water, whose composition is also quite different
with higher levels of Ca and total alkalinity (see
below), is depositing flowstone on the cave floor.

Cave water hydrochemistry
The main features of compositional variation in
cave waters are illustrated in Figures 6 and 7. The
Mg/Ca compositions of lake and drip water are
compared on Figure 6a and show coherent trends
consistent with extensive prior calcite precipitation
(PCP) from parental waters having Ca values at
or above the upper limits of the water analyzed
(Fairchild et al. 2000). The rationale for this is that
calcites have much lower Mg/Ca than the waters
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Fig. 5. Comparison of drip discharge rates at the Flowstone, Dark Rift and Gib04a sites compared with daily rainfall
and recharge expressed as monthly P-ET. Daily water discharge rates were calculated using data from continuously
logged using acoustic drip counters and a drop volume of 0.15 ml (Collister & Mattey 2008). Daily rainfall amounts
were measured at the Gibraltar Meteorological Office, 3 km from the entrance to St. Michaels Cave and P-ET calculated
using the Thornthwaite method (Thornthwaite 1948). Meteorological data # The Met Office, UK.
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Fig. 6. (a) Plot of Ca versus Mg/Ca ratios for NSM waters compared with modeled prior calcite precipitation (PCP)
lines. The distribution coefficient for Mg in calcite (KMg) used for modeling is 0.02, but the lines are not sensitive
to the exact value. The pCO2 values correspond to those at equilibrium with calcite for waters of appropriate
Mg/Ca using MIX4 modeling (Fairchild et al. 2000). (b) Similar plot for Sr/Ca; value of KSr used is 0.3 (Huang
& Fairchild 2001). See text for discussion.
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from which they form such that the distribution
coefficient (K) is small:
KMg ¼ (Mg=CaÞwater =(Mg=Ca)calcite ¼ 0:02
(at 17 8C; Huang & Fairchild 2001)

(1)

Hence as calcite is precipitated along the flowline,
Ca changes much more than Mg and drip water
compositions evolve following curves on Figure 6
such as the two PCP model lines illustrated. The
highest-Ca waters along a trendline represent
waters that are least modified and their pCO2
value constrains the minimum value encountered
by the waters along their flow route. The highest-Ca
points are those that feed the flowstone, which has a
recharge zone at a higher altitude and is delivered
to the drip site along bedding planes via a siphon.
The Ca concentrations reach over 140 mg/l Ca,
corresponding to equilibrium at a pCO2 of .1021
( 7% CO2 by volume), and since the cave air has
a much lower pCO2 values, degassing leads to a
high degree of supersaturation and vigorous precipitation of calcite as flowstone. Lake water samples
collected monthly over the monitoring period are
generally more constant in composition relative to
drip water in terms of Ca (around 80 mg/l) and
with initial Mg/Ca ratios similar to drip water
from the Gib04a site (Fig. 6a). The Gib04a drip
water shows a large seasonal decrease in Ca to
below 40 mg/l accompanied by a shift in Mg/Ca
to .1500 as a result of seasonal calcite precipitation
during the summer months (Fig. 7).
Drip waters from the Dark Rift are offset from
the other data samples. Although this could reflect
a source with a lower ratio of dolomite to calcite,
it is notable that the lowest Mg/Ca ratios are very
similar for the Dark Rift waters and the flowstone
waters and both may represent the original composition of bedrock being dissolved. These minimum
1000*Mg/Ca values are around 400, corresponding
to a molar Mg/Ca ratio of around 1/3 suggesting
dissolution of 2/3 dolomite and 1/3 limestone.
Note that the proportion of limestone bedrock
would be expected to be much lower than this
because of faster calcite dissolution (Fairchild
et al. 2000). The reason for the lower Ca values of
the Dark Rift could be that its water acquires its dissolved CO2 from soil air rather than the more
CO2-rich source from which Gib04a is evidently
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derived. Soil air has lower pCO2 values (no more
than 1021.4 ( 4% by volume) according to
Fig. 6a) and indeed variability in soil pCO2 is
expected from its highly varied thickness and
moisture content.
Figure 6b illustrates Sr data which also illustrate
the PCP effects. These data are more scattered at
each site which is probably at least partly analytical
because of the very low Sr concentrations (typically
0.1 ppm) encountered. There is a less marked
increase in Sr/Ca as Ca falls compared with
Figure 6a. This is due to a relatively high value for
KSr (a value of 0.3 was used to construct the lines
in Figure 6b; Huang & Fairchild 2001).
Figure 7 shows monthly variations of cave water
pH, total alkalinity, Ca, Mg/Ca, and d13CDIC, in
relation to drip discharge and cave air CO2 levels
from late 2004 to late 2008/early 2009. An
obvious feature of the data is the strong seasonal
pattern of variation where drip water collected in
winter months has lower pH, highest total alkalinity,
highest Ca, lowest Mg/Ca, and lowest d13CDIC.
Another striking feature is the coherent pattern of
variation displayed by water collected at drip sites
which are each significantly different from each
other in terms of flow paths (Fig. 3) and discharge
patterns (Fig. 4). The flow stone drip water has a
distinctive composition having higher Ca and total
alkalinity levels yet shows the same seasonal
patterns of variation; the lake water reservoir also
displays similar, but more attenuated seasonal variations in hydrochemistry. This commonality in seasonal behaviour suggests a common control that
must be located within the cave, because it affects
waters with such diverse hydrology and chemistry.

Cave air CO2 and ventilation regimes
CO2 mixing ratios in cave air sampled monthly from
NSM at the GIb04a sites and from the lake area are
shown on the lowest graph in Figure 7. As for the
temperature and humidity variations discussed
above, the distribution of cave air CO2 also shows
complex patterns of spatial as well as strong temporal variation which are clearly related to regular
diurnal and seasonal cycles modified by local
synoptic scale weather conditions. Overall, cave
air CO2 mixing ratios show very regular seasonal
variations with highest concentrations in winter

Fig. 7. (Continued) Relationships between rainfall amount, drip discharge, dripwater composition and cave air pCO2
measured between 2004– 2009. Grey bands mark the period between mid-November and mid-April when cave air
pCO2 is highest. From top to bottom: daily rainfall; drip discharge rates from Figure 5 plotted together on a log
scale; monthly dripwater pH, total alkalinity, Ca concentration, 1000*Mg/Ca and d13CDIC. Lower plot is the
concentration of CO2 in deep cave air, measured on monthly spot samples at the Gib04a (black circles) and Lake
(grey circles) sites along with data (unpublished) obtained by continuous logging at 2 hr intervals measured at the
Gib04a site. Meteorological data # The Met Office, UK.
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(3000–6000 ppmv) falling to around 500 ppmv in
the summer. Continuous monitoring of CO2 levels
at seven locations has been carried out since
October 2006 and shows that CO2 concentrations
can exceed 10 000 ppmv for brief periods and are
subject to rapid fluctuations which are closely
related to wind strength and direction rather than
barometric pressure (our unpublished data). These
data also clearly show that the seasonal switch
from high to low CO2 modes is closely correlated
with the temperature difference between the exterior
and interior of the cave which seasonally reverses
chimney ventilation driven by density contrast of
cave air. Thus the high winter levels of CO2 in
cave air are diluted in the summer by penetration
of outside atmosphere.
The switches between winter and summer modes
take place in mid-April and mid-November and correspond to the external temperature respectively
rising above and falling below the MAT of the
deep cave (17.9 8C). The former allows dilution
by the atmosphere and the latter permits CO2
levels to rise by flux from the interior of the Rock.
This chimney ventilation is clearly revealed by seasonal temperature and humidity variations in OSM,
but ventilation dilution of CO2 is observed in even
the most distal regions of NSM despite having no

known natural entrances and only linked to the
show cave via a small hatchway. Furthermore, the
transition from high winter levels to low summer
levels is very rapid and occurs throughout the cave
system within hours. Sealing of the hatchway
between OSM and NSM for a month in August
2007 had no effect on the CO2 behavior in NSM
and dilution of cave air must take place via natural
pathways to other caves or directly to the surface.
These observations, supported by data for CH4 and
d13C data for both CO2 (see below) and CH4 (to
be presented elsewhere), provide compelling evidence for seasonal advective transport of CO2-rich
‘ground air’ through macroporous Gibraltar limestone via enlarged bedding planes and joints.
Whether this process is local to the elevated cave
systems located near the summit of the Rock or
part of a larger scale advective system affecting
cave systems at other levels in the rock is not
yet known.
The carbon isotopic composition of cave and soil
air CO2 is shown on a Keeling plot of 1/CO2 versus
d13C in Figure 8. The d13C of cave air CO2 shows
wide variation between 210‰ to 223‰ which
is a result of mixing between local atmosphere
(d13C ¼ 29.6‰) and an isotopically light CO2-rich
component, a processes also seen in Obir cave

Fig. 8. Abundance and carbon isotopic composition of CO2 in local atmosphere, cave air (all sites) and soil air. Line is
a best fit mixing vector between atmospheric CO2 and a ‘ground air’ CO2 endmember with a d13C of 222‰. See
text for discussion.
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(Spötl et al. 2005). Sources of the CO2-rich ‘ground
air’ component may include CO2 degassed from
groundwater, CO2 from the soil zone that has penetrated the epikarst as a gas phase, CO2 respired from
plant roots that may penetrate deeply into fractures,
and CO2 generated from decomposition of colloidal
or dissolved organic matter in infiltrating water
(Atkinson 1977; Wood & Petraitis 1984; Wood
1985). The tight mixing array on Figure 8 constrains
the ground air d13C as 222.0 + 1.5‰ with no evidence of seasonal variation. Soil CO2 levels
measured from a site vertically above the cave
(Fig. 2) show seasonal variation with lowest
values in the dry summer months and maximum
values reaching 7300 ppmv in the winter when
soil moisture is greatest and bioproductivity is still
active. The isotopic composition of soil air is
shown on the Keeling plot on Figure 8 and forms
a more scattered array that shown by cave air. The
soil air CO2 data are also a resulting of mixing,
this time between a respired CO2 end member and
ambient atmospheric CO2. The d13C of soil respired
CO2 is much more variable, ranging from 212 to
222‰ but does not show evidence of regular seasonality. The heavier values are most likely a
result of diffusive loss of CO2 to the atmosphere
which is greatest during dry periods. Thus the lightest end member values approach the true value of
respired soil CO2 which, at 220‰ (Fig. 8), is slightly
different (i.e. heavier) than the composition of
CO2-rich ground air inferred as the end-member of
the mixed air observed in caves.
Calculated pCO2 in equilibrium with undegassed
cave drip waters (.1021 or 7% by volume, see
above) are much higher than measured soil CO2
concentrations and it is speculated that sites of
karstic CO2 production may lie below the soil
zone in pockets where organic material has accumulated (cf. Atkinson 1977; Wood & Petraitis 1984;
Wood 1985). In this environment CO2 generation
may take place at a more constant rate throughout
the seasonal year to become the main source of
‘ground air’ percolating into the epikarst.

Discussion
Shifts in drip water chemistry may be a result of a
variety of processes including changes in the water
source composition, dilution of groundwater by
rain, calcite precipitation elsewhere in the aquifer
or changes in the degree of CO2 degassing
(Baldini et al. 2006; Banner et al. 2007; Spötl
et al. 2005; Tooth & Fairchild 2003). In Gibraltar,
the drip water compositions are largely independent
of discharge rates and simultaneously have lowest
pH (around 7) lowest d13C and highest Ca in winter
and lowest Ca with highest pH and d13C DIC in
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summer. This seasonal variation is synchronized
with changes in cave air CO2 levels (Fig. 7)
related to reversing chimney ventilation patterns.
Covariance among non-conservative parameters
such as pH, total alkalinity, d13C, Mg/Ca and cave
air pCO2 are consistent with variable degrees of
calcite precipitation coupled to CO2 degassing
which is externally controlled by the switch from
winter ‘high’ to summer ‘low’ levels of cave air
pCO2. Modern speleothem carbonates forming in
this environment are characterized by annual
laminae composed of paired columnar and dark
compact calcite bands which preserve well developed cycles in trace elements and stable isotopes
(Mattey et al. 2008).

Evolution of calcite and drip water
compositions in a seasonally ventilated cave
The composition and carbon isotopic evolution of
drip water undergoing coupled degassing–calcite
precipitation has been modeled as a Rayleigh
fractionation process using PHREEQC and
code adapted from Appelo & Postma (2007) in
Figures 9a, b. The monthly compositions of coexisting cave air and drip water sampled between 2004
and 2009 are plotted on Figure 9a as cave air
ppmv CO2 versus [Ca]drip water and on Figure 9b
as cave air ppmv CO2 versus the d13C of cave air
CO2 and drip water HCO2
3 . Figure 9a also shows
the curve for the compositions of solutions in equilibrium with calcite and CO2(g) at 18 8C and curves
showing the compositions of supersaturated solutions with calcite saturation indices (log of the
ratio of ionic activity product to calcite solubility
product) of 0.5, 1.0 and 1.5. Drip water compositions at both the flowstone and Gib04a sites
define trends which are a result of variable
amounts of coupled degassing–calcite precipitation
from groundwater that is initially in equilibrium
with water in very CO2-rich environments. On
emerging into ventilated cave spaces these waters
are then subjected to degassing cycles driven by
the winter–summer switches in cave air CO2
levels. The flowstone drip waters carry the highest
solute load (Figs 6 & 7) and the elevated Ca levels
require that the groundwater originally equilibrated
with carbonate in a very CO2-rich environment
where pCO2 was in the order of 7% (Fig. 9a). This
far exceeds the observed CO2 levels in the soil
zone suggesting that the site of CO2 accumulation
may be deeper, perhaps within voids along the
inclined bedding planes forming the feeder
network for the drip (Fig. 3). The Gib04a drip
water, fed vertically downwards, equilibrated in an
environment with a maximum pCO2 of around 1%
which is closer to the actual measured pCO2 levels
in the soil zone directly above.
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Fig. 9. Observed and modeled variations in drip water Ca and coexisting calcite, drip water and cave air d13C as a
function of fluctuating cave air pCO2 responding to seasonal reversals in cave ventilation. (a) Calcite solubility curve
and curves representing the compositions of solutions with calcite saturation indices (log of the ratio of ionic activity
product to calcite solubility product) of 0.5, 1.0 and 1.5 calculated for pure water at 18 8C using PHREEQC (Appelo &
Postma 2007). The loci of solution compositions evolving via coupled degassing–calcite precipitation from an initial
solution in equilibrium with calcite and air containing 70 000 ppmv CO2 (pCO2  1021) containing 4.5 mmole/l Ca, of
are shown for ‘summer’ degassing where final equilibrium would be attained under low cave air levels of 500 ppmv
CO2; the four curves represent cases where degassing is 10, 102, 103 (heavy line) and 104 greater than the rate of
calcite precipitation. The cumulative amount of calcite precipitated is shown for the 103 curve which mirrors the
evolution of dripwater at the flowstone site (triangles). The compositions of dripwater (open circles) for the Gib04a site
along with a hypothetical initial solution in equilibrium with calcite and air containing 10 000 ppmv CO2 are shown for
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The two variables that exert greatest control over
the solute and isotopic evolution of carbonate saturated solutions during coupled degassing–calcite
precipitation are: (1) the contrast between the
initial equilibrium pCO2 and that of the new lower
pCO2 environment; and (2) the rate of CO2 degassing relative to calcite precipitation. The contrast
between the initial and final pCO2 is well constrained by field measurements but the kinetics
and rate of degassing and calcite precipitation may
depend on local factors such as the discharge rate,
drip size, water film thickness (for degassing) and
the nucleation and crystal growth mechanisms
during calcite precipitation. Figure 9a shows
modeled degassing curves for the flowstone drip
water compositions using an initial solution in equilibrium with pCO2 set at 7% containing 4.5 mmol/l
Ca. If the pCO2 contrast remains small and CO2
degassing and calcite precipitation keep pace with
each other the solution will evolve following the
equilibrium calcite solubility curve as pCO2
decreases to a new lower level. For CO2 saturated
drip water emerging into a well ventilated space
the CO2 degassing rate will be much greater than
the calcite precipitation rate rapidly forming
calcite supersaturated solutions as shown by the
drip water compositions at both the flowstone and
Gib04a sites in Figure 9a.
The drip water data plotted in Figure 9a represent
three complete ventilation cycles and are the end
product of degassing under two regimes: winter
and summer. To illustrate the effects of different
degassing–calcite precipitation rates, four degassing curves are calculated for ‘summer’ degassing
where final equilibrium would be attained under
low cave air levels of 500ppmv CO2. The curves
represent degassing rates 10, 102, 103 and
104 greater than the rate of calcite precipitation
and show in all cases that solutions rapidly
become strongly supersaturated until delayed
calcite precipitation restores equilibrium at the
new lower pCO2. As the degassing rate increases
the degree of maximum supersaturation also rises
and the form of these curves mirror the observed
trends in drip water evolution (Fig. 9a). Flowstone
drip water compositions suggest that degassing
from at this site was around 103 times faster than
calcite precipitation, and this is also the case for
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Gib04a drip water although at lower overall
degrees of calcite supersaturation (Fig. 9a, open
circles). For degassing under winter conditions the
pCO2 contrast is lower and degassing vectors will
return to the equilibrium curve more quickly. This
is illustrated by the dashed curve on Figure 9a
which is the 103 rate curve (solid line) recalculated
for winter degassing to a cave air pCO2 of 5000
ppmv and embrace data at relatively low Ca levels
sampled under high pCO2 conditions on Figure 9a.
Thus the spread of measured drip water compositions fit within a dynamic degassing model
where degassing vectors are continuously responding not only to seasonal ventilation but possibly
also to the rapid (day-week) synoptic time scale
fluctuations revealed by continuous monitoring of
cave air pCO2.
The evolution of d13C in bicarbonate, cave air
and calcite has been calculated as a Rayleigh
model using PHREEQ as a complete system that
accounts for apportionment of 13C among all coexisting carbon species as a function of changing pH
during degassing (Appelo & Postma 2007).
Monthly values for d13C of coexisting dissolved
inorganic carbon in drip water from the flowstone
and Gib04a sites, and for coexisting cave air CO2
(calculated as the end-member composition ‘added’
as ground air, see Fig. 8) can be compared with the
modeled isotopic evolution of the composition of
least degassed drip water (sampled from within
roof straws at 216‰) under the same summer conditions as the solid degassing curve in Figure 9a,
where the rate of CO2 degassing is set 103 times
faster than calcite precipitation.
Starting with an initial solution having a d13C
of 216‰ (representing the bulk composition of
all carbon components, measured as total DIC)
measured and calculated data d13CDIC are closely
comparable and d13CDIC values rise as a result of
degassing of isotopically light carbon under
decreasing cave air pCO2. The modeled bulk isotopic composition of carbonate is initially remains
fairly constant at around 212.5‰ and rises to
around 210‰ during the final stages of degassing.
Although the instantaneous isotopic composition
of calcite will track that of dissolved bicarbonate
and would rise to isotopically heavy values during
the final stages of degassing, the modeled range in

Fig. 9. (Continued) comparison. The dashed curve represents the case where degassing takes place under winter high
pCO2 conditions. (b) Monthly values for d13C of dissolved inorganic carbon in drip water from the flowstone (and
Gib04a) sites coexisting with end-member cave air CO2 compared with the isotopic evolution of dripwater total DIC,
13
dripwater HCO2
3 degassed CO2 and precipitated calcite. The parent drip water has an initial d CDIC of 216‰ and
degasses under the same summer conditions plotted in Figure 9a as the solid curve. The amplitude of calcite d13C annual
cycles in Gib04a are also shown (from Fig. 10 and Mattey et al. 2008) which closely match the modeled evolution of
calcite d13C responding to degassing. See text for discussion. [Degassing curves are calculated using PHREEQC
and code adapted from Appelo & Postma (2007) with calcite precipitation rate constants from Plummer et al. (1978) and
relevant isotope fractionation factors from Clark & Fritz (1997).]
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Fig. 10. Relationship between petrographic, trace element and stable isotope variations for laminae pairs growing over
four years from 2000–2004 in Gib04a. (a) Macroscopic appearance of the uppermost portion of Gib04a. Active growth
surface on left; width of image 11 mm and adapted from Mattey et al. (2008). (b) Area outlined in (a) prepared from
facing slice as a thin section and viewed in plane polarized light. DCC, Dark compact calcite; LCC, light columnar
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bulk calcite d13C resulting from winter–summer
ventilation cycles of 2– 2.5‰ is very similar in magnitude to the d13C cycles preserved in Gib04a
(Mattey et al. 2008) and there is no evidence of
kinetically enhanced d13C values as found at Obir
cave by Spötl et al. (2005).
The isotopic composition of degassed CO2
shows a similar pattern, the initial stages of degassing show little change around 223‰, rising only
in the final stages of degassing to around 222‰.
The calculated d13C trend for degassed CO2 is
only slightly lower than the d13C of end-member
cave air CO2 but a close match would only be
expected if the source of cave-air CO2 was solely
from locally degassed dripwater. This cannot be
the case as the quantity of drip water percolating
into NSM is very low and the behaviour of CO2 in
the cave suggests that advective processes introduce
‘ground air’ CO2 from elsewhere.

Paired laminae in Gib04a: relationships
between cave microclimate and calcite fabric,
stable isotope and trace element cycles
Modern calcite deposition in NSM results in paired
laminae composed of light columnar calcite (LCC)
and dark compact calcite (DCC) which preserved
regular cycles in trace elements, d13C and d18O
(Mattey et al. 2008). Mattey et al. (2008) assigned
each lamina pair to a calendar year by counting
back from the time of collection (June 2004) and
the age model was confirmed by locating the radiocarbon ‘bomb’ peak in its correct position. The
cycles in d13C and d18O reported in Mattey et al.
(2008) were defined by samples taken at 100-mm
resolution which produced quasi-regular sinusoidal
variation in d13C, but variations in d18O and Sr
were more complex. The d13C minima were found
to be located in the LCC fabric and the switch to
DCC fabrics occurs when d13C and d18O are reaching highest values of the annual cycle but the precise
position of the LCC-DCC fabric transition relative
to stable and trace element cycles, and their timing
within the annual cycle were more difficult to locate.
The cave air monitoring results shows that the
switch between winter high-CO2 and summer
low-CO2 and back again is very rapid (Fig. 7) and
provide time markers for mid-April and midNovember in the annual cycle of d13C in calcite,
which can be used to obtain a better understanding
of environmental and kinetic controls on fabric
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type and trace element uptake during calcite precipitation. The correlation between paired fabrics,
calcite Sr abundance, and stable isotope composition across four growth cycles – representing
calcite deposited between 2000–2004 – are shown
in Figure 10. Figure 10a, taken from Mattey et al.
(2008), shows the macroscopic appearance of the
uppermost portion of Gib04a in a polished surface
where the paired LCC and DCC can be seen.
Figures 10b and 10c show the structure of the final
four cycles in plane polarized light and as an electron backscattered diffraction grain boundary map
which clearly shows the alternations of columnar
macroporous LCC calcite with the microporous
compact DCC calcite which forms the darker
bands visible on cut surfaces. The ESBD image in
Figure 8c shows that the boundary surface
between the LCC and DCC fabrics is irregular and
is marked by a sharper transition from coarse- to
fine-grained. The DCC fabric increases in grain
size and the transition back to LCC is more
diffuse (Fig. 8b).
A new stable isotope profile obtained by micromilling at 50-mm resolution was performed adjacent
to the high resolution trace element profile by
obtained by synchrotron analysis reported in Mattey
et al. (2008) to examine the topology of the isotopic
transitions between the LCC and DCC fabrics. The
stable isotope, trace element and fabric maps can
now be correlated with a confidence of +100 mm.
Each analysis in the stable isotope profile in
Figure 10 nominally represents 2–3 weeks of
growth. They show that the cyclical pattern in
d13C rises to values that remain fairly constant
before falling more sharply to the lower ‘winter’
value. The abrupt switching of pCO2 in the cave
atmosphere implies that the annual cycle of d13C
in the calcite should be a square wave. The high resolution record in Figure 10 may represent a somewhat rounded version of this, rather than the
sinusoidal patterns seen in the lower resolution
profile reported in Mattey et al. (2008). Here the
rounding is introduced because the boundary
surface between the LCC and DCC fabrics is irregular with amplitude of up to 500 mm. Micromill
sampling in 50 mm increments along a 2 mm wide
face aligned parallel to the layering of the laminae
cannot fully resolve a sharp isotopic change corresponding to the jump in cave air pCO2 that occurs
in November and April.
A Sr profile across the four annual cycles was
measured by synchrotron micro-XRF (Mattey

Fig. 10. (Continued) calcite (adapted from Mattey et al. (2008). (c) Grain boundary map of (b) obtained by electron
backscatter diffraction. (d) Sr profile measured by synchrotron m-XRF using a beam 1 micron across in 10 micron steps
(data from Mattey et al. 2008). (e) d13C and d18O profile measured on samples removed from slab (a) in 50 micron
steps by micromilling. Timelines for mid-November (N, grey dashed) and mid-April (A, grey dotted) are shown for
reference. The faint dark band is radiation damage cause by synchrotron microbeam analysis. See text for discussion.
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et al. 2008). The Sr/Ca ratios varies by around a
factor of 2 in dripwater during the monitoring
period at Gib04a (Fig. 6b) which is comparable
with the range of calcite Sr in Figure 10, making it
unnecessary to invoke kinetic effects to account
for annual Sr variability at this site (cf. Fairchild
& Treble 2009). The data in Figure 10 were obtained
using a 1 micron beam in 10 micron steps. They
are not affected by mixing of different calcite
types caused by sampling parallel to irregular
boundaries, but suffer from a different problem in
that the precise position of the irregular LCC –
DCC boundary cannot precisely be mapped along
the Sr line traverse. However it can be seen that Sr
variations closely follow the pattern of variation in
d13C, but Sr values are more constant during
winter deposition of LCC and in summer, where
d13C is more uniformly high (i.e. a plateau with
rounded shoulders caused by micromill sampling),
Sr values peak then gradually decline.
Time lines corresponding to mid-April and midNovember are shown on Figure 10 and it is apparent
that the Sr cycle begins its rise at about the time
of the April transition, but reaches a short-lived
maximum well before the November transition in
July or August. The Sr values then decline through
the autumn and the minimum is reached after the
November transition. Neither the poor ‘square
wave’ resolution of the Micromill nor the uncertainty of the fabric boundaries with respect to Sr
can influence these phase relations, which must
have a different explanation. One possibility is
that the timing reflects the influence of drop interval
on degassing and PCP onto the straw stalactite
above Gib04a. The discharge log in Figure 5
shows that discharge generally increases for a
month or two in mid-summer to autumn, but
because the logged years do not cover the four
years of speleothem growth shown in Figure 10a
precise comparison is not possible. Nevertheless,
if discharge regularly increases in late summer, as
it seems to, there would be less time between
drops for degassing and therefore less PCP, so Sr/
Ca would fall. We suggest timing of the Sr peak represents the onset of increased summer flow at
Gib04a; flow is then slowly reduced again resulting
in increased Sr/Ca values before the November CO2
rise reduces degassing more completely. After the
sharp winter switch in pCO2, PCP slows down and
Sr/Ca falls sharply to the winter minimum plateau.
Thus the details of the d13C and Sr cycles appear
to be subtly decoupled from each other with respect
to fabric development. This is consistent with the
results of the degassing–calcite precipitation process modeled above in which degassing rates are
highly responsive to seasonally variable cave air
pCO2 whereas calcite precipitation rates (around
103 slower, see above) drive the PCP enrichment

of Sr at a far slower rate. Banner et al. (2007) also
showed that calcite precipitation can temporally
cease under high cave air pCO2 conditions and the
sharper junction between LCC back to DCC may
represent a temporary cessation of growth, also
marked by steps in Sr concentration in the calcite.
Clearly, even at this resolution and high level of
confidence in correlating fabrics and chemical profiles, the fabric –isotope–trace element relations
still remain rather ambiguous. However the jumps
in d13C clearly mark the suppression and restoration
of degassing as cave air pCO2 levels rise and fall
sharply in mid-November and mid-April accompanied with synchronous changes in d18O.
Because no clear evidence exists of kinetic
enhancement of d13C during seasonal cycles
several other processes may control the irregular
annual d18O excursions to heavier values seen in
Figure 10, including changes in the composition of
the drip water, and will be discussed further elsewhere. The minimum d18O values, as discussed in
Mattey et al. (2008), represent the dripwater compositions recorded when the cave environment is most
conducive to equilibrium precipitation (i.e. lowest
d13C and highest cave air pCO2) and these values
correlate well with the weighted mean d18O of
winter precipitation over a 54-year period (Mattey
et al. 2008).

Conclusions
Detailed monitoring of three drip sites in NSM
reveals a strongly coherent seasonal pattern of
dripwater compositions despite each site having significantly different flow paths and discharge patterns. Calcite saturation is closely linked to regular
seasonal variations in cave air pCO2 which is
highest between November–April. The seasonal
switch to low pCO2 in the summer is caused by
chimney ventilation linked to temperature differences between the exterior and interior of the
cave. Advection of isotopically homogenous
CO2-rich ground air derived from deeper levels in
the Rock maintains high cave air pCO2 levels resulting in winter speleothem deposition of columnar
calcite having the lowest d13C and d18O values.
Flushing by the outside atmosphere lowers cave
air pCO2 levels in summer leading to higher
degrees of dripwater degassing rates precipitation
a dark compact calcite having elevated d13C values.
A coupled CO2 degassing–calcite precipitation
model links the development of annual cycles in
d13C and dripwater evolution to switching pCO2
driven by seasonal cave ventilation. The model
shows that drip water supersaturation is consistent
with degassing rates 104 greater than the rate of
calcite precipitation and also accounts for the
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observed seasonal d13C variations in coexisting
dripwater, cave air CO2 and speleothem calcite.
The relationships between stable isotope, Sr
and speleothem fabrics across calcite laminae
deposited between 2000 and 2004 have been
examined at the highest possible resolution using
micromilling, synchrotron m-XRF and electron
backscatter diffraction techniques and shows that
d13C and Sr are subtly decoupled from each other
with respect to fabric development. The Sr- d13C
topology is consistent with a degassing–calcite precipitation process where the d13C compositions
of drip water and calcite are highly responsive to
seasonally switching cave air pCO2 whereas
calcite precipitation rates (up to 104 slower, see
above) drive the PCP enrichment of Sr at a slower
and more complex manner.
High resolution speleothem fabric, trace element
and isotope records from caves that have been
closely monitored provide crucial links between the
local climate and the way that climate is recorded
during speleothem deposition and remove some of
the assumptions sometimes necessary in climate
reconstruction from speleothem records. In Gibraltar
the low cave air pCO2 in summer is unusual compared to cave monitoring studies carried out elsewhere and shows that caution is needed when
linking paired speleothem fabrics to specific
seasons without knowledge of local processes operating in the cave. Furthermore, monitoring shows
that the climate recording process may vary among
sites in the same cave resulting in differing bias to
winter and summer growth depending on the interplay between ventilation and hydrological cycles.
We are indebted to John Balestrino, Joanne McCarthy
and Hela de la Paz for help with the cave monitoring
program, to John Cortes (GONHS) for logistic support,
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the help of comments made by two anonymous reviewers.
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