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Karst spring hydrograph separation method based on quick
iterative solution of several simple exponential and linear
equations, was developed for linking small datasets of sam-
ples to various hydrologic situations. The method is based on
a presumption, that a spring’s discharge depends on the level
of aquifer saturation by groundwater, and that the same dis-
charge reflects the same groundwater saturation (piezometric
level) in the aquifer. Every spring can be described by unique
sets of constant starting discharges, Q, values, recession coef-
ficients o (laminar flow components in exponential equations),
and f (turbulent flow components in linear equations). Each
subregime can be detected by recession curve analyses of the
complete spring’s discharge time series. In this hydrograph
separation, every measured discharge value, Q, is then deter-
mined by a representative time, ; i.e., theoretical elapsed time
t from the total maximum discharge value Q . The aim of the
iteration process is to obtain this representative time t for each
discharge. The individual flow components are calculated us-
ing the same t value. These variances in subregime discharges
in a certain moment can be linked to the components analysed
in the same moment, in order to obtain the end members of
the theoretical mixture. This technique was developed and ap-
plied on the discharge time series of the four karstic springs in
the Brezovské Karpaty Mts. (Slovakia), built mainly by karsti-
fied Middle and Upper Triassic dolomites and limestones.
Groundwater of individual springs were characterised by §'*O
(SMOW) and groundwater temperature values and end mem-
bers of two laminar and one turbulent subregimes were calcu-
lated. Results were based on sparsely populated datasets and
manual discharge records, but represent a perspective method
for future development and interpretations on limited dataset
results.
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Izvlecek UDK 556.3(437.6)
Peter Malik & Juraj Michalko: Izotopi kisika v razli¢nih
podrezimih recesije kraskih izvirov v Brezovskih Karpatih
(Slovaska)

Za povezovanje majhnih podatkovnih skupin vzorcev z
razlicnimi hidroloskimi razmerami je bila razvita metoda
separacije hidrograma kraskih izvirov, ki temelji na hitrem it-
erativnem re$evanju ve¢ enostavnih eksponentnih in linearnih
enacb. Metoda temelji na predpostavki, da je pretok izvira od-
visen od stopnje zasi¢enosti vodonosnika s podzemno vodo,
in da je enak pretok posledica enake zasi¢enost vodonosnika
s podzemno vodo (piezometri¢ni nivo). Vsak izvir lahko
opisemo z edinstvenim nizom konstantnih zacetnih pretokov,
vrednosti Q,, koeficientov recesije a (komponente laminarnega
toka v eksponentnih enac¢bah) in 8 (komponente turbulentne-
ga toka v linearnih enacbah). Vsak podrezim lahko dolo¢imo
z analizo krivulje recesije za celotne ¢asovne serije pretokov
izvirov. Pri tej separaciji hidrograma je vsaka merjena vre-
dnost pretoka, Q, dolocena z reprezentativnim ¢asom, ¢; to je
teoreti¢no preteklim ¢asom t od skupnega maksimalnega preto-
ka Q, . Namen procesa iteracije je dobiti ta reprezentativni cas
t za vsak pretok. Posamezne komponente toka so izracunane z
uporabo istih vrednosti t. Te spremembe v pretokih podrezima
v dolo¢enem trenutku lahko povezemo s komponentami, ana-
liziranimi v istem trenutku, da bi dobili kon¢ne &lene teoreti¢ne
mesanice. Ta tehnika je bila razvita in uporabljena na ¢asovnih
serijah pretokov §tirih kragkih izvirov v Brezovskih Karpatih
(Slovaska), ki jih gradijo predvsem zakraseli srednje in zgornje
triasni dolomiti in apnenci. Podzemna voda posameznih iz-
virov je bila opredeljena z vrednostmi §*O (SMOW) in tem-
perature, izracunani pa so bili kon¢ni ¢leni dveh laminarnih in
enega turbulentnega podrezima. Rezultati temeljijo na redkih
nizih podatkov in ro¢no izmerjenih pretokih, a predstavljajo
perspektivno metodo za nadaljnjo obdelavo in intepretacijo pri
omejeni koli¢ini podatkov.

Klju¢ne besede: podzemna voda, separacija hidrograma, krivu-
lje recesije, izotopi kisika, Brezovski Karpati, Slovaska.
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INTRODUCTION

Hydrograph separation procedures have commonly been
used to define separate exponential terms, and the differ-
ent components interpreted as indicators of different flow
components of recessions (Tallaksen 1995). Interpret-
ing recession flow using graphical techniques has been
frequently applied to distinguish between different flow
components or for separation of the total hydrograph
(Kulandaiswamy & Seetharaman 1969; Linsley et al
1982; Bates & Davies 1988). However, graphical separa-
tion methods are usually highly subjective and are of lim-
ited use as indicators of the flow processes. Hydrograph
separation methods presented by James and Thompson
(1970), Browne (1978), Pereira and Keller (1982) focus
on base flow recessions, and do not attempt to model a
continuous separation, as they abandon subjective meth-
ods for analysing compound recession curves in favour
of analytic separation procedures. Evaluation of auto-
mated techniques for base flow and recession analyses
introduced a principle of master recession curve and its
automated determination (Nathan & McMahon 1990;
Lamb & Keith 1997; Rutledge 1998; Posavec et al. 2006).
Methods of hydrograph separation are broadly
used, especially to determine the baseflow component
in stream flow (e.g., Chapman 1999; Wittenberg & Siv-
apalan 1999). Pereira (1977) developed a least-squares
approach in order to obtain recession parameters that
characterize recession in small mountain basins, based
on the solution of two exponential equations. The USGS
Hydrograph Separation Program (HYSEP; Sloto &
Crouse 1996) performs hydrograph separation, estimat-
ing the groundwater (baseflow) component of stream-
flow using techniques of Pettyjohn and Henning (1979)
- fixed interval, sliding interval, or local minimum.
Separation of karst hydrographs into components
is mostly based on analogy with surface stream flows.
Baseflow in karst hydrogeology is typically composed of
discharges from small joints and clastic deposits. Surface
flow and interflow from the surface water hydrograph

can be linked to newly infiltrated water from the re-
charge event and/or long-resident water replaced by rap-
idly transmitted potentiometric effect of recharge event.
Thus, separation of hydrograph on the bases of water
resident time is equally important for the evaluation of
groundwater quality and quantity (Kresic 1993).

For hydrograph component separation, Drogue
(1972) proposed application of hyperbolic function of
Boussinesq type with power coeflicients having values
0.5, 1.5 and 2. Yevjevich (1976) introduced a schematic
decomposition of unit hydrograph response of a karst
aquifer with several subregimes: very slow response of
finest fissures and clay-silt deposits; slow response of silt
and sand deposits and medium sized fissures; medium,
rapid-to-slow response of sand-to-gravel deposits and
medium sized fissures; rapid response of large channels
and enlargements. The majority of authors concentrated
on hydrograph separation via comparison of groundwa-
ter quality and discharge, using both water chemistry
and isotope data (Hino & Hasebe 1986; Hooper & Shoe-
maker 1986; Dreiss 1989; Lakey & Krothe 1996; Talarov-
ich & Krothe 1998; Tréek et al. 2006). Kiraly (2003) criti-
cises substitution of the “old water” component concept
and the base-flow concept. For the same hydrograph, a
very different dilution, depending on saturated aquifer
volume, affects the “old water” component. In this way,
the relation of groundwater quality and discharge is
strongly affected by dilution and water mixing processes
within the aquifer and it is difficult to estimate the “end
members” in the springing groundwater mixture.

When data is limited to discharge, it is still useful
to develop a hydrograph separation method to serve in
situations with limited water quality data, in order to
link them to quantitatively defined flow components. In
this paper, we tried to develop a method based on quick
iterative solutions of simple equation sets, and to test it
on an example of small dataset gathered in the Brezovské
Karpaty Mts. two decades ago.

SITE DESCRIPTION

Forested hills of the Slovakian Brezovské Karpaty Mts.
(Fig. 1, max. 585 m asl), neighbouring the northern -
Slovakian - part of the Vienna Basin, are built mainly
by karstified Middle and Upper Triassic dolomites and
limestones, outcropping on 77.4 km?. Adjacent (possibly
drained) area can be extended to 193.3 km?, with aver-
age altitude of 318.1 m asl. Mean altitude of the Trias-
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sic carbonate range is 344.0 m asl (Malik et al. 1992).
In the centre of the area, the name of ancient munici-
pality Dobra Voda (Good Quality Water in translation)
designates the regional importance from the drinking
groundwater supply point of view (Fig.2). Carbon-
ate permeability is generally very high, but there are
considerable differences between limestones and dolo-
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mites (Guttenstein/Annaberg, Schreyeralm, Steinalm,
Reifling, Ramin, Wetterstein, Opponitz and Dachstein
limestones versus Wetterstein Dolomites and Hauptdo-
lomites; Began et al. 1984). Karst-fissure permeability of
limestones contrasts with fissure and/or fissure-porous
permeability of relatively more rigid dolomites. Out-
cropping dolomites prevail on 68.9%, while uncovered
area of limestones (24.1 km?, e.i., 31.1%) is substantially
smaller. This fact is reflected in a relatively low number
of caves registered in the Brezovské Karpaty Mts. (Bella
et al. 2007). Amidst a 700-1,100 m thick massif of Mid-
dle and Upper Triassic dolomites and limestones there is
a fairly thin (5-10 m) horizon of sandstones and shales
- the Lunz beds — which is the only impermeable forma-
tion within the Jablonica Group. It acts as a barrier as
well as impermeable substratum separating individual
groundwater circuits and significantly influencing their
flow direction. No swallow holes — ponors - are present
in the area, and groundwater is recharged purely by ef-
fective (unevaporated) precipitation.

Although superficial karstic features are sel-
dom, several major groundwater outlets with typical
karstic behaviour are present, implying underground
karstification. The main drainage area is a large areal
spring 1 km north from Dechtice (~ 425 L-s™'), where
about 30 - 50% of yielding groundwater is abstract-
ed via several deep wells. The average specific runoft
9.98 L-s-km™ (315 mm) from the outcropping Triassic
carbonates in the Brezovské Karpaty Mts. does not cor-
respond to climatic and hydrogeological settings of the
area inferred from analogy with surrounding moun-
tains. It is higher by some 3.3-3.6 L-s™"-km™. The ex-
cessive runoff can be explained by hidden inflow from
the surrounding Upper Cretaceous and Neogene sedi-

Fig. 1: Position of the investigated area — Brezovské Karpaty Mts. (Slovakia).
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mentary strata formations (sandstones, siltstones, con-
glomerates) to carbonate structures (Malik et al. 1992).
For the whole area (193.25 km?), the specific runoff in
hydrological year 1988 was 5.74 L-s7"km™ (181 mm),
which is more adequate to its position on the continent
(E17°35’; N48°30’), the average altitude of 318.1 m asl
and an average precipitation of 694.8 mm/year. How-
ever, for the vicinity of the reported springs (Vitek;
Stuzkova; Spod javora; Tri mlynky), the value of aver-
age specific groundwater runoff is smaller, within the
interval of 4.2 - 5.5 L-s™"-km™, as calculated from the
possible extent of the recharge areas (Vitek: 3.48 km?
Stuzkova: 1.08 km? Spod javora: 1.81 km? Tri mlynky:
1.56 km?) and average discharge data from Tab. 1. Re-
charge areas of springs were delineated according to
local geological and geomorphological settings and
water balance results. Positions and discharges of other
springs, not mentioned in this paper (as not monitored
for isotopes), were also taken into account in the proc-
ess of recharge areas’ delineation. Underground water-
sheds of the discussed springs are embedded in a con-
sistent mosaic of the Brezovské Karpaty Mts. springs’
recharge areas. Altitudes of individual spring’s catch-
ments were then derived from digital elevation model
with the 10x10 m resolution. GIS MapInfo Professional
9.0 was used both for calculation of spring catchments’
areas and their altitudes.

Total dissolved solids (T.D.S.) content of these rela-
tively uncontaminated sources attains approximately 500
- 600 mg-L™!, with Ca** ~92.7 mg-L™!, Mg** ~32.7 mg-L™",
NO3 ~5.0 mg-L™", CI' ~3.7 mg-L™, SO; ~29.9 mg-L™" and
HCO3™ ~405.2 mg-L™' (average values by Vrana in Malik
et al. 1992).
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MATERIALS AND METHODS

Discharge and water temperature of the investigated
springs were monitored on gauging once per week (each
Wednesday) by an observer on small V-shaped weirs, be-
longing to the basic monitoring network of springs run
by Slovak Hydrometeorological Institute (SHMI), and all
these data are stored in its database. Spring Vitek near
Chtelnica has a SHMI catalogue number of 231, No. 43
stands for spring Stuzkovd near Jablonica; No. 251 for
spring Spod javora in the part Pusta Ves of the Prasnik
municipality (the spring is known also under the name
Steruskd); and spring Tri mlynky near Hradiste pod
Vratnom has a SHMI catalogue No. 37. Data recorded
by a SHMI observer, and stored in the SHMI database
are plotted as solid curve on Fig. 7a. Consistent decreas-

ing parts of these SHMI discharge time series, at least 8
weeks long, depicted in one synchronised plot, were used
for construction of recession curves (Figs. 5 and 6). Ba-
sic characteristics of these springs are shown in Tab. 1,
position of the monitored springs on the simplified geo-
logical sketch of the Brezovské Karpaty Mts. is on Fig. 2.
However, in some cases discharge values reported by
SHMI were not in agreement with the in situ observa-
tions. Data observed in field during sampling are plot-
ted as circle points on Figs. 7a, 7c and 7d. In Tab. 6, dis-
charge field observations of spring Vitek are listed instead
of the SHMI values. For separation of groundwater flow
components, discharge values gathered during field sam-
plings were used.

Tab. 1:  Basic characteristics of investigated springs in the Brezovské Karpaty Mts.
site - sprin monitored  monitored  Q min. Qavg. Qmax. Tmin. Tmax.
pring since up to sl [LsT] [L-s~] [°C] [°c]
Chtelnica - Vitek 1984 2003 3.65 14.52 42.6 9.4 11.0
. N . 1955 1967
Jablonica - Stuzkova 1972 2003 0.58 5.91 139.0 6.9 12,0
Prasnik - Spod javora (Steruska) 1984 2003 2.64 8.86 20.1 5.2 13,0
o . . 1960 1966
Hradiste pod Vratnom - Tri mlynky 1984 1992 0.00 6.97 14.0 8.0 13.5
5 . P . 1957 1966
Zriedlové dolina - Dolny 1984 1992 3.30 5.26 8.4 - -
Groundwater  quality

of four karstic springs Vitek,
Stuzkova, Spod javora and
Tri mlynky was periodically
monitored in approximately
20-days step in the period of
1987-1989. Sampling started
at Nov. 19, 1987, last sample
was taken on Feb. 28, 1989
and together 22 samples from
each spring were taken to
analyse groundwater chem-
istry. Nature of groundwa-
ter chemistry regime is not
in the scope of view of this
paper. More details can be
found in the paper by Malik
etal (1992). In 15 cases from
22 mentioned, together with
groundwater chemistry sam-
pling also samples for §'*O
analyses (in %o vs. SMOW)
were taken. Samples were

Fig. 2: Simplified geological sketch map of the Brezovské Karpaty Mts., position of the monitored
springs are indicated.
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Tab. 2:  Basic results of oxygen isotope analyses — water from springs in the Brezovské Karpaty Mts.
spring name: Vitek Stuzkova Steruska Tri mlynky
date: §'80. water® 6'80. ter® &'80. ater &'80. ater®
[%0 SMOW] [°c] [%0 SMOW] [°c] [%0 SMOW] [°C] [%0 SMOW] [°C]
11.01.1988 -11.16 10.0 -10.79 10.8 -11.10 8.5 -11.02 10.8
28.01.1988 -11.15 10.2 -10.93 10.5 -10.88 8.6 -11.01 10.8
02.03.1988 -11.34 10.4 -11.03 10.4 -11.29 8.2 -11.10 10.4
16.03.1988 -11.24 10.2 -10.96 10.2 -11.15 8.2 -10.98 11.0
05.04.1988 -11.36 11.0 -11.12 10.5 -11.27 8.0 -11.12 10.5
26.04.1988 -11.24 10.0 -11.13 11.0 -11.10 9.5 -11.12 10.0
25.05.1988 -11.34 10.0 -10.94 11.0 -11.19 9.8 -11.03 11.7
07.06.1988 -11.42 9.8 -11.11 10.2 -11.32 10.5 -11.18 11.2
30.06.1988 -11.41 10.5 -10.95 10.9 -11.26 10.0 -11.02 11.5
25.07.1988 -11.26 10.4 -11.21 10.8 -11.08 10.5 -10.90 11.4
06.09.1988 -11.14 10.5 -11.05 10.8 -11.18 10.4 -11.10 11.4
26.09.1988 -11.41 10.4 -11.01 10.6 -11.23 10.6 -11.10 11.1
17.10.1988 -11.34 10.6 -10.91 10.4 -11.18 10.6 -10.97 11.1
08.11.1988 -11.10 10.2 -11.26 10.6 -11.24 9.5 -11.07 10.6
03.01.1989 -11.62 10.2 -11.14 10.5 -11.58 8.5 -11.27 10.5

taken into 0.05L glass bottles with watertight plastic
stopper, and after sampling filtered and stored in a fridge
in a temperature of 5°C.

Oxygen isotope data were obtained by measure-
ments in the laboratory of Isotope Geology Dpt., State
Geological Institute of Dionyz Stur in Bratislava, Slova-
kia, by standard H,O-CO, equilibrium method (Epstein
& Mayeda 1953) using the Finnigan MAT 250 instru-
ment, with the accuracy of 880 better than +0.05%o

(Rucka 1998). Results are shown in Tab. 2. As shown of
Fig. 2, spring Tri mlynky is bound to dominantly dolo-
mitic aquifer, spring Stuzkova to dominantly limestone
aquifer and within the recharge areas of springs Vitek
and Spod javora, both limestones and dolomites are
present. Three of these springs (apart from Stuzkova)
were exploited as drinking water sources of regional im-
portance.

OVERVIEW OF §"0 RESULTS

Results of the monitoring of isotope composition of
water, shown in Tab. 2, are relatively similar for all the
springs. All the values vary from —-11.62%o to —10.79%o,
with the overall average value of -11.15%o. The differ-
ences between individual springs seem to be depend-
ent on relative altitudinal position of springs’ recharge
areas, not too enhanced in the flat hills of the Brezovské
Karpaty Mts. The position of springs is very similar
and varies from 250 to 275 m asl (see Tab. 3). However,
altitude of recharge area is slightly more different and
a negative correlation effect with the altitude can be
found, with the gradient of -0.15%o of 8'*O values with
each 100 m of altitude (correlation coefficient — 0.70).
Malik et al. (1993) reported some 100 m altitude change
with 0.1%o of 6'°0 difference for karst springs in the
Velka Fatra Mts. (Slovakia).

In the detailed time plot (Fig. 3), the differences
in 8'80 values are evident, as changing with time/dis-
charge of individual springs. The relative difference
of 6'%0 values between individual springs seem to be
steady, while they all vary in time with less or more
similar behaviour. However, the differences in their dis-
charges are not the same. As a first interpretation step,
80O values were plotted against discharges (Fig. 4),
with slightly contradictory results for different springs.
This was previously supposed as consequence of differ-
ences between groundwater circulation in dolomites
vs. limestones (compare Tri mlynky - dolomitic and
Vitek - limestone recharge area on Fig. 4). In the dolo-
mitic aquifer, the oxygen isotopes in water were heavier
with increasing discharge (Hradiste pod Vratnom - Tri
mlynky spring), while in the more karstified limestone

ACTA CARSOLOGICA 39/2 - 2010
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Tab. 3: Basic statistic data on 6™O values and temperature — springs in the Brezovské Karpaty Mts.

4+ 8pod javora

1987 1987 1988 1988 1988 1988 1988 1948

@ Vitek

1988

1988 1982 1988 1988 1983 1989 1989

& Tri miyrky

spring name: Vitek Stuzkova Spod javora (Steruska) Tri mlynky
spring’s altitude 275 m 250 m 250 m 260 m
altitude of recharge area 448 m 313 m 348 m 393 m
arameter: 6W80' water’ 6180' water” 6180' Twater' 6180' water”
P : [SMOW] [°C] [SMOW] [°C] [SMOW] [°C] [SMOW] [°C]
minimum -11.62 9.8 -11.26 10.2 -11.58 8.0 -11.27 10.0
maximum -11.10 11.0 -10.79 11.0 -10.88 10.6 -10.90 11.7
average -11.301 10.29 -11.035 10.61 -11.201 943 -11.065 10.93
median -11.34 10.2 -11.03 10.6 -11.19 9.5 -11.07 11.0
standard deviation 0.137 0.30 0.126 0.26 0.151 1.00 0.092 0.47
delta 120 [060 | more depleted in O. The
-10.60 — — : observed facts were not so
-10.70 outright (Fig. 4), but at the
1080 P im time of the investigation
1090 T W N R SR S Y P ; (1987-1989) there were not
: | : : : : Lo : L I
: : LB : L : LA too many possibilities for
-11.00 A & @ T A A : I 7 . .
] D T . R P advanced interpretations.
e ‘e® e 0 L L R B R B Unsteady discharge
-11.20 ; R ; A o . & ; ;
o e, e I ¢ g | ¥ i L throughout the year, steep
-11.30 P O I - eaks and long-lasting stead
¢ @ *" Pe ; p 8 g y
-11.:40 ; o o outflow within dry periods,
11.50 : : typical for karstic springs,
11.60 "‘ were found in “Vitek’,
11.70 = “Stuzkova” and “Spod javora”
4180 P N S NS NS N BN P P P springs, while “Tri mlynky”
X - M- O - ¥ W WIE VI D6 X X X 1 I showed a very steady outflow.

Although Fig. 4 implies some
mStuzkovd relation between ground-

Fig. 3: Time plot of 60 values - four karstic springs in the Brezovské Karpaty Mts.

in the recharge area of spring Vitek near Chtelnica,
the increased volume of discharged groundwater was

water quantity and oxygen
isotope composition, more
sophisticated understanding

should come from the apprehension of quantitative be-
haviour of springs — differentiation to flow components.

delta ¥0 [%0o SMOW]

* Tri mlynky
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Fig. 4: Values of §"°0O (SMOW) plotted against discharges of monitored springs Tri mlynky and Vitek.
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RECESSION CURVES ANALYSES

Although the principles of hydrograph analyses are de-
veloped for more than a century (Boussinesq 1877; Mail-
let 1905; Horton 1933; Barnes 1939; Cooper & Rora-
baugh 1963; Kullman 1990; Padilla et al. 1994; Griffiths
& Clausen 1997; Kovacs 2003), only computerised algo-
rithms enabled its proper use for distinguishing of differ-
ent elements in groundwater mixtures (Goldscheider &
Drew 2007). In this study, we are using simple exponen-
tial description — Q, = Q,-¢*' - set of laminar subregimes
as defined by Forkasiewicz and Paloc (1967), and a linear
turbulent model for flow supposed to be in karstic chan-
nels - Q, = Q,-(I--t) - as described by Kullman (1983).
Several, both laminar and turbulent, subregimes may ex-
ist in one aquifer, and its discharge can be described by
superposition of several appropriate equations (Kullman
1990). Hydrograph recession curves can be used for anal-
ysis of type and properties of a karstic aquifer (Kullman
2000), as well as for estimation of regional karstification
degree and groundwater sensitivity to pollution (Malik

2007). In this paper, resulting discharge Q, in the time ¢
in [days] from the maximum discharge Q, is calculated
by superposition of several exponential and linear equa-
tions.

m n 1_ .
Qt :Z QOm.e_ak.t-f_z (1+M)Q0n(l_ﬁlt)

T 2 2'(1_/31't)

where m is usually < 3; n usually < 3; and both k
and [ indexes for the k-th « and I-th 8 coeflicients are
also usually < 3. The /-th A member in the equation

JPREs.
2 2:(1-Bt)

is equal to 1 for 3t < 1 and equal to 0 for ;¢ > 1
and eliminates the influence of possible negative values
of partial components of turbulent discharges. Starting
discharge values of individual subregimes Q,, and Q,
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Fig. 5: Plots of typical recession curves of investigated springs in the Brezovské Karpaty Mts., evaluated on the base of assemblage indi-

vidual recession curves from dry periods.
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Tab. 4: Recession curves parameters of investigated springs in the Brezovské Karpaty Mts.

i QDI a1 QOZ a2 004 BT
spring [Ls7] [day'] [Ls] [day'] [Ls7] [day']
Vitek 25.68 3.0-10° 7.66 1.0-10? 9.52 40-10?
Stuzkovd 43.72 46-10° 74.40 9.0- 103 22.00 15102
Spod javora 12.75 29-10° - - 7.40 27-10°
Tri mlynky 14.00 1.5-103 - - - -

final recession curve equations (Qin [L-s'])
A . /1 [1-0.040-t
Vitek Q =25.68-e """ +7.66-e """ + (= +¥) -9.52-(1-0.040-t)
2 2-(1-0.040-t)
_ . /1 |1-0.015-t
Stuzkovd Q =43.72-e """ +74.40-e " 4 (= +¥) -22.00-(1-0.015-1t)
2 2-(1-0.015-t)
.1 |1-0.0027-t
Spod javora Q =12.75-¢ """ 4 (= +¥) -7.40-(1-0.0027-t)
2 2-(1-0.0027-t)
Tl’i mlynky Qt — 1400 . e—0.001541
Qnst] SPOD JAVORA Qs] TRI MLYNKY
1000 1000
o B i,
10 10
L] 100 200 300 400 500 L] 100 200 00 40 500
days (D] days [D]
Qmst] STUZKOVA Qns?] VITEK
1000 1000
mn : - — wnn
10 \- 10
L] 100 200 300 400 500 1] 00 200 00 400 500 600 00
days [D) days [D]

Fig. 6: Logarithmic plots of typical recession curves of investigated springs in the Brezovské Karpaty Mts., evaluated on the base of as-
semblage individual recession curves from dry periods.
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are determined by proper hydrograph analyses in the
way that their total equals or is higher than the maxi-
mum spring’s discharge Q -

Qmax S

~-Ms

QOm +i QOn

Proper hydrograph analyses of the complete dis-
charge data time series, synchronised according to the
decreasing discharge time sequentiality, shown in one
plot, can yields then «, and §, values (see Figs. 5 and 6).
If it is not possible to construct a recession equation with
Q. equal to recorded maximum discharge from avail-
able consistent time series with decreasing discharge,
representative starting discharge values of individual
subregimes Q and Q, for recession equation should be
extrapolated to achieve this condition.

All the SHMI discharge time series of four moni-
tored springs, reported in Tab. 1, were processed for

the construction of recession curves (points of different
colour and shape in Figs. 5 and 6). All consistent de-
creasing parts of the discharge time series, longer than
8 weeks (8 discharge values), were depicted in one syn-
chronised plot, and a best fitting recession curve shape
was assigned.

In Tab. 4, these curves are described as a superpo-
sition of several exponential and linear equations, both
as individual parameters and resulting equations. For
springs Vitek and Stuzkova, two exponential (laminar)
and one linear (turbulent) flow components were found.
One laminar and one turbulent flow component was
linked to the Spod javora spring, while Tri mlynky spring
seems to have only one laminar flow component. In Figs.
5 and 6, a thick violet line, described by the aforemen-
tioned equation, is supposed to represent the standard
recession.

HYDROGRAPH SEPARATION INTO SUBREGIMES

After all the subregimes of an aquifer or spring were
explicitly defined, the reverse method of hydrograph
separation can be implemented for determination of
e.g., groundwater amounts discharged in individual su-
bregimes. The main principle for developing hydrograph
separation tool, based on solution of sequence of equa-
tions, is a presumption that the discharge from an aqui-
fer depends on the level of its saturation by groundwater,
and that the same discharge reflects the same ground-
water saturation (piezometric) level. Each spring is de-
scribed by unique, constant values of Q,, Q,,, starting
discharges and &, and f, recession coefficients for each
subregime. Having the equation with these fixed param-
eters, every discharge value from the spring’s dataset Q, is
given just by a representative time ¢, theoretical elapsed
time from the overall maximum discharge value Q .
In other words, theoretical elapsed time ¢ from the total

maximum spring’s discharge Q _can determinate every
discharge value, and can be calculated by solving the re-
cession equation.

The total spring’s discharge also has to be the sum
of partial discharges of individual subregimes participat-
ing (in the moment of measurement #) on the spring’s
discharge. Theoretical elapsed time ¢ should be the same
for all flow components — subregimes. If we can solve
the spring’s recession equation for the discharged value
Q, and obtain the theoretical elapsed time ¢ from the
total discharge maximum Q__, we can also easily cal-
culate the partial discharges Q, or Q, of different flow
subregimes using the same f value in their partial equa-
tions. Subsequently, proportional amounts of different
discharging subregimes can be calculated, both for the
whole period and for every moment of evaluated period.
As the exponential equation has no analytical solution,

Tab. 5: Volume of groundwater discharged in individual subregimes in the period of Nov. 01, 1987-Feb. 28, 1989.

total. volumein. volume in. volume in
spring average. discharged. 1st Iam!nar 2nd Iam_inar turbul_ent
discharge. volume. subregime. subregime. subregime.
[L-s7'] [mil. m3] [mil. m3] [mil. m3] [mil. m3]
Vitek 19.54 11.818 10.103 1.465 0.250
Stuzkova 10.57 6.393 4.696 1.697 -
Spod javora (Steruska) 12.27 7.418 4.877 - 2.541
Tri mlynky 12.11 7.322 7.322 - -
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Fig. 7: Vitek spring (near Chtelnica) - a) discharge and samplings in hydrological years 1987, 1988 and 1989; b) hydrograph separation
into 3 different subregimes; c) samplings and discharges in different subregimes in hydrological years 1987-1989; d) detailed samplings

and discharges in different subregimes in the period 1988-1989.

the set of pre-described equations for each real discharge
value has to be solved by iteration process to obtain par-
tial discharges for each subregime. In the iteration proc-
ess, the two starting time inputs were usually set to be 0
and 1/« . Ten iteration procedures were sufficient to give
result within the discharge reading accuracy. To control
the calculation, the total discharge has to be the sum of
these partial discharges.

In this way, volumes of groundwater discharged
in individual flow components — subregimes were cal-
culated for the period of Nov. 01, 1987 - Feb. 28, 1989
for four karstic springs — Vitek, Stuzkova, Spod javora
and Tri mlynky (Tab. 5). Hydrograph separation exam-
ple for spring Vitek into three individual subregimes (1*
laminar, 2™ laminar, turbulent) on Figs. 7 b, c and d also
show the flow components as lines of different colour.

RESULTS: QUALITATIVE DIFFERENCES BETWEEN HYDROGRAPH SUBREGIMES

The change of groundwater properties of individual
springs in time (Fig. 3, Tab. 2) can be linked to mixing of
groundwater of different origin. One of the explanations
of the temporal §'0 (SMOW) values change (and other
qualitative groundwater properties, of course) is different
proportional representation of individual subregimes in
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the final mixture. If we assume the slowest groundwater
circulation to be present in smallest fissures (I laminar
subregime), the groundwater present in fissures with
higher aperture to be exfiltrated in the 2™ laminar sub-
regime, and the groundwater circulating in open karstic
conduits to be represented by turbulent flow subregimes,
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we can make an attempt to interpret and “reconstruct”
the groundwater composition of 100% subregimes.

In Tab. 6, proportional representation of individual
subregimes discharge on the total discharge (in %), to-
gether with absolute values (in L-s~') are listed for the
spring Vitek. Similar calculation, using equations™ pa-
rameters from Tab. 4, was performed to obtain subre-
gime discharges for each spring. Based on possible im-
pact proportional representation a subregimes (in %) on
the final mixture 'O value (%0 SMOW), a forecast for
100 % representation of a subregime can be calculated
by simple statistics. The same processing was performed
with groundwater temperature values (data shown in
Tab. 2 for all springs, and Tab. 6 for spring Vitek). Re-
sults for 100% representation forecast both for §*0 and
groundwater temperature in the 1* laminar, 2" laminar
and turbulent subregimes are listed in Tab. 7.

In comparison with Tab. 3, and also with its last two
columns, the results for §'*0 values in 100% representa-
tion forecast in the Tab. 7 for the 1" laminar subregime
are very similar to evaluation without subregimes. The
reason is the overall nature of the springs (dolomitic
aquifers), as well as character of the recession curves
with dominating 1 laminar subregime.

However, results for 2" laminar and turbulent
subregimes seem to be contradictory in both cases.
Groundwater contained in the macrofracture system
(2™ laminar subregime) of the Vitek spring is both
more depleted in 80, in comparison to the 1 lami-
nar “baseflow”. The 2™ laminar subregime in Stuzkova
spring keeps approximately the same value of 8O, but

also points to colder circulating groundwater. The only
two turbulent subregimes (springs Vitek and Spod ja-
vora) seem to be unrealistically exaggerated in water
temperatures (calculated data). While in the case of
spring Vitek, turbulent flow component was present
only in two samplings, in the case of Spod javora spring
the turbulent flow component was constantly present
— see the different character of this spring’s depletion
on Figs. 5 and 6. Very probably, the reason for the very
unrealistic temperature of the pure (100%) turbulent
flow component in spring Spod javora is caused by the
poor quality of discharge data, we assume due to un-
reliability of local observer. The data measured during
sampling were always different from the reported ones
(from -22% to +17% in comparison to SHMI database).
Unusually very low value of the §, member in compari-
son to other springs probably confirms this suspicion.
Unfortunately, SHMI dataset discharges were the only
data that could be processed for hydrograph analysis.
Spod javora results are therefore only of illustrative
value of applied separation techniques and do not have
any practical meaning for the description of processes
within the aquifer. Spring Vitek does not show such
behaviour, anyhow - the “turbulent” 'O values there
are very similar to those in the 2" laminar subregime.
Obtained results are based only on sparsely populated
datasets (two samples with the presence of turbulent
subregime) and manual discharge records. Still, such
approach may represent a perspective method for fur-
ther development and interpretations of automatically
recorded and sampled data collections.

Tab. 6: Spring Vitek - total discharge and discharges calculated for individual subregimes, with their proportional representation on the
total discharge, in the sampling days (Tab. 2; shown on Fig. 7) for §*O.

date Qo Qurinart Qaminarz Qurbutent Laminarr Qaminarz— Learbutent 80 Tater
[L-s] [L-s] [L-s] [L-s] [%] [%] [%] [SMOW] Y
11.01.1988 14.30 13.42 0.88 0.00 93.8% 6.2% 0.0% -11.16 10.0
28.01.1988 13.30 12.59 0.71 0.00 94.7% 5.3% 0.0% -11.15 10.2
02.03.1988 15.10 14.07 1.03 0.00 93.2% 6.8% 0.0% -11.34 10.4
16.03.1988 15.60 14.47 1.13 0.00 92.8% 7.2% 0.0% -11.24 10.2
05.04.1988 40.20 25.30 7.29 7.61 62.9% 18.1% 18.9% -11.36 11.0
26.04.1988 31.80 2411 6.20 1.49 75.8% 19.5% 4.7% -11.24 10.0
25.05.1988 24.90 20.99 3.91 0.00 84.3% 15.7% 0.0% -11.34 10.0
07.06.1988 24.50 20.74 3.76 0.00 84.7% 15.3% 0.0% -11.42 9.8
30.06.1988 21.50 18.80 2.70 0.00 87.4% 12.6% 0.0% -11.41 10.5
25.07.1988 19.90 17.69 2.21 0.00 88.9% 11.1% 0.0% -11.26 10.4
06.09.1988 17.40 15.86 1.54 0.00 91.2% 8.8% 0.0% -11.14 10.5
26.09.1988 16.10 14.86 1.24 0.00 92.3% 7.7% 0.0% -11.41 10.4
17.10.1988 14.80 13.83 0.97 0.00 93.4% 6.6% 0.0% -11.34 10.6
08.11.1988 13.80 13.01 0.79 0.00 94.3% 5.7% 0.0% -11.10 10.2
03.01.1989 12.60 11.99 0.61 0.00 95.2% 4.8% 0.0% -11.62 10.2
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Tab. 7: I* laminar, 2" laminar and turbulent subregimes in individual springs’ discharge: results of the 100% representation forecast for
groundwater 6"0 and temperature values.

recharge 15t laminar 2" laminar turbulent without subregimes
spring area

altitude 80 T ier 80 ater 80 ater 80 water

[m] [SMOW] [°C] [SMOW] [°C] [SMOW] [°C] [SMOW] [°C]

Vitek 448 -11.28 10.16 -11.65 10.32 -11.53 13.74 -11.30 10.29
Stuzkova 313 -11.07 11.21 -10.90 8.42 - - -11.04 10.61
Spod javora 348 -14.45 -38.21 - - -5.24 96.76 -11.20 9.43
Tri mlynky 393 -11.07 10.93 - - - - -11.07 10.93
minimum -14.45 -38.21 -11.65 8.42 -11.53 13.74 -11.30 9.43
maximum -11.07 11.21 -10.90 10.32 -5.24 96.76 -11.04 10.93
average -11.97 -1.48 -11.28 9.37 -8.38 55.25 -11.15 10.32
median -11.17 10.55 -11.28 9.37 -8.38 55.25 -11.13 10.45
standard deviation 1.66 24.50 0.12 0.65

GROUNDWATER DATA AND IAEA GNIP

The International Atomic Energy Agency (IAEA), in
cooperation with the World Meteorological Organi-
zation (WMO), is conducting a worldwide survey of
oxygen and hydrogen isotope content in precipita-
tion - the Global Network of Isotopes in Precipitation
(GNIP). This programme is operating since 1961, and
basic isotope data for the use of environmental isotopes
in hydrological investigations are provided for free use
within the scope of water resources inventory, planning
and development (IAEA/WMO 2006) on the web page
http://isohis.iaea.org. Precipitation at the WMO mete-
orological station in Vienna - Hohe Warte is one of the
stations with longest record of (not only) oxygen isotope
content in precipitation. Its altitude is 203 m asl and the
mean annual precipitation of >150 years of observations
is 643 mm. Its direct distance to the investigated area of
Brezovské Karpaty Mts. is not more than 95 km. On the
two stations within the investigated region, similar val-
ues of annual precipitation were reported: Brezova pod
Bradlom (290 m asl) — 677 mm; Dobra Voda (257 m asl)
- 672 mm. Resulting very similar climatic conditions in
the investigated area gave us a chance to use the exten-
sive datasets from Vienna — Hohe Warte GNIP station to
look on processes of groundwater recharge from the 6'*0
point of view.

The average yearly rainfall value and 6'*0O measure-
ments in springs can be considered as good descrip-
tors of climatic variations and can be used to estimate
the recharge area and the infiltration coeflicient (Binet
et al. 2006). Values of "0 in precipitation on the Vienna
— Hohe Warte GNIP station during the period of 1961-
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1987, prior to our sampling on springs, were character-
ised by a simple average value of -9.38%o (vs. SMOW)
and weighted average (with precipitation volume as
weighting factor) of —9.57%o. The second (weighted) val-
ue is shown also on Fig. 8 (using solid horizontal black
line, marked as Hohe Warte 1961-1987 AVG). Weighted
value of 80O for the period 1988-1989 (period of sam-
pling, marked as Hohe Warte 1988-1989 AVG by dashed
horizontal black line) was -10.58%o, i.e., lighter by 1.02%o
than in the longer previous period. The values measured
on our springs (various points on Fig. 8) were even more
negative: the whole dataset was ranging from -11.58%o
to —10.79%o with the average value of —-11.15%o (Tabs. 2
and 3). This difference cannot be caused by altitudinal
effect on isotope content of precipitation (supposed to
be 0.09-0.15%0 of 8O difference in 100 m of altitude,
see previous text), as the altitude Vienna — Hohe Warte
station is 203 m asl and average altitude of the Triassic
carbonate range 344.0 m asl.

It is clear, that groundwater recharge is not supplied
by all precipitation, and hence, only an appropriate part of
precipitated water masses should be under consideration.
In the moderate climate of Central Europe, generally the
winter part of precipitation is supposed to be able to in-
filtrate, reach groundwater table and recharge the aquifer
(Hanzel et al. 1984). For winter part of precipitation, the
Vienna — Hohe Warte data give weighted average results
-12.31%o for 80O in the period 1961-1987 and similar
value -12.37%o for 1988-1989 weighted average.

To calculate 6O in recharging part of precipitation
(effective precipitation) we used Thornthwaite’s (Thorn-
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thwaite 1948; Thornthwaite & Mather 1955) method
of mean potential evapotranspiration calculation with
monthly calculation steps. Potential evapotranspiration
value was transformed to actual monthly evapotranspi-
ration. In this process, a balance of monthly precipita-
tion totals, monthly potential evapotranspiration and
soil water content was examined to determine the real
quantity of evaporated water. For estimation of potential
evapotranspiration, only temperature and precipitation
- two fundamental climatologic variables — are needed.
These are measured directly on Vienna - Héhe Warte
WMO station. For actual monthly evapotranspiration,
also field capacity volume (in mm) - the total satura-
tion index of soil - is required. To obtain realistic data
for the Brezovské Karpaty Mts., value of 90 mm was ap-
plied. This algorithm gave the recharge value of 165 mm
(5.24 L-s~".km™2) - a realistic value, close to observations
within the region.

After the linking of effective precipitation to Vienna
— Hohe Warte datasets, it was visible that recharge could
take place only during several months a year. On Fig. 8,
the grey vertical bars show the isotopic composition of
precipitation in the respective months (data series Hohe
Warte PRECIP all), while blue vertical bars (Hohe Warte
PRECIP rech) show only these portions of precipitation,
which are really recharging. Here 6'®O values, also in
recharging parts of precipitation, are varying a lot. The

value of standard deviation is 4.31%o for precipitation
in all months, and 4.26%o for precipitation in really re-
charging months. Weighted averages calculated for §'*0
in possible recharge during the period of 1961-1987 are
-13.04%0 and more depleted value of -13.67%o weight-
ed average was calculated for 1988-1989. These data
are shown as blue horizontal lines on Fig. 8 — data se-
ries “Hohe Warte 1961-1987 AVG unevap” by solid line,
“Hohe Warte 1988-1989 AVG unevap” by dashed blue
line. The very depleted value of the 1988-1989 period,
lower in 0.59%o from the 1961-1987 average, was caused
by extremely light precipitation of 62 mm in February,
1988: —17.50%o.

We should note that calculated “unevaporated” val-
ues are even more far from the oxygen isotope content
of groundwater to be found in monitored springs, than
the precipitation simple average value. In comparison
with the average value of groundwater in these springs
(-11.15%0), data supposed to represent the “realis-
tic recharge” are lighter by -1.89%0 (1961-1988) or by
-2.52%o0 (1987-1989).

This situation could perhaps be explained by slight-
ly different isotope composition of precipitation, like
is visible from oxygen isotope data from relevant Slo-
vak stations (Michalko 1998). For the years 1988-1989,
arithmetic means of 60 in cumulated monthly pre-
cipitation were —11.42%o for Bratislava hydrometeoro-

logical station (altitude 286

delta 180 [0po]

m asl; 45 km SSW from the
site) and —7.84%o for station

Hihe Warte PRECIP all
- - - -Hohe Warte 1988 - 1989 AVG
———Hihe Warte 1961 - 1987 AVG

—Hihe Warte PRECIP rech
- = - -Hbihe Warte 1988 - 1989 AVG unevap
———Hbihe Warte 1961 - 1987 AVGunevap

A= T T i — 1 1 Topolniky (112 m asl; 66 km
] i BN Pl SSE from the site; 117 km
0 ESE from Vienna). Cumu-
800 ] lated monthly precipita-
] ; I B . tion during 1988-1997 gave
1000 ——— RO AR I N S D A T arithmetic mean for 6'*0 of
] 48 s s e Ty & & w'zgEe | ~8.28%o for Bratislava and -
nn : 5 T 5 : 9.05%o for station Topolniky,
aapp TP oA LN L I STl el Rt bl dlell STl el Lleliel s -k - and for winter months
] ‘ -11.31%0 and -10.17%o re-
1600 ] spectively. Also, in another
] explanation,  groundwater
—13.00:“_ Wl- - I O - V- VI VI VI I X K- X 1o I o discharging in  evaluated
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. ?ﬁ‘f‘ﬁ‘l’;m e s paty Mts. is of different ori-

gin (maybe older) than water
in the recent snowfall and
rainfall as recorded in recent

Fig. 8: Values of 6"0 in precipitation on the Vienna - Héhe Warte GNIP station (vertical bars)
and measured in groundwater from springs Vitek, Spod javora, Stuzkovd, Tri mlynky (points) in
the period of 1988-1989. Horizontal lines represent weighted averages of 6"0 in the periods of
1961-1987 and 1988-1989, both for all measured volumes as well as for calculated “unevapo-

rated” volumes of precipitation.

GNIP stations.
More probably, some
additional fractionation

processes take place between
precipitation and discharge
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- post-depositional processes especially on the surface
snow layers sensu Ekaykin et al. (2009), However, the
water in the springs still keeps some connection to the
processes of recharge (e.g., §'*0 minimum in January,
1989 - maybe a response to February, 1988 extreme).
We assume that in this case, the most important role
plays as well sublimation of snow, which causes enrich-
ment of snow on heavy isotopes (Ingraham in Kend-
all & McDonnel 2000). According to Earman (2003),
snowpack alteration affects the magnitude of isotopic
shift: where melt takes place quickly, the isotopic shift

is smaller than at sites where large amounts of snowfall
and low temperatures allow long periods of alteration.
In all cases, the data presented above demonstrate that
it is not possible to link the oxygen isotope content in
precipitation (even “unevaporated”) directly to oxy-
gen isotope content within the aquifer, without addi-
tional estimation of further isotope fractionation pro-
cesses. For comparisons of isotope altitudinal effects in
groundwater, one should concentrate on groundwater
data in the first order.

CONCLUSIONS

A hydrograph separation technique, using the iterative
solution of several exponential and linear equation mem-
bers, was developed and applied on the discharge time
series of the four karstic springs in the Brezovské Karpaty
Mts. Such hydrograph separation technique is based on
a presumption, that the discharge depends on the level
of aquifer saturation by groundwater, and that the same
discharge reflects the same groundwater saturation (pi-
ezometric level) in the aquifer. Every spring is described
by unique, constant values of starting discharges Q, and
recession coefficients for each detected subregime. Every
spring’s measured discharge value Q, is then determined
just by a representative time ¢, i.e., theoretical elapsed
time from the overall maximum discharge value Q .
Subsequently, proportional amounts of different dis-
charging subregimes can be calculated for every moment
of evaluated period. These proportional amounts can be
linked to various components analysed for the same mo-
ment, in order to obtain the end members of the theoreti-
cal mixture.

Both §"0 and groundwater temperature forecast
for 100% representation of each groundwater discharg-
ing subregime was performed for four karstic springs
- Vitek, Stuzkova, Spod javora and Tri mlynky. All the
basic (1* laminar) subregimes showed similar oxygen
isotope composition of water (median -11.17%o), not
very different from the overall median value (-11.13%o),
as this flow component represents 83.6% in all springs’
average here. Spring Spod javora was the exception
(~14.45%o). Also turbulent subregime in this spring seem
to be unrealistically exaggerated in calculated water tem-
peratures, and also extremely high content of oxygen-18
(~5.24%0). The reason for these very unprobable results
are supposed to be caused by the poor quality of manu-
ally recorded discharge data by local observer. In the
case of “more reliable” Vitek spring, the water outflowing
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both in 2™ laminar and turbulent subregimes seems to
be more depleted in §'%0 (~11.65%0 and 11.53%o).

All the four monitored karstic springs in the Br-
ezovské Karpaty Mts. seem to have similar and stable
oxygen isotope composition of water (-11.15%o in av-
erage), different from 1961-1987 weighted average on
TAEA/WMO GNIP Vienna Hohe Warte station (203 m
asl, 100 km SW from the investigated area; —9.57%o).
This difference cannot be explained by the recharge of
only winter part of precipitation (weighted average re-
sults —12.31%o for Vienna — Hohe Warte) or net recharge
calculated by Thornthwaite’s method (-13.04%o for Vi-
enna). Additional isotope fractionation processes, taking
place between precipitation and discharge (sublimation
- post-depositional processes on the surface snow layers)
prohibit us to link the oxygen isotope content in precipi-
tation (even “recharging” or “unevaporated”) directly to
oxygen isotope content within the aquifer. For compari-
sons of isotope altitudinal effects in groundwater, merely
groundwater data should be used.

Hydrograph separation method, based on itera-
tive solution of set of several simple exponential and
linear equations, is based on a simplified understanding
of karst system reality: the same discharge should reflect
the same groundwater saturation (piezometric) level in
the aquifer. In reality, several piezometric levels should
exist at least for each saturated system (small fissures,
medium fissures, karst conduits), if not for their differ-
ent parts. Time dependency of these individual piezo-
metric levels then substantially differs one from another.
Kiraly (2003) underlines the role of mixing processes
and dilution within the aquifer and shows that improp-
erly used chemical or isotopic hydrograph separation
methods may lead to invalid inferences regarding the
groundwater flow processes. However, in many times
spring’s discharge is the only quantitative reference value
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that describes the whole system. Simplified hydrograph
separation method, based on proper recession curves
analyses of the whole discharge time series, can help to
distinguish and quantitatively express basic proportions
of individual flow components in such cases. Without
reliable recession curves, this relatively easy calculation

of flow components can produce erroneous results. As
demonstrated on sparsely populated datasets and manu-
ally collected discharge records in this paper, this method
still seem to represent a perspective for quantitative ref-
erencing of small sample datasets to flow components.
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