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ABSTRACT

River nutrient loadings rates are frequently determined from discharge and hydrochemistry relationships using
regression techniques. Unfortunately such methods as a conventional technique are inadequate for dealing with
the problem such as differences in shape and direction of loop forming in individual and seasonal storms. Besides
the relationships are nonlinear and time-dependent, they also varies from site to site. There is a currently method to
study hysteresis between disg@and concentration of hydrochemistrie relationship between discharand

solute concentration was investigated at Cakardipa catchment, Upper Ciliwung watershed, between the years of
2009-2010. The characteristics of the hysteresis loops were used to evaluate the temporal variation of the relative
contribution to stream flow of source waters at Cakardipa Catchment including groundwptsoi{@ater (G,),

and rain water (¢). Chemical water analysis was carried out on 497 water samples on storm event. The chemical
analysis of storm event of Februari 14, 2010 was carried out for the concentralionsa®f, Mg*, N&, SiO,, SO

NO,, CI, and HCQ. Results of the experiment showed tbabncentrations displayed circular hysteresis loops
during the events, highlighting the complex relation among solutes and discharge during storm hydrbggaphs.
solutes of K, Na, and @aoduced concave curvature, anti-clockwise hysteresis loops, and positive trend, so that
classified ag, loops with components ranking werg>GC_> C,, The solutes of Mg, SONO, assumed to come

from groundwater produced convex curvature, clockwise hysteresis loops, and positive trend, indicating a
concentration component ranking of €£C, > C_(C, model). While Si and Cl produced clockwise hysteresis loops,
indicating a concentration component ranking g¢ C_ > C_, which was Cmodel.

Keywords Dischage, hydrochemistrhysteresis, storm event

INTRODUCTION is the product of dilution and “end-member mixing
(the mixing of the different components of discharge,
There is a dynamic relationship between which are quantities of water from multiple sources).

discharge and solute concentration during a storm _ Evans and Davies (1998) afivanset al.
event in a catchment ar@@vanset al. 1998). This (1999) s_howed that the characteristics of thg
relationship may be represented in a circular patterr'yStéresis loops analyses were used to determine
that is called a C/Q hysteresis looflore studies ~ Which end-member of the discigar groundwater
have shown that C/Q hysteresis analysis is rarelySCll water or surface event watepredominates
linear, and that it tends to produce a circular pattern@Mong the three, and in where in the hydrograph it
from the differing concentrations on the rising and Was Present in its greatest amount. Besides that,
falling limbs (Walling andWebb 1986)The pattern this technique uses j[he temporal variations in stream
of the relationship between discharge and tracer concentrations with respect to stream
concentration is circular because the total discharge along with approximate tracer
concentration levels of solutes vary during different CONcentrations which are supplied by each

periods of a storm. The variation in concentration C0Mponent to show hysteresis between the rising
and falling limbs of the hydrograph. Surface runoff

dominates the early storm event on the rising limb,
J Trop Soils, \6l. 17, No. 1, 2012: 85-95 is followed by thecontribution of soil waterand
ISSN 0852-257X that ground watedominates the flow on the
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hygrographs falling limb. It has been shown that a The aims of this study were to describe the
system can follow the pattern of surface runoff, soil characteristics of end-member mixing of a small
water and then groundwater dominance, as stateccatchment using a graphic representation of
above, but that storm events can be dominated byhysteresis, and to explain the mechanisms that

different sequences of water contributions. control the majority results of the hysteresis loops.
Identification of nutrient flushing mechanisms
at the catchment scale is essential for model MATERIALS AND METHODS

development and prediction of land use change and
climate change &fcts on surface water quality Study Area

Understanding the flushing mechanism during storm
events is important, since stormflow contributes 1€ Study was conducted from June 2009 to

substantially to total DOC and nitrogen (N) export April 2010 in Cakardipa catchment, Cisukabirus sub-

(Hinton et al. 1997; Bernaét al. 20086). watershed, Upper Ciliwung watershed, Boydest
Different solu'tes were associated with the Java. This is a catchment of 60.8 ha from the total

sources of different end-members of discharge, and'€@ ©f Cisukabirus subwatershed of 1,749 ha. The
the concentration levels of particular solutes werealtitude of the catchment ranges from 300 m to 700

utilized in developing the hysteresis loops for this M @sl. With slightly steep slopes (about 21%) over

study The solutes measured for this study were: € wetland zone, steep slopes (40%) over the wet

K*, C&, Mg, Na, SiO,, SOZ, NO-, and Cl and dry land, and very steep slopes (39%) over the
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Figure 1. Landuse @fakardipa catchment, Cisukabirus Sub-watershed, Upper CiliWatershed,
Bogor, West Java.
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hillslope area. The soil types of this area consistssuction samplers with various depths to monitor the
of Fluvaquentic Endoaquepts, Fluventic Dystrudepts,dynamic of subsurface flow and chemical pathways
Fluvaquentic Endoaquepi®pic Hapludands, and depicted in Figure 2, and spatially in Figure 3.
Aquic Dystrudepts. The main landuse of this areaDischage was continuously recorded wARWLR
were a mix garden, a paddy field, and settlement(Automatic Water Level Recorder) installed at
about 43%, 38%, and 12%, respectively (Figure 1).downstream of the northern valley of the catchment.
The annual precipitation was about 2,735-3,687 mmWater level at weir was automatically recorded using
with the mean annual was 3,077 mm. The dry montha data logger that was set for every 5 minutes interval
(precipitation < 100 mm) was about 2-4 month, while recording. Rainfall was measured using HOBO type
the wet month (precipitation > 200 mm) is about 6- of ARR (Automatic Rainwater Recorder) placed
8 month. about 1 km from the experimental site

A partly perforated piezometer was used, which
was a PVC tube with a diameter of 5 cm and a
bottom perforation length of 10 crA. PVC cup

A transect across hillslope along the flow line Was complemented at the top of piezometer for
was nested with piezometers, tensiometers, and'@mmering, and the rest of about 20 cm remains

3:}:»)) Hm .

ks,
- ///(,.

Hydrometric and Hydrochemistry
M easur ements

295 WEST o EAST

Altitude (m asl)

Tensiometer
@ Piezometer
Groundwateiable

755 : . . . syeam : : .
-100 -80 -60 -40 -20 0 20 40 60

Distance from the stream (m)

Figure 2. The transect showing the nests of piezometers, tensiometers, and suction samplers at
Cakardipa catchment, Cisukabirus Sub-watershed, Upper CiliWwateyrshed, Bogowest
Java.
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Figure 3. The nests of piezometers, tensiometers, and suction samplers by spatial at Cakardipa
catchment, Cisukabirus Sub-watershed, Upper CiliWatgrshed, BogpWest Java

above the surface to avoid overland flow water from
entering the piezometeBince the groundwater
samples were taken from the piezomeiewas
covered by a PVC cup to avoid contamination from
rain water Soil water potential was measured using
2 tipe of tensiometer namely: (1) Mercury

to 100 ml flasksTo collect soil waterthe flasks
were vacuumed using a hand pump at a suction of
about 40 bars. Depending upon the depths of
bedrock, the thickness of soil mantle and the
stratification of the soil horizon, samples were taken
at various depths of 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0,

manometric tensiometer connected to a water3.5, 4.0, 5.5, and 9 m.

column inside. The water column was a tube with

Groundwater soil watey and stream water

inner diameter of 1.5 cm and outer diameter of 1.7samples were collected monthi@roundwater
cm and the porous cup at the bottom of the tube, (2samples wereatken from the piezometers

Soil moisture meter tensiometer which was

(perforated at the bottom of 10 cm), whereas soil

measured the water potensial with the porous cupvater samples were collected from suction samplers

at the bottom of the tube.
Suction samplers were used for sampling soil
water These samplers were PVC tubes with

installed at the same site with tensiometer nests at
depths 0f 0.25, 0.5, 1.0, 1.5, 2.0, and 4 m. The stream
water samples were taken at the upstream, middle,

diameter of 2.25 cm complemented with porous cupstransect site, and near the wesamples were
at the bottom of the tubes, which were connectedcollected using 100 ml polyethylene bottles. Before
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Table 1. Diagnostic Features Used to Determine Component Ranking (Evans and Davies 1998).

Type Rotational Direction Curvature Trend ComporRRankings
C1 Clockwise Convex N/A Ce>Cs0>Cr
C2 Clockwise Concave Positive Cs>Cr>Cqo
C3 Clockwise Concave Negative Cso>Cs >Cr
Al Anticlockwise Convex N/A Cr >Cs0>Cq
A2 Anticlockwise Concave Positive Cr >C; >Cqo
A3 Anticlockwise Concave Negative Cso>Cr >Cq

collecting the samples, the bottles were rinsed withincreased, chemical concentrations would decrease.
the groundwatersoil water or stream water Thjs decreasing was believed to be a dilution of the
depending upon the sampling sites. The watergroundwater chemicals by overland surface water
samples were analysed for*,KC&", Mg®, Na&’,  However more studies had shown that C/Q
Si0,, SO, NO;, and Ci. hysteresis analysis was rarely lineard that it was
likely to produce a circular pattern from the differing
concentrations on the rising and falling limbsa(Mig
The data for this study coveta time period of ~andWebb 1986).This circular pattern was called a
Juni 2009 through Mei 2010. There were 25 C/Q hysteresis loop.
discharge measurements made during those years, The majority of the storm events produced
and all measurementgere in the units of liters per hysteresis loops in a convex pattern, The pattern
second I sec!). The discharge used for the C/Q was highlighting the complex behaviors of solutes
hysteresisvas on February 24, 2010The solute  and dischage in diferent portions of a stors’
concentrations used for the C/Q hysteresis in thishydrograph. In general, the type of hysteresis loop
study wereK*, C&*, Mg*, Na', SiO,, SO, NO;, generated by an individual storm and that sterm’
CI. The original datasets obtained from the Cakardiparespective component rankings were correlated in
catchment were edited to retrieve selected discharg@ predictable mannerThe solutes that would be
data and water quality datgl maximum, minimum, expected in the groundwater systems at Cakardipa
and average values used in this study issued duringnikrowatershed produced clockwise hysteresis
the water years 2009 through 2010. loops, indicating a concentration component ranking
Analysis of component mixing and C/Q wasC, > C, > C..
hysteresis can be studied with three componentend- ~ The analysis of the data, based on a majority
member system (3CM). Thresearch explained of storm events during the water years 2009-2010,
that in systems where groundwater zone made andicated that groundwater is the dominant water in
significant contribution and is chemically distinct, the storms total discharge in respect to concentration
three end members should be used: groundwatelevels. The solute concentrations'( C&*, Mg,
(C,), soil water (G and rain water (. In this Na’, SiQ, SO?, NO,, CI) usedfor the C/Q
case a three component mixing model was usedhysteresis then were plotted against discharge.
(C,=C_+C,,+C,). If hysteresis loops were Those datawere combined with observed discharge
observed that were clockwise or anti-clockwise andpy temporal and variation of solutes. Other
convex, or if the hysteresis loops deviated from ajnvestigators (Wlling andWebb 1980) have also
linear mixing line, a need for a third component was noted that rotational patterns for a given parameter
implied (Evans and Davies, 1998). The C/Q jthin the same watershed will change from storm
hysteresis loops in this study was used a 3CM modelig storm. Observed discharge and concentration of
with thrge end members as follow: groundwater go| tes by C-Q diagram on February 14, 2010 storm
(Co), soil water (G) and rain water (). Table 1 ayent are presented in Figure 4 and 5. In general,
describes all the component rankings for 3CM.  concentration of solutekecreased on the rising limb
of the hydrograph until during peak discharge and
RESULTS AND DISCUSSION then increased on the falling limb.
, ) The precise pattern varies from catchment to
Stream water concentrations can be dynamic.,i-hment and from storm to storm 4ihg and

in periods of increasing discharge (Evastsal. Foster 1975)A : .
: . . pplying previous work byan
1998). Previouslhyjit was thought that as disclyaer Verseveldet al. (2008); Freyet al. (2007); Joerin

Hysteresis L oops
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et al. (2002); Burnset al. (2001), there were be produced where event and soil water domihate
relationship between internal factors in catchmentthe rising limb and soil and ground water domidate
area (such as soil and solute) atneam chemistry. the falling limb of the hydrograph.
The total concentration levels of solutes at outlet Based on a majority of storm events during the
varied by calculating and by modelling. water years 2009-2010 in Cakardipa micro
The solutes of K and Na produced concavewatershed, indicated that groundwater was the
curvature, anti-clockwise hysteresis loops, and positiflargest, followed by the soil water and rain water
trend, so that were classified As loops with There were positive trends in hysteresis loops
component ranking was € C_.> C,  The solutes indicated that the total concentration JQvas
of Mg, SO, andNO, which were assumed coming consistently higher during thevent at baseflow
from groundwater produced concave curvature,based on Evans at all and Davies (1998; 1999) in
clockwise hysteresis loops, and positive trend, previous study at Pano\atershed.The low K
indicating a concentration component ranking wasand SO# concentrations in groundwater at
Cs> G, > G, (C, model). WhileSi dan Cproduced  Cakardipa microwatershed had been atributed to
convex curvature, clockwise hysteresis loapsl  the soils ability to retain K and SG4 Peters (1994)
non available trend, so thalassified as Clloops stated that at Panola watershed besides retained by
with component ranking was > C. > C... soils SO# those solute increased the concentration
The primary question that arisess whether  of soil water as a result of its mobilization in the
the hysteresis patterns described abowt dray surface, organic-rich, soil horizons. Besides that he
physical meaning in terms of the hydrological dynamics noted that the S@ concentrations were higher in
and mixing processes that might occur within this the runoff from the outcrop than in the corresponding
catchmentAny interpretation of hydrochemical precipitation, because the rainwater released the
dynamics based upon hysteresis patterns uItimateI;sof that had been dry-deposited on the exposed
had a subjective element. Even relatively bedrock.
straightforward hysteresis patterns such as the C2  Stream water concentrations can be dynamic
loops observed for this catchmemére subject to  in periods of increasing discharge (Evastsal.
multiple hydrological and hydrochemical interpretations, 1998). The surface runoff dominated the early
in this C2 loops haihighest nutrient flushing among storm event on the rising limb, followed by the
the models proposed by Evans and Davis (1998), whilecontribution of soil waterand that ground water
C3 loopsvas a medium, anti3 loopswas the lowest.  dominated the flow on ghhygrograpts falling limb.
Rose (2003) showed thaB hysteresis loopsotild Based on that Evaresal. (1998) and Chanat al.
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(2002) that Cakardipa system could follow a pattern CONCLUSIONS
like that system namely rain water as a source of
surface watersoil water and groundwater Concentrations displayed hysteresis loops

dominanceAs depicted in Figurd, it was thought  during most storm events, highlighting the complex
that as discharge increased, chemical concentrationeelation among solutes and discharge during storm
would decrease. This decreasing was believed tdiwydrographs. The solutes that had the highest
be a dilution of the groundwater chemicals by rain concentrations in groundwater at Cakardipa
water Hornbegeret al. (2001)showed thatitwas catchment were Na, Ca, and SiO2.
possible to interpret solute—discharge hysteresisin ~ The solutes of K and Naroduced concave
terms of ‘non-conservative’ chemical dynamics, curvature, anti-clockwise hysteresis loops, avsitif
when reactions such as ‘leaching/flushing’ occur astrend, so that classified Asloops with component
quickly or quicker than the operative hydrological ranking was ¢> C_> C,, The solutes of Mg, SP
mixing processes. While in present study atandNO, which wereassumed coming from
Cakardipa found that Ca and S@ere a groundwater produced concave curvature,
conservative tracer to understand the flow path ancclockwise hysteresis loops, and positive trend,
chemical pathways in the headwater catchment. indicating a concentration component ranking was
At Cakardipa catchment concentration of C.>C,>C_,(C, model). WhileSi dan Cproduced
phosphate was the lowest so it was eliminated fromconvex curvature, clockwise hysteresis loapsl

the concentration and discharge relationship analysisnon available trend, so thelassified as C1loops
While Haygrathet al. (2004) presented framework with component ranking 6> C.> C..

that provided a basis for development of a more The solutes that would be expected in the

complex and quantitative classification of groundwater systems at Cakardipa microwatershed
concentration of phosporus and discharge (Cp-Q)produced anti clockwise hysteresis loops, indicating
relationship. The practical benefit of this approach a concentration component ranking @f> C.>

is that it contributes to a dynamic modelling C,. In general, concentration of soludscreased
framework for helping to understand P transfer andon the rising limb of the hydrograph until during peak
delivery from slope to stream. Identified the discharge and then increased on the falling limb.
importance of temporal approaches to P transfer

could help as a guide for future understanding of REFFERENCES

mechanism that determine loads (Cp.Q). The other

researches stated that solute daily series werdernal SA Butturini and F Sabate2006. Inferring nitrate
generated by assuming a positive log-log relationship ~ Sources through end member mixing analysis in an
between solute concentration and discharge. This Ir?its:)g;.tz;t' 2'\23‘2;%”3;}?f;lzgsgﬁ?gggcgal .,
has bgen widely observed for nitrate, dissolved Burns DA, JJ McDonnell, RRooper NE Peters, JE Freer
organic carbon (DOC) and phosphate (Moosmann C Kendall and K Beven. 2001. Quantifying
et al. 2005). This relationship was caused by the

o X . ) contributions to storm runoff through end-member
mobilisation during rains of reactive solutes stored mixing analysis and hydrologic measurements at

in forest and riparian top soils (Sickmetral. 2003; the Panola Mountain Reseakthtershed (Gegia,
McGlynn and McDonnell 2003) USA). Hydrol Process15: 1903-1924. doi: 10.1002/
The three-component mixing analysis seems hyp.246.
reasonable for the Cakardipa catchment and in somé&aroll KB S Rose and NE Peters. 2007. Concentration/
way is corroborated by the regression analyses. discharge hystere;is analysis of storm events at
Although regression coefficients were not consistenty e Pa”c_"a Mountain research watershed, Georgia,
high, they were between 0.069 until 0.99. The low ~ YSA- In: AP Geogakakos (ed). Proceedings of
coefficients indicated by Si. Relationships between Geogia Water Resources Conference, March 27-
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