
Science of the Total Environment 408 (2010) 5940–5950

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r.com/ locate /sc i totenv
Fluorescent properties of organic carbon in cave dripwaters: Effects of filtration,
temperature and pH

A. Hartland a,⁎, I.J. Fairchild a, J.R. Lead a, A. Baker b

a School of Geography, Earth and Environmental Sciences, College of Life and Environmental Sciences, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK
b Connected Waters Initiative, University of New South Wales, 110 King St, Manly Vale, NSW2093, Australia
⁎ Corresponding author. Tel.: +44 121 414 5557; fax
E-mail address: axh397@bham.ac.uk (A. Hartland).

0048-9697/$ – see front matter © 2010 Elsevier B.V. A
doi:10.1016/j.scitotenv.2010.08.040
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 21 March 2010
Received in revised form 23 August 2010
Accepted 26 August 2010
Available online 21 September 2010

Keywords:
Organic colloids
Cave dripwaters
Groundwater
NOM
Fluorescence
For the first time the specific fluorescent characteristics of organic carbon (OC) in sequentially filtered cave
dripwater samples have been studied and the proportions of organic carbon in each size fraction quantified.
We examined the effects of pH, temperature and filtration on the fluorescent properties of OC sampled from
four drip points in different seasons. Dripwaters were sampled from both normal (pH 7.5–8.5) and hyper-
alkaline (pH 9–13) drip points in Poole's Cavern, Buxton, UK, which provides a model system for
understanding the effects of pH on the chemical properties of OC. At high-pH values, charge stabilisation of OC
is greatly enhanced, resulting in 10–20 times more coarse colloidal and particulate (N100 nm) organic carbon
than in lower pH dripwaters; indicating that destabilisation (e.g. charge shielding) of colloidal OC is an
important process control on the transmission of OC in cave dripwaters at near-neutral pH. OC fluorescence in
high-pH dripwaters exhibited a high degree of pH sensitivity between pH 10 and 12, consistent with
substantial changes in the coordination or neighbouring environment of fluorescent acidic functional groups.
Inner-filter effects (IFE) associated with the coarse colloidal and particulate fraction of OM mask the true
fluorescent signal, so that size fractionation is necessary to obtain a signal which is correlated with the
concentration of organic carbon. Fluorescence intensities in the samples studied were best correlated with
organic carbon with a dimension b100 nm. These results have important implications for the use of
fluorescence as a tracer in hydrogeological studies.
: +44 121 414 5528.
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1. Introduction

Natural organic matter (NOM) is a major constituent of terrestrial
and aquatic systems and is hugely significant in biogeochemical
interactions, especially at environmental interfaces. In the vadose
zone, organic matter (OM) mediates biochemical reactions through
exchange of cationic and anionic species including major and minor
nutrients (McBride, 1994) and drives heterotrophic metabolism in
soils and groundwaters (Findlay et al., 2003; Einsiedl et al., 2007;
Simon et al., 2007). Organic ligands also strongly coordinate with
toxic heavy metals and hazardous compounds, thereby affecting their
bioavailability andmobility in the aqueous phase (Tipping, 2001; Lead
and Wilkinson, 2006).

Groundwaters are characterised by generally low concentrations
of OM (typically b2 mg l−1 at depths N5 m (Pabich et al., 2001). In
karstic groundwaters, much of the OM which migrates into the
phreatic zone is rapidly mineralised by epilithic (rock-attached)
microbial communities (Einsiedl et al., 2007). It is unclear whether
residual OM present in groundwater avoids mineralisation because of
a limited availability of suitable binding sites on aquifer surfaces as
proposed by Einsiedl et al. (2007), or whether its survival in solution
is instead related to other factors, including composition (hydro-
philicity vs. hydrophobicity), size (particulate, colloidal, and dis-
solved) and hydrogeochemistry (transport, carbonate dissolution/
precipitation, and agglomeration–deposition).

Between its initial mobilisation from soils, and the end-points of
respiration or export from the karstic network, OM in its varied forms
is subject to the effects of hydrogeochemical processes. In particular,
the ionic strength (I) of percolating groundwaters and the residence
(reaction) time of OM in solution are expected to be important factors
in the stability of OM in the colloidal size range (i.e. possessing a
dimension between 1 nm and 1 μm). As predicted by the DLVO
theory, higher ionic strengths lead to increased agglomeration/
aggregation due to charge shielding, compression of the electric
double layer and particle attraction via van der Waals forces (Buffle
and Leppard, 1995; Lead and Wilkinson, 2006). High divalent cation
concentrations also promote the formation of colloidal aggregates
through cation-bridging reactions between OM and inorganic phases
such as metal oxides (Fe, Al, andMn) and aluminosilicates (Buffle and
Leppard, 1995; Mavrocordatos et al., 2000; Lead andWilkinson, 2006;
Majzik and Tombácz, 2007). However, OM has also been shown to
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stabilise inorganic colloids via steric (non-charge related) mechan-
isms (Tipping and Higgins, 1982; Diegoli et al., 2008).

Dissolved organic carbon (DOC) is defined as those compounds
below a cut-off of 0.45 μm, although this has long been recognised as a
somewhat arbitrary definition (Thurman, 1985). In fact, aquatic
colloidal materials exist down to 1 nm in size (Lead and Wilkinson,
2006), and in karst, OM is known to exist within colloidal aggregates
Fig. 1. Fluorescence Emission–Excitation Matrices (EEMs) of dripwater sampled at Poole's
(centre).
with diameters well below 0.45 μm (Mavrocordatos et al., 2000;
Hartland et al., 2010). In addition, the concentration of colloidal
entities in fractured aquifer systems has been shown to be negatively
correlated with the ionic strength of solution (McCarthy and
Shevenell, 1998) and thus, (de)stabilisation (induced by changes in
I during equilibration with calcite) of OM in the colloidal size range is
a potentially important process control affecting the transmission of
Cavern in December 2008. Peak A and C fluorophores are indicated on the PE1 plot
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OM in karstic networks (Baker and Genty, 1999). However, the
influence of these geochemical factors on the behaviour of OM in karst
groundwaters has not been previously examined.

Dissolved organic carbon concentration and UV-fluorescence have
been widely applied as hydrologic tracers in cave studies (Baker et al.,
1997; 1999a; Cruz et al., 2005; Ban et al., 2008) and groundwaters
(Lapworth et al., 2008; 2009) and fluorescence is a suitable technique
for the characterisation of organic carbon in a range of sizes
(Seredynska-Sobecka et al., 2007). The primary fluorophores associ-
ated with humic-like materials (peaks A and C, defined in Fig. 1) have
been identified in previous studies of surface (Smart et al., 1976) and
cave waters (e.g. Baker and Genty, 1999) and are known to respond to
changes in environmental factors (e.g. pH and T) through changes in
excitation and emission wavelengths and fluorescence intensities
(Patel-Sorrentino et al., 2002). Experimental manipulation of these
variables can thus yield valuable information pertaining to the
conformation and composition of organic compounds (Baker, 2005).

In this study 3D Emission Excitation Matrix (EEM) fluorescence
(maps of organic matter fluorescence intensity in optical space) have
been applied to the study of the organic matter in cave dripwaters.
The effects of pH, temperature, dilution and filtration on the
fluorescent properties of OM in sequentially filtered dripwater
samples were examined in selected samples taken at points
throughout a hydrologic year. Fluorescence EEMs were also used to
characterise sequentially filtered OC sampled from the same drips on
a monthly basis.

2. Methods

2.1. Site details

Poole's Cavern (PC) (53°12′N 1°56′W), Buxton, UK (mean annual
rainfall and temperature 1300 mmand 9 °C, respectively), is a shallow
epigenetic cave developed in Carboniferous limestone (Pitty, 1966).
Although covered by secondary deciduous woodland since circa
1820 AD, the hillside above the cavern had previously been covered
by waste from lime workings, the remnants of which still affect the
geochemistry of PC dripwaters. Soils at the site consist of a leaf-litter
layer, overlying a dark-brown, organic-rich top soil (Brown Ranker
(Baker and Genty, 1999)), beneath which are laterally varying
proportions of lime waste and limestone fragments.

Percolating rainwater readily dissolves calcium oxide present in
the lime waste, forming calcium and hydroxyl ions and resulting in
dripwater pH values between pH 9 and 13 (Table 1). Hyper-alkaline
dripwaters in PC are numerous but there are also many spatially
proximate drip points characterised by typical karstic geochemistry.
Above pH 9.5 the normal mechanism for carbonate precipitation is
overturned and CaCO3 precipitates via the reaction:

Ca2
+
aqð Þ + CO2 gð Þ + OH−

aqð Þ↔CaCO3 sð Þ + Hþ
aqð Þ ðiÞ

as opposed to the normal reaction:

Ca2
+
aqð Þ + 2HCO2−

3 aqð Þ↔CaCO3 sð Þ + CO2 gð Þ + H2O aqð Þ: ðiiÞ

In (i) CO2 is a reactant, rather than a product of carbonate
precipitation (ii) (Macleod et al., 1991).

The hyper-alkaline percolation waters of PC produce distinctive
rapidly growing “poached egg” stalagmites which form at growth
rates up to 1 cm per year, two orders of magnitude greater than
speleothems forming by the usual reaction pathway (ii). Baker et al.
(1999b) reported on the luminescent properties of stalagmites from
PC, as well as the bulk luminescence properties of dripwater feeding
the PC-97-1 stalagmite. Water samples from the same drip point were
also investigated in this study (here designated as PE1). The wide
range of pH values encountered in Poole's Cavern dripwaters provide
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a model system for understanding the effects of geochemical
processes on the composition and size-speciation of OM in cave
dripwaters (Hartland et al., 2010).

Five drip points at PC were selected for the investigation of the
fluorescent properties of colloidal fractions. Each drip point was
sampled on a monthly basis between August 2008 and August 2009.
Bulk samples from drip point PE1 were also taken more frequently
during the summer, autumn and winter of 2008 to provide additional
information to aid the interpretation of the PC-97-1 stalagmite re-
growth, which was removed in June 2008. In Table 1 the mean
physiochemical properties of each drip point are given.

2.2. Sample collection and size fractionation

Materials used in the sampling and filtration of dripwaters were
rigorously cleanedusing 10%HNO3 andBarnsteadNanopure deionised
water (hereafter DIW, 18.2 MΩ cm−1)). All glassware was acid-
washed and then combusted at 550 °C in a muffle furnace for 5 h.
Filters were pre-cleaned using 10% HNO3 and DDIW in a ratio of 1:3
using the largest practicable volumes given the respective flow-rates.
Filters used in sequential filtrations were Whatman GF/B and What-
man 0.1 μm cellulose nitrate filters, and Millipore 1 kDa regenerated
cellulose ultra-filtration membranes. The cleaned Whatman 0.1 μm
filters and Millipore 1 kDa membranes were kept in 2% HNO3 during
storage (1–3 days) and in DIW for 24 h prior to use. Extensive
information on sampling methods and fractionation protocols are
available in the supporting documentation (Appendix A).

2.2. Chemical and fluorescence analysis

Despite a rigorous filter cleaning procedure, sequential filtration of
dripwater samples resulted in an accumulation of non-fluorescent
organic carbon (cellulose from the filter membranes) in each
successive permeate. In order to quantify the TOC content of size-
separated fractions, a blank correction procedure was thus applied to
all TOC determinations of filtered dripwater. Procedural blanks were
completed using DIW, following the same procedure used in sample
collection and preparation. The TOC values presented herein are
blank-corrected mean values and quoted errors are the standard
deviation of the replicated analyses. The limits of detection for each
filter fraction are defined as three times the standard deviation of the
procedural blanks. See Fig. 1S in the supporting documentation for the
results of TOC procedural blanks (Appendix A).

In addition to the routine analysis of size-fractionated water
samples, experiments were also conducted into the effects of
Fig. 2. The peak A and peak C emission wavelength to intensity relationship in Poole's Cavern
high fluorescence intensities for the range of TOC concentrations measured. Peak fluoresce
drip points in the normal range of pH (BC1 and BC2).
temperature, dilution and pH on the emission wavelength and
intensity of fluorescence in selected samples. In the pH-adjustment
experiments, the pH of samples was modified by drop-wise addition
of Ultrapure 0.1 MHCl and Aristar 0.1 MNaOH, and pHmeasuredwith
an Orion 3 Star bench top pHmeter (Thermo Electron Corp) and VWR
pH probe. Thermal quenching of fluorescence intensity was con-
ducted at temperatures between 10 and 45 °C at 5 °C increments
using a Peltier temperature controller attached to a Varian Cary
Eclipse spectrophotometer. Instrumental methods for the determina-
tion of total organic carbon (TOC) concentration and fluorescence are
described in Seredynska-Sobecka et al. (2007) and additional
information including aqueous geochemistry methods is provided in
the supporting documentation (Appendix A).

All fluorescence intensity values reported in this manuscript have
been corrected using the Raman peak intensity measured at 348 nm
excitation, 5 nm slit width. Instrument-specific corrections were not
applied. Results from procedural blanks demonstrated that organic
carbon leached from filter membranes was non-fluorescent and blank
values were equivalent to DIW.

3. Results and discussion

3.1. Fluorescent and hydrochemical characteristics

Fluorescence signatures in Poole's Cavern drips corresponded to
humic- and fulvic-like compounds with characteristic fluorescence at
the peak C (excitation–emission pair of 290–340:395–430 nm) and
peak A (excitation–emission pair of 265–280:300–370) fluorophores.
Tryptophan-like fluorescence (peak T) which is correlated with
microbial breakdown of OM (Baker et al., 2008) was absent in all
dripwater samples with the exception of a prominent, transient signal
in RC1 dripwater during a period of low flow in July 2009.
Representative EEMs corresponding to each studied drip point are
given in Fig. 1 and the primary fluorophores identified in the centre
(PE1) plot.

In the mildly-alkaline drips (pH 7.5–8.1, BC1 and BC2) the
fluorescence signal was typically weak; this is consistent with the
low TOC concentrations measured and is comparable with fluores-
cence intensity values from other cave studies (Baker and Genty,
1999; Baker and Bolton, 2000). Contrastingly, the high-pH dripwaters
(RC1, RC2 and PE1) were characterised by elevated TOC concentra-
tions 2–3 times that in the BC1 and BC2 drip points, and very high
fluorescence intensities (Table 1 and Fig. 1). Peak fluorescence in the
high-pH dripwaters was also shifted to shorter wavelengths relative
to thatmeasured in BC1 and BC2, in particularwith respect to the peak
dripwater samples. Samples from high-pH drips PE1, RC1 and RC2 exhibited abnormally
nce emission wavelengths were consistently shifted to shorter wavelengths relative to

image of Fig.�2


Fig. 3. Principal components analysis of Poole's Cavern dripwater hydrochemical variables and fluorescence characteristics. (a) Bi-plot of variables and factors showing data
distribution from each location. (b) Correlations between variables and factors. Length of vectors relates strength of correlation of variables with sample locations. PC1 explains ~50%
of the variability in the data, and separates high and low pHwaters. PC2 explains ~10% of the variability and comprises all inorganic elements except potassium. PkC=peak C, PkA=
peak A, EM = emission, TOC = total organic carbon.
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C fluorophore. In Fig. 2, peak fluorescence intensities in raw samples
are plotted against sample pH (measured immediately after sample
collection).

Changes in pH can have a direct quenching effect on OM
fluorescence intensity and emission–excitationwavelengths (Vodacek
and Philpot, 1987; Patel-Sorrentino et al., 2002). At alkaline pH, OM
fluorescence intensity typically increases by a few tens of percent
(Spencer et al., 2007), but the increases in fluorescence intensity
observed in the hyper-alkaline dripwaters studied herewere an order-
of-magnitude greater (up to 100% more peak C fluorescence at pH 12
than at pH 8); therefore, in terms of their pH sensitivity of
fluorescence, the OM in the high-pH dripwaters was distinct from
aquatic OM examined in previous studies (the effects of pH on OM
fluorescence attributes are examined in detail in Section 3.4).

The relationship between fluorescence, TOC and hydrochemical
variables was investigated using principal components analysis
(PCA) (Fig. 3). PC1 explains ~50% of the variability in the data, and
separates high and low pH waters. High-pH waters had high raw
fluorescence intensity, low raw fluorescence emission wavelengths,
high K+, high peak A fluorescence intensities (b100 nm), higher EC,
and greater Ca2+, SO4

2+ and TOC concentrations. PC2 only explains
~10% of the variability and comprises all inorganic elements except
K+. It is notable that discharge loads equally on PC1 and PC2, and
that the b100 nm fraction fluorescence properties do not fall in the
same scores as raw values.

Elevated potassium concentrations (1–10 ppm) were found in all
hyper-alkaline drip points compared to the lower pH drip sites (BC1
and BC2; K+b1 ppm). Potassium is expected to originate from ash
deposits associated with lime waste. Elevated SO4

2− concentrations
(1–50 ppm) were also associated with the hyper-alkaline dripwaters
Table 2
Summary drip point hydrology.

Site RSD of discharge
(%)

Max discharge
(μl s−1)

Mean discharge
(μl s−1)

BC1 27 87 58.4
BC2 32 42 27.7
PE1 75 49 8.7
RC1 149 35 5.4
RC2 114 95 27.8

RSD = relative standard deviation; Max = maximum.
and may also originate from ashes (SO4
2− concentrations in BC1 and

BC2 were generally b10 ppm).
Organic carbon concentration in Poole's Cavern dripwaters was

dominated by the high-pH conditions, with little association with drip
discharge (Fig. 3). Higher pH conditions in the hyper-alkaline dripwater
samples (PE1, RC1 and RC2) were associated with higher TOC
concentrations (Table 1), although PCA revealed that this association
was strongest between pH and TOC in the PE1 dripwater—which had a
consistently lower I than RC1 and RC2 (Fig. 3). The higher TOC content
of PE1 is thought to relate to charge stabilisation of colloidal OC in the
PE1 dripwater (Table 1).Wemay therefore infer that OCwas less stable
at equivalent pH and higher I in RC1 and RC2 dripwater. Charge
stabilisation occurs at elevated pH values because functional groups
associatedwith organic acids, colloid and particle surfaces, deprotonate,
causing the development of increased electrostatic charge and
therefore repulsion (Tipping, 2001); whereas at higher I aggregation–
deposition may be enhanced due to charge shielding (Buffle and
Leppard, 1995).

The emission wavelength of peak A and C fluorescence (in raw and
filtered samples) was best correlated with peak C fluorescence
intensity b100 nm in the BC1 and BC2 samples: indicating composi-
tional shifts in OM coinciding with higher fluorescence intensity. The
geochemical variables (Cl− and NO3

−) were not significantly associ-
ated with OC concentration or fluorescence. The concentration of
these anions instead varied according to other processes, being
independent of the effects of high pH, e.g. Cl− being largely derived
from marine aerosol. The overall impact of minor ions (e.g. K+, Cl−,
NO3

−, and SO4
2−) on fluorescence is expected to be subordinate to the

overall effect of I on the conformation of OC and associated
fluorophores (i.e. through charge shielding), although the effects of
different electrolytes and I on NOM fluorescence, are yet to be
examined experimentally.

The discharge characteristics of each drip point were indicative of
substantially different flow routing (Table 2). With the exception of
RC2, coherent responses in discharge to rainfall variability were not
observed. Longer residence times for waters feeding BC1 and BC2 are
inferred based on their lower variability of discharge, whereas the
discharge of drip points RC1 and RC2 was much more variable,
possibly indicating a contribution of flow originating from more
responsive fractures in the epikarst and lower aquifer (Fairchild et al.,
2006). However, the extent to which hydrological routing impacted
on the concentration and composition of OM is not clear. Fluorescent

image of Fig.�3


Fig. 4. Box plots of peak A and peak C fluorescence intensity (%) in the permeates of sequentially filtered Poole's Cavern dripwater samples relative to that in the raw (unfiltered) sample.
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characteristics of OM in the high-pH drip points were substantially
similar despite their apparently divergent hydrology. As previously
discussed, variations in flow routing are likely to impact on OM
composition in karst aquifers, but in Poole's Cavern, high pH appears
to dominate both the fluorescence of OC and its size-distribution
(Table 1).
3.2. Effects of filtration and dilution

The fluorescence intensity of OM in dripwater samples typically
increased following sample filtration, especially with respect to peak
A. Deionised water (DIW) filter blanks were negligible and therefore
the increases in fluorescence were attributed to a reduction in the
inner-filtering of light by solids. Inner-filtering was first recognised in
strongly absorbing samples (high TOC) and occurswhen the incoming
(or outgoing) light is unable to fully penetrate the sample leading to
an attenuation of the fluorescence signal (Bashford and Harris, 1987;
Mobed et al., 1996). Hence, at a given OC concentration the
fluorescence–TOC relationship departs from linearity (Mobed et al.,
1996) and with respect to peak A (in freshwaters and sewage
effluents), there is no point at which inner-filtering is completely
negated by dilution (Hudson et al., 2007).
Fig. 5. Summary of the interrelationship between total organic carbon (TOC)
concentration, peak A and peak C fluorescence intensity in raw and sequentially
filtered Poole's Cavern dripwaters (average values). Colloidal fluorescence at peak A is
entirely quenched by inner-filtering of light. Peak C fluorescence of colloids is strongly
quenched by particulates in most samples.
Increases in fluorescence following filtration have been observed
by previous authors, but they have not been explicitly attributed to
the removal of solids (Patel-Sorrentino et al., 2002; Seredynska-
Sobecka et al., 2007; Liu et al., 2007). In order to investigate this
process, a series of dilution experiments were conducted with size-
separated dripwater samples collected in November–December 2008
and May–June 2009. We found that the fluorescence intensity of both
fluorophores in raw and filtered dripwaters was generally sub-
optimal. Inner-filter effects (IFE) were strongest with respect to peak
A, with fluorescence intensities in the 2:1 diluted samples ranging
between 51 and 113% of that in the undiluted samples; peak C
fluorescence intensities ranged between 50 and 81%. OM fluorescence
in both normal and high-pH cave dripwaters was found to be
quenched by IFE even at low concentrations and after removal of all
colloids (i.e. following ultrafiltration at 1 kDa). Therefore, it is
appropriate to speculate that the mechanism by which fluorescence
was quenched corresponds to self-absorption, although light scatter-
ing by colloids and particulates may also be important.

In Fig. 4, the fluorescence intensities in sequential filter permeates
are plotted as a percentage of the fluorescence measured in the raw
sample. As in the dilution experiments, peak A fluorescence was
generally more sensitive to filtration (Fig. 4). In RC1, RC2 and BC1
samples, median peak C fluorescence was slightly reduced between
filter permeates, while peak A fluorescence increased strongly in the
0.1 μmand 1 nm fractions. But, in PE1, themedian peak C fluorescence
was slightly reduced by each successive filtration, reflecting the
removal of a sub-fraction of fluorescent OM by each filter step.
Increases in peak A fluorescence intensity below 100 nm in the BC1,
RC1 and RC2 dripwater samples may be consistent with the removal
of largely non-fluorescent light scattering colloids in these samples.
However, the results from all the dripwaters show that fluorescent OM
was concentrated in the dissolved fraction.

The impact of filtration on fluorescence intensity and OC
concentration is summarised in Fig. 5. Overall, fluorescence intensity
at peak C was associated with colloidal OM to a greater extent than
peak A: peak C fluorescence intensity was generally reduced by
sequential filtration between 1 μm and 1 nm (following an initial
increase between the raw sample and the 1 μm filter permeate)
(Fig. 5). Contrastingly, peak A fluorescence increased with each
successive filtration, confirming that this fluorophore is much more
sensitive to IFE (Hudson et al., 2007) and less specifically associated
with colloids than peak C (Fig. 5). Overall, coarse colloidal materials
contributed a disproportionally small amount of the total fluorescence
in the studied samples, relative to the substantial amount of organic
carbon resident in the colloidal phase in hyper-alkaline dripwater.

Thus, even though the colloidal OM exhibited some intrinsic
fluorescence, this was typically less than or equivalent to its
quenching effect; so that when the colloidal component was removed
by filtration, the net result was that the fluorescent signal in the
filtered sample was either not substantially altered, or enhanced. This
process is summarised as follows:

PkAFIcoll + PkAFIdiss–PkAIFEcollð Þ≤PkAFIdiss ðiiiÞ

PkCFIcoll + PkCFIdiss–PkCIFEcollð Þ≥PkCFIdiss ðivÞ

where FIcoll and FIdiss are the intrinsic fluorescence intensities of the
colloidal and dissolved organic fractions, and IFEcoll is the fluorescence
intensity of the dissolved fraction that is quenched by inner-filtering
by the colloidal system.

In Fig. 6, the relationship between fluorescence and TOC
concentration is shown with respect to the high-pH samples: it is
apparent that fluorescence intensity in the unfiltered samples does
not reflect the concentration of OC, but fluorescence intensity at
b0.1 μm is correlated with OC concentration. We argue that this
reflects the importance of IFE in these samples.

image of Fig.�5


Fig. 6. Relationship between TOC concentration and peak C and peak A fluorescence intensity in Poole's Cavern high-pH drips (combined data) in (a) the raw samples and (b) in
permeate of the 100 kDamembrane. TOC and fluorescence intensity values in the 100 kDa filtered samples are correlated demonstrating that the coarse colloidal (N100 nm) fraction
of TOC did not contribute substantively to bulk fluorescence properties of dripwater samples and that fluorescence intensity variations in Poole's Cavern dripwaters are
representative of predominantly dissolved compounds. It was not possible to test this relationship with TOC in the 1 kDa ultrafilter permeates because TOC in themajority of samples
was below the limit of detection.
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3.3. Thermal quenching of fluorescence in size-fractionated samples

Thermal quenching of fluorescence was conducted on size-
separated dripwater samples taken in October and December 2008
and March 2009, from drip points PE1, RC1 and RC2, and BC1
dripwater sampled in March, June and August 2009. Because the
Fig. 7. Thermal quenching of fluorescence intensity in size-fractionated Poole's Cavern dripw
○=1 μm, *=1 nm). Top row=peak C fluorescence intensity and bottom row=peak A fluo
by expressing fluorescence intensities as a percentage of the total fluorescence detected
supplementary information.
absolute fluorescence intensities varied both spatially and temporally,
fluorescence intensities in each sample were normalised by expres-
sing the intensities as a percentage of the total fluorescence detected
between 10 °C and 45 °C, for each fluorophore. In order to evaluate
the nature of the fluorescent response to temperature without
introducing bias, the data points from each size fraction were linearly
ater samples from RC1 and BC1 drip points in different months (□=raw, Δ=100 nm
rescence intensity. Fluorescence intensity values were Raman-corrected and normalised
between 10 and 45 °C. Full dataset including table of statistics is provided in the
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regressed against temperature. The gradient from the regression
equation and the correlation coefficient were then used in further
statistical analysis.

In Fig. 7, the thermal quenching behaviour of size-separated OM
from the BC1 and RC1 drip points is shown (the full dataset is given in
Fig. 7S and Table 3 in the supporting information (Appendix B). Linear
regressions of the amassed data show that the nature of the thermal
response of OM in each drip point did not vary, either between size-
separated fractions or between months. In fact, at the 0.05 level no
statistically significant shift in the thermal response was found
between the population means of the RC1, RC2 and PE1 drip points
(2-way ANOVA, Bonferroni test, n=48). However, the thermal
quenching of peak C fluorescence in OM from the BC1 drip was
found to be significantly different at the 0.05 level from that of the
high-pH drips. Indeed, OM in the BC1 drip was significantly less
sensitive to temperature, but with more scatter in the data, which is
probably the result of a lower signal-to-noise ratio in fluorescence
from BC1. This shows that fluorophores in OC in BC1 samples were
significantly less exposed to the light source (Baker, 2005) than in OC
from the other studied drip points. Hence, this finding indicates a
conformational difference in OC between the BC1 and high-pH drips.
Thermal quenching of peak A fluorescence intensity in the BC1
samples was also found to be significantly different to the RC1 and
RC2 samples, but not with respect to those from the PE1 drip point.

Overall, there was no difference between size fractions in any of
the drips in terms of thermal response. Hence, we can conclude that
Fig. 8. Effects of pH adjustment on fluorescence intensity and emission wavelength of peak C
expressed as the percentage intensity per gram of carbon relative to Suwannee River Fulvic
intensity of SRFA). Exp = experiment.
fluorophores in organic compounds in all size-classes were exposed to
the light source to a similar extent and that fluorophores in the high-
pH drips were exposed to the light source to a greater extent than
those in the BC1 dripwater samples. Because the BC1 samples were
not pH-adjusted prior to the thermal quenching experiments it is not
possible to determine whether this difference originates from
compositional factors or simply because of the lower pH of the BC1
samples.

It is important to emphasise that although the absolute fluores-
cence intensity values did vary between size fractions, and were
typically enhanced in filtered samples as found by Liu et al. (2007), no
statistically significant difference between the thermal sensitivity of
size-separated fractionswas detected. Thismost probably reflects that
the colloidal fraction of organic carbon in the samples did not strongly
contribute to themeasured fluorescence signal and that the measured
thermal response was primarily related to truly dissolved compounds
(nominally b1 nm; i.e. those compounds permeating a 1 kDa
membrane).

3.4. The pH–fluorescence relationship in Poole's Cavern dripwaters

As already discussed, the samples from high-pH drip points
exhibited unusually high fluorescence intensities and shorter peak
emission wavelengths (relative to other drips studied). In order to
examine the effect of pH on the fluorescence characteristics of OM in
these dripwaters, a subset of dripwater samples were pH-adjusted
and peak A fluorescence in Poole's Cavern dripwater samples. Emission intensities are
Acid (SRFA) (International Humic Substances Society) at equivalent pH (100 equals the
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and analysed using fluorescence EEMs. The TOC concentration in the
pH-adjusted samples was also measured to ensure that variations in
fluorescence were independent of the TOC content. Experiments were
repeated on consecutive months (July and August 2009) with the
exception of water sampled from RC2 (sampled in November 2008
and August 2009). Both raw (unfiltered) samples and those filtered at
0.1 μm were used in order to evaluate whether pH effects were size-
specific. In Fig. 8, the fluorescence intensity in the pH-adjusted samples
is plotted as the percentage deviation relative to Suwannee River Fulvic
Acid (SRFA) standard prepared at 5 mg l−1 and an equivalent pH value
(±0.1). The SRFAstandardwasused for comparison because it is a small
hydrophilic compound which responds to elevated pH in a predictable
and consistent manner, typical of aquatic OM, i.e. an increase in
fluorescence intensity between pH 1 and 11 and a slight decrease at pH
12 (Patel-Sorrentino et al., 2002; Spencer et al., 2007).

Changes in fluorescence characteristics with pH are the result of
changes in the coordination or neighbouring environment of
fluorescent acidic functional groups (e.g. phenols and other aromatic
acids) which occur due to deprotonation, indicating enhanced intra-
molecular repulsion between negatively charged functionalities
(Tipping, 2001). Therefore, at high pH, conformational changes in
the organic molecules may occur (e.g. uncoiling), changing their
exposure to incoming light (Miano et al., 1998; Senesi et al., 1991a,b).

Relatively greater increases in fluorescence intensity at high pHmay
thus be indicative of the presence of high molecular weight (HMW),
conjugated compounds. Pronounced pH sensitivity of fluorescence in
organic compounds is possibly indicative of a greater proportion of
functional groups possessing higher activation energies, which may in
turn result in stronger binding of trace metals (Stern et al., 2007) and
this is of importance for transport and availability of trace metals at the
growth surfaces of calcareous cave precipitates [speleothems] (Borsato
et al., 2007; Fairchild and Treble, 2009; Fairchild and Hartland, 2010;
Hartland et al., 2010).

The fluorescence intensity of OM from BC1 displayed little change
between pH 8 and 12 (relative to SRFA), and thus the pH sensitivity of
OM fluorescence in the normal pH dripwater (BC1) is consistent with
the SRFA standard (Fig. 8). At high pH, emission wavelengths in the
BC1 dripwater were found to increase (red-shift) marginally for the
longer wavelength fluorescence (peak C) and decrease (blue-shift) by
a similar amount at shorter wavelengths (peak A). Spectral shifts
resulting from pH changesmay reflect the type of OM present (Mobed
et al., 1996), but inconsistencies between published studies make it
difficult to use such information as a reliable diagnostic tool (Tam and
Sposito, 1993; Patel-Sorrentino et al., 2002). Nevertheless, differential
behaviour in the pH sensitivity of peak A and C is indicative of their
association with structurally distinct classes of OM (Patel-Sorrentino
et al., 2002).

Unlike the BC1 samples, those from the high-pH sites (PE1 and RC2)
were found to be highly sensitive to increases in pHwith respect to the
peak C fluorophore (Fig. 8). In particular, the RC2 dripwater sampled in
November 2008 exhibited by far the greatest relative increase in peak C
fluorescence at high pH. This may reflect the presence of HMW, poly-
aromatic OM in the RC2 dripwater at this time and is consistent with
longer peakCemissionwavelengths ofOMobserved in theRC2 sampled
in autumn andwinter 2008; shifts to longer emissionwavelengths have
been suggested to be consistent with the presence of more aromatic,
humic-like compounds (Miano et al., 1998; Senesi et al., 1991a,b).

In the PE1 dripwater samples the results for peak A fluorescence
were markedly different between consecutive months. In July, the
peak A fluorescence response to pH increase was small but positive,
whereas in August the peak A fluorescence response was strongly
negative, characterised by a sharp decline at pH 9 followed by a partial
recovery above pH 10.

Despite fluctuations in the pH sensitivity of fluorescence intensity
in the high-pH dripwater samples, all samples investigated displayed
spectral shifts into shorter wavelengths at both peak C and peak A.
This behaviour is distinct from the BC1 samples and is consistent with
the overall trend towards shorter emission wavelengths and higher
fluorescence intensities in samples from the high-pH drip sites
(Fig. 2). Peak C fluorescence in the high-pH dripwaters increased
significantly above pH 10, whereas the BC1 sample exhibited a
comparatively muted increase.

The large increases in fluorescence intensity observed at high pH
are unusual for aquatic NOM (Vodacek and Philpot, 1987; Patel-
Sorrentino et al., 2002; Spencer et al., 2007). For example, we calculate
using data from Spencer et al. (2007) that the pH sensitivity of
fluorescence (per g OC relative to SRFA) between pH 8 and 10was 70–
85% in waters draining an upland peat area (A11 Chirdon Burn) and
145–150% in river water from a predominantly rural/agricultural
catchment (A4 River Taw); also Patel-Sorrentino et al. (2002) found
that fluorescence intensity at both peak C and peak A did not increase
between pH 10 and 12 in any sample studied from rivers of the
Amazon Basin and in some samples was found to decrease by around
10–20%.

In general, the pH-induced fluorescence intensity shifts were
comparable between the raw and 0.1 μm filtered samples, with the
exception that intensities per g of carbon were typically higher in the
filtered samples (Fig. 8). TOC concentration in the 0.1 μm permeates
was reduced compared to that in the raw sample, but fluorescence
intensity in the 0.1 μm permeates was generally not substantially
altered (e.g. PE1 peak C intensity (units) in experiment 2 at pH 12 for
the raw and filtered samples was 209.8 and 195.1, respectively) and
hence, the fluorescence intensity per gram of carbon increases
substantially (Fig. 8). This does not reflect an increase in the
fluorescence intensity of OM following filtration, but rather, it reflects
the fact that themajority of the colloidal OM removed by the filtration
step did not contribute substantially to the total (net) fluorescence of
the raw sample, i.e. fluorescence of colloidal OM in the dripwater
samples was largely quenched by inner-filtering.

4. Conclusion

Charge substantially stabilises colloidal OC, especially at high pH
(pH 9–13) drip points; organic-bearing colloids in typical, (pH 7.5–
8.1) karstic drips, are less stable as they are expected to have a lower
charge. Removal is most likely by coagulation–deposition or adsorp-
tion onto aquifer surfaces although it is possible that higher
concentrations of OM are mobilised in soils where this occurs
coincidentally with dissolution of CaO in lime waste. Given that
fulvic-like compounds are, by definition, soluble at all pH values, high-
pH conditions in Poole's Cavern dripwaters may stabilise a greater
proportion of more hydrophobic, humic-like compounds in the
colloidal size range, possibly associated with the peak C fluorophore.

Fluorescence intensity (both at peaks A and C) is strongly affected
by fluorescence inhibitors in the colloidal and particulate size range.
This process is important to the interpretation of fluorescence signals
in raw water samples and implies that fractionation of OM is
necessary to obtain a true fluorescence signal which correlates with
OC concentration.

The fluorescent response of fractionated OM to changes in
temperature was no different to that observed for dissolved
compounds (with a dimension b1 kDa). This most probably reflects
that organic fluorescence in colloidal fractions was substantially
quenched by one or a combination of several processes, including:

• compressed conformation of fluorophoreswithin colloidal aggregates
• complexation, adsorption and aggregation with other colloidal
entities

• surface precipitation of CaCO3.

Thus, the measured response of fluorescence to experimentally
manipulated variables was dominated by OM in the dissolved phase,
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and this was the case for samples from both normal- and high-pH
drips. At high pH (pH 10–12), fluorescence intensities in samples from
hyper-alkaline dripwaters increased substantially, probably reflecting
both conformational and chemical changes.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.scitotenv.2010.08.040.
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