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Abstract 9 

The regional wide aquifer system springs are one of the most important sources of 10 

freshwater, especially because of the ever-increasing global water demand. Thus, these 11 

springs must be protected and managed in a sustainable manner. To this purpose, a 12 

detailed knowledge about the corresponding aquifer systems hydrodynamic is vital. 13 

In this general framework, the main objective of this research is to get a deeper insight into 14 

the hydrogeological conceptual model of the Verde spring, that is the most important 15 

spring of the Majella carbonate aquifer in Central Italy. This aquifer system is 16 

characterized by a heterogeneous hydraulic conductivity distribution and groundwater flow, 17 

and its recharge is mainly due to both rainfall and snowmelt. 18 

The raw and residual multiparameter time-series, related to the input (i.e. rainfall, snow 19 

cover thickness) and output (i.e. spring discharge, groundwater temperature and electrical 20 

conductivity) parameters of this aquifer, were analyzed by means of statistical techniques, 21 

such as autocorrelation and cross-correlation. 22 

The results obtained by this methodological approach highlighted that the snowmelt is the 23 

most important inflow of the Majella aquifer system. The snow cover melting leaks slowly 24 

large amount of water into the aquifer and creates smoothly significative modifications to 25 

*Manuscript (double-spaced and continuously LINE and PAGE numbered)-for final publication
Click here to view linked References
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the spring discharge, electrical conductivity and temperature, in terms of groundwater 26 

volume increase and dilution. Contrariwise, although the rainfall inflow volume and the 27 

corresponding spring parameters changes are very limited, the transient behavior of the 28 

rainfall inflow allowed to identify different recharge modes. These recharge modes depend 29 

on several flow paths in the unsaturated zone, characterized by different water volumes 30 

brought toward the saturated zone, sizes, hydraulic conductivities, and distances from the 31 

Verde spring. 32 

 33 

Keywords: groundwater; hydrogeological conceptual model; aquifer recharge; spring 34 

behavior; multiparameter dataset; time-series analysis 35 

 36 

Introduction 37 

In the last decades, the global economic development has rapidly increased population 38 

growth, industrialization and urbanization, generating an ever-increasing demand for 39 

freshwater resources (MEA, 2005; WWAP, 2015). In this framework, the regional aquifer 40 

system springs are one of the most important sources of freshwater, due to aquifer large 41 

volumes and high storage capacities. Since they are highly sensitive to meteo-climatic 42 

changes (Dragoni and Sukhija, 2008), getting a deeper insight into the aquifer 43 

hydrodynamic allows to protect freshwater resources and manage their exploitation in a 44 

sustainable manner. 45 

Due to the great heterogeneity of carbonate aquifers, their groundwater flow paths are 46 

often described in detail by artificial or environmental tracer tests (Kresic and Stevanovic, 47 

2009), where logistic conditions and environmental restrictions allow their implementation. 48 

However, even spring discharge patterns reflect the physical processes and the aquifer 49 

properties that influence groundwater flow. For this purpose, the analysis of their 50 
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hydrographs is a common and effective way for evaluating the features of different 51 

aquifers feeding these springs (Brutsaert and Nieber, 1977; Mangin, 1984; Pinault et al., 52 

2001; Fiorillo, 2009, 2011; Galleani et al., 2011; Jukìc and Denić-Jukić, 2015; Posavec et 53 

al., 2017). 54 

Scientific research on time-series is usually focused on hydrogeological processes 55 

concerning relations between input (e.g. precipitation) and output (e.g. spring discharge or 56 

hydraulic heads) in fractured and/or karstic (Box et al., 1994; Padilla and Pulido-Bosch, 57 

1995; Larocque et al., 1998; Panagopoulos and Lambrakis, 2006; Delbart et al., 2013) and 58 

porous aquifer systems (Lo Russo et al., 2014; Chiaudani et al., 2017). The study of these 59 

relations provides useful information to get a deeper insight into aquifer system features, 60 

such as recharge modes, flow paths in the aquifer, flow regime, hydraulic conductivity 61 

and/or thickness of the unsaturated zone, recharge area extent, that allow to implement a 62 

more detailed conceptual model of groundwater flow (Obarti et al., 1988; Larocque et al. 63 

2000, 2001; Aquilina et al. 2006; Liu et al., 2010; Daher et al., 2011; Basagaoglu et al., 64 

2015). From a methodological point of view, these relations are generally investigated by 65 

means of univariate and bivariate time-series analyses. Among others, the Cross-66 

Correlation Function provides the response time of output time-series to input variations 67 

(Mangin, 1984; Laroque et al., 1998; Panagopoulos and Lambrakis, 2006; Duvert et al., 68 

2015). In addition, this analysis points out the effective weight of input variation on the 69 

output behavior (e.g. rainfall recharge on hydraulic heads fluctuation as in Chiaudani et al 70 

2017). 71 

Most of the literature considers rainfall as the main input of aquifer systems or deep and 72 

lateral inflow (Thanh Tam et al., 2004; Di Curzio et al, 2016; Viaroli et al, 2018), although 73 

in many cases, especially in wide regional aquifers characterized by high elevations, 74 

snowfall supply the major water volume during the recharge (Nanni and Rusi, 2003; Petitta 75 

et al, 2018; Rusi et al, 2018). In fact, the snow cover, melting after a long period of 76 
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accumulation on the recharge area ground, plays a significant role in the storage and 77 

redistribution of water resources within regional groundwater flow systems, (Bayard et al., 78 

2005; Fiorillo et al, 2015; Meeks and Hunkeler, 2015). 79 

In addition to the volumetric variation, the recharge causes changes in physico-chemical 80 

properties of spring water, such as temperature (T) and electrical conductivity (EC), 81 

because of the differences in these parameters of both rainfall and snowmelt that infiltrate 82 

in the aquifer. Since the more infiltrating volumes are large, the more physico-chemical 83 

properties of groundwater will change, the time responses of hydraulic head and/or spring 84 

discharge fluctuation should be compared with the ones of physico-chemical parameters, 85 

in order to improve the conceptual model by new detailed information. 86 

For this reason, the main objective of this study is to detail the previous hydrogeological 87 

conceptual model of the Verde spring, that is the most important spring of the Majella 88 

carbonate aquifer system in Central Italy (Nanni and Rusi, 2003), comparing univariate 89 

and bivariate statistical analyses of multiparameter (i.e. rainfall, snow cover thickness, 90 

spring discharge, groundwater temperature and electrical conductivity) time-series. 91 

 92 

Material and methods 93 

Study area 94 

The Majella massif (Nanni and Rusi, 2003; Fiorillo et al. 2015; Liberatoscioli et al, 2018) is 95 

located in central Apennines (Italy) and is one of the larger carbonate aquifers in Central 96 

Italy, with an extension of 273 km2 (Fig. 1). 97 

From a geological point of view, this massif is made up by a wide sequence (thickness ~2 98 

km) of carbonate formations (Jurassic-Miocene), whose lithological properties vary 99 

depending on deposition paleo-environments (Crescenti et al. 1969). In fact, the older 100 

strata (up to Paleogene) are mainly platform and slope-to-basin limestones, while the more 101 

recent ones are ramp limestones and marls (Volatili et al., 2019 and relative bibliography). 102 
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During the Apennines uplift in middle-to-late Miocene, the Mediterranean geodynamic 103 

evolution strongly deformed the carbonate rocks, creating the Majella arc-shaped 104 

asymmetric anticline. Throughout the orogenic phase, the Majella anticline overlapped, by 105 

an east-verging thrust system, younger marine terrigenous formations (Miocene), that are 106 

mainly constituted by clayey-arenaceous and evaporitic deposits (Ghisetti and Vezzani, 107 

1997). During the Quaternary age, this anticline was progressively cut, especially in the 108 

western part, by a normal-fault system that juxtaposed the carbonate rocks with the 109 

terrigenous deposits (Calamita et al., 2002; Scisciani et al., 2002). In addition, the tectonic 110 

deformation created internal discontinuities and heterogeneities, such as several sets of 111 

differently open fractures, pressure solution seams and deformation bands (Volatili et al., 112 

2019), which favored the development of karst. Furthermore, on the upper plains and 113 

along the slopes of the massif, variably thick head sediments were deposited (Scisciani et 114 

al., 2000). 115 

The complex geological features developed during the orogenesis influence the hydraulic 116 

properties and the groundwater flow of the Majella aquifer. As a matter of fact, this aquifer 117 

system is laterally isolated by the regional tectonic systems (i.e. thrusts and normal faults). 118 

Nevertheless, since in the northern part the geological structures are still quite unclear, 119 

hydraulic continuity cannot be excluded (Nanni and Rusi, 2003). In addition, the limestone, 120 

variably weathered by fractures and karst, are the more permeable complex (secondary 121 

porosity) and represent the actual aquifer. Within these rocks, the groundwater flow is very 122 

heterogeneous, because of the combination of several flow paths, each one characterized 123 

by different hydraulic conductivity and continuity. Both in the unsaturated and the saturated 124 

zones, variably large and continuous conduits or fractures and heterogeneous fracture 125 

networks coexist and contribute different water volumes and flow velocities to the overall 126 

groundwater circulation. This is demonstrated by the presence of more than 240 springs. 127 



6 

 

The Majella aquifer has a total spring discharge of about 8 m3/s, while the net recharge is 128 

more than 900 mm/year, with respect to an average rainfall of about 1450 mm/year. The 129 

net recharge of this aquifer is exclusively due to snowfall and rainfall, without any water 130 

yield from other adjacent carbonate aquifers (Nanni and Rusi, 2003).  Most of the Majella 131 

aquifer water volumes leaks out through few basal springs (Fig. 1), that are located in the 132 

eastern and northern sides of the massif, with average discharges varying from 0.6 to 3.5 133 

m3/s. All the investigations (Celico, 1978; Nanni and Rusi, 2003) indicate that these are 134 

recharged by flow paths of a single heterogeneous aquifer, whose dimensions, volumetric 135 

capacity, and depth increase northward. 136 

Among others, the Verde spring (VS) is the most important one, in terms of discharge, 137 

likely because it has the lowest elevation with respect to the other basal springs. Its 138 

groundwater is exploited for drinking purposes (about 25%) and for hydroelectric power 139 

production. This spring is located in the central part of the tectonic interface between the 140 

carbonate aquifer and the terrigenous aquiclude, under the head deposits. 141 

 142 
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 143 

Fig. 1 Schematic hydro-geological map of the Majella massif. In legend: 1) continental deposits; 2) 144 

terrigenous deposits; 3) carbonate formations; 4) the Verde spring (VS); 5) other Majella aquifer basal 145 

springs; 6) rain gauges (LM, SM, GU, EU); 7) snow cover thickness measurement station (PL). 146 

 147 

Dataset 148 

In order to get a deeper insight on the Majella system groundwater flow, multiparameter 149 

daily time-series were considered, all related to the same time period between December 150 

1st, 1997, and November 7th, 2002 (1803 days; about 5 years) and collected in different 151 

monitoring point all over the Majella massif (Fig. 1; Tab. 1). 152 

The snow cover thickness (in cm; accuracy ±1 cm) was measured by means of a 153 

graduated scale by the Meteomont State Forestry Authority Service. The rainfall data (mm; 154 

accuracy ±0.1 mm), collected by automated rain gauges and representative of the overall 155 

rain precipitation on the Majella massif (Fig. 1), were provided by the Hydrographic Service 156 

of Abruzzo Region. The Verde spring discharge data is a sum of two different monitoring 157 
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(i.e. SASI SpA and Hydrographic Service of Abruzzo Region), performed by automated 158 

water level stations with calibrated flow section (m3/s; accuracy ±0.001 m3/s). In addition, 159 

for the Verde spring also the water electrical conductivity (µS/cm; accuracy ±0.01 µS/cm) 160 

and temperature (°C; accuracy ±0.1° C) were measured by a physico-chemical 161 

multiparameter probe connected with a data logger, located in the spring tapping (Nanni 162 

and Rusi, 2003). 163 

It is important to highlight that one of the discharge measurement points is located about 164 

1800 m downstream of the spring tapping, thus partially influenced by runoff. 165 

 166 

Tab. 1 Monitoring points on the Majella massif. Sources: (1) Hydrographic Service of Abruzzo Region; (2) 167 

(Nanni & Rusi, 2003) e Rusi (2000); (3) State Forestry Authority, Meteomont Service. 168 

Abbreviation Location Source a.s.l. 

PLS Passo Lanciano snowmeter (3) 1300 

EUR Sant’Eufemia a Majella rain gauge (1) 810 

LMR Lama dei Peligni rain gauge (1) 650 

GUR Guardiagrele rain gauge (1) 577 

SMR Fara San Martino rain gauge (1) 325 

VSD Verde spring discharge meter (1) 410 

VSEC Verde spring electrical conductivity probe (2) 410 

VST Verde spring temperature probe (2) 410 

 169 

 170 

Autocorrelation Function 171 

The Autocorrelation Function (ACF) is a univariate analysis, that evaluates the linear 172 

dependency of successive values of a single parameter in a selected time-series. For this 173 

reason, the method describes the behavior of a selected time-series, that can be 174 

considered random, systematic or mixed (Mangin, 1984; Benavente et al., 1985; Larocque 175 

et al., 1998; Thanh Tam et al., 2004). To describe the behavior of considered time-series, 176 

the autocorrelation curves and the decorrelation (i.e. ACF < 0.2) time lag are compared 177 

(Mangin, 1984; Amraoui et al., 2003; Delbart et al., 2013). Usually, the random behaviour 178 

is characterized by a fast decorrelation and short decorrelation lag times, while a 179 
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systematic behaviour by a gentle slope shape and long decorrelation lag times. In mixed 180 

conditions, the autocorrelation function is characterized by a multimodal curve. In this way, 181 

useful information about the aquifer systems can be obtained (Bouchaou et al., 2002; 182 

Duvert et al., 2015; Cai and Ofterdinger, 2016; Petalas, 2017). 183 

The estimate of the k-th lag autocorrelation ( AC�F(k) ) of a finite time-series of N 184 

observations is (Jenkins and Watts, 1968). 185 

AC�F(k) ≡ c
��(k)
c
��(0) ≡ c
��(k)

σ��
≡

1N ∑ (x� − x̄)(x��� − x̄)������
1N ∑ (x� − x̄)�����

								k = 0,	1,	2,	...,	K  

where c
��(k) is the estimate of the auto-covariance, c
��(0) ≡ σ��  is the estimate of the 186 

variance, x̄ = (∑ x����� )/N is the mean of the time series and k is the number of the time 187 

series elements to be considered (usually a value not greater than N/4). 188 

 189 

Cross-Correlation Function 190 

The Cross-Correlation Function (CCF) is a bivariate analysis that describes the 191 

relationships between input and output, in terms of response time and the effective weight 192 

of input variation on the output behavior. Furthermore, the shape of the CCF function 193 

characterizes aquifers in terms of infiltration rate and travel time through the main 194 

infiltration pathways (Fiorillo and Doglioni, 2010), in terms of draining capacity and storage, 195 

identification of the main input parameter contribution (Mangin, 1984; Gárfias-Soliz et al., 196 

2010; Lo Russo et al., 2014; Katsanou et al., 2015; Tonggang et al., 2016; Chiaudani et 197 

al., 2017; Hosseini et al., 2017). 198 

It is shown in Jenkins and Watts (1968), that the estimate of the bivariate cross-correlation 199 

coefficient at lag k (CC�F(k)) can be obtained by the following relation: 200 

CC�F(k) ≡ c
�#(k)
σ�(0) ⋅ σ#(0) ≡

1N ∑ (x� − x̄)(y��� − ȳ)������
1N &∑ (x� − x̄)����� &∑ (y� − ȳ)�����

								k = 0,	1,	2,	...,	K 
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Where (x�, y�) are the pairs of data variables (for example rainfall and spring discharge) to 201 

be compared to each other, while x̄  and ȳ  are the means of the x and y series, 202 

respectively. The CC�F values, to be acceptable, have to be characterized by the 95% 203 

confidence level (p < 0.05), that was tested by means of the Student’s t-test 204 

(Seidenbecher et al., 2003), defined as: 205 

t = 	 r�#(k)√n − 2
&1 − r�#(k)

 

where, t is the t-value (equal to 1.645 for 95% significance level), and n is the number of 206 

observations of each time-series (i.e. 1803). 207 

 208 

Seasonal-trend decomposition 209 

Since in large aquifer systems the baseflow is predominant, the seasonal and long-term 210 

variation (non-casual component) can hide the effects of sporadic recharge events, 211 

especially when bivariate time-series analyses, such CCF, are applied. For this reason, 212 

analyzing residual changes is vital to avoid information loss. 213 

In order to remove the periodical fluctuations (seasonal and multi-year cycles) and the 214 

trend components (i.e. non-casual long-term changes) in the selected time-series, the 215 

Census I method was chosen. The residual component obtained by this analysis 216 

represents the random short-term fluctuations, that are neither systematic nor predictable 217 

This approach is based on the assumption that an observed value +, at time t in a time-218 

series considered consists of four different components, combined to each other in an 219 

essentially additive model: 220 

x� = T� × C� + S� + ε� 

where: T� is the trend component; S� is the seasonal component (12-month period); C� is 221 

the cyclical component that have usually a longer periodicity than the seasonal 222 
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component; ε� is the random irregular component that is the most quickly changing. The 223 

trend and cyclical components are customarily combined into a trend-cycle component 224 

T� × C�  (INSB, 1965; Béthoux et al., 1980; Makridakis et al., 1983; Makridakis and 225 

Wheelwright, 1989; Polemio and Dragone 1999; HCSO, 2007). 226 

 227 

Results and discussion 228 

Data description and basic statistics 229 

The multiparameter time-series considered in this research are shown in Fig. 2 and the 230 

basic statistics concerning these datasets are presented in Tab. 2. 231 

The snow cover thickness distribution (Fig. 2A) is marked by an intermittent behavior, 232 

related to the alternation of snowy fall-winter periods and non-snowy periods. Its values 233 

range from 0 cm to 210 cm, suggesting a high variable thickness. In addition, the low 234 

mean and median values (25 cm and 0 cm, respectively), together with the 25th and 75th 235 

percentiles (0 cm and 21 cm, respectively), suggest that the non-snowy days are 236 

predominant in the time-series. The snowy periods are characterized by a rapid snow 237 

cover increase and decrease, respectively during the snow accumulation and smelting. 238 

The rainfall patterns (Fig. 2B) appear more random than the snow cover one. In fact, the 239 

very small values of mean, median, 25th and 75th percentiles (Tab. 2), compared with the 240 

maximum value (100.2 mm), confirm this non-systematic behavior. Although the rain 241 

seems to fall during the whole years, the more intense and frequent events occur in the 242 

early fall and in spring periods. Instead, stronger events, over about 50-60 mm, occur 243 

rarely in the considered time period (Fig. 2B). 244 

The Verde spring discharge (Fig. 2C) shows a seasonal behavior, characterized by values 245 

ranging between 1.834 and 5.014 m3/s. The highest values occur during and after the 246 

snow melt (i.e. from April to July) and decrease following the typical spring regression 247 

curve. Nevertheless, high discharge values were measured also before the snow 248 
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accumulation, especially when the measured yearly snow cover thickness was small (i.e. 249 

1999 and 2000). This non-seasonal discharge pattern suggests that the Verde spring 250 

behavior is somehow influenced by rainfall when the snow cover is thin or absent, 251 

although its variability is very limited (Tab. 2). This little variation is likely attributable to 252 

deeper and/or slower flow paths that form the overall aquifer baseflow. 253 

The same limited variability of discharge values is reflected in the electrical conductivity 254 

(EC) and temperature (T) statistics (Tab. 2). Analyzing the EC distribution (Fig. 2D), the 255 

lowest values coincide with the highest discharge values and increase gradually as the 256 

spring discharge decreases, reaching the lowest values during the fall period. This relation 257 

with the discharge is due to the recharge of the aquifer system by waters poor in total 258 

dissolved solids, even though they contribute to the whole water volume with a relative 259 

smaller amount than the one of the baseflow. In addition, EC seems to decrease sharply 260 

during the intense and concentrated rainy periods. This effect lasts for few days. The same 261 

dependency on discharge fluctuations is shown by T (Fig. 2E), although varying in the 262 

range 8.4-8.6° C (Tab. 2). This very limited variability can be attributable to slight 263 

differences between recharge water and groundwater temperature as well as to the 264 

relatively small volume of colder water feeding the aquifer, respect to the stored volume. 265 

The Skewness (S) and Kurtosis (K) values are always different from the Normal, or 266 

Gaussian, distribution that has S = 0 e K = 3 (Tab. 2). When S and K values are positive, it 267 

means that the time-series are characterized by most of the values varying slightly around 268 

the median, that is always minor that the mean, and by few out-layers close the maximum 269 

value. This distribution suggests the coexistence of more than one condition influencing 270 

the parameter fluctuation, such as the alternation of snowy and non-snowy periods as in 271 

snow cover thickness or intermittent recharge periods as in spring discharge, or the 272 

random behavior as in rainfall time-series. EC and T are the only exceptions, since their S 273 
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and K values are similar to the Normal ones because of the limited effect of the input 274 

variables. 275 

Tab. 2 Basic statistics of the considered multiparameter time-series. 276 

Parameter Unit Count Mean Median Min 25
th
 75

th
 Max S K 

PLS cm 1803 25 0 0 0 21 210 1.8 2.2 

EUR mm 1803 3.3 0 0 0 1.6 100.2 4.6 28.2 

LMR mm 1803 2.1 0 0 0 1.0 77.1 5.1 38.5 

GUR mm 1803 2.3 0 0 0 1.2 72.4 4.9 31.9 

SMR mm 1803 2.2 0 0 0 1.6 74.3 5.2 38.3 

VSD m
3
/s 1803 2.797 2.714 1.834 2.562 2.994 5.014 1.1 2.3 

VSEC µS/cm 1803 251.63 251.99 230.58 249.33 254.52 261.15 -0.7 1.2 

VST ° C 1803 8.5 8.5 8.4 8.5 8.5 8.6 -0.5 3.7 

 277 
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 278 

Fig. 2 The multiparameter time-series considered in this study and related to the monitoring points 279 

represented in Fig. 1 and Tab. 1. A) Snow cover thickness; B) rainfall; C) spring discharge; D) spring 280 

electrical conductivity; E) spring temperature. 281 

 282 

The mean daily standardized year-type of the 1998-2001 period (Fig. 3) summarizes the 283 

main features of the considered time-series. In particular, the snow covers the recharge 284 

areas from December to April, while rainfall confirms its random behavior during the whole 285 
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year. Intense rainfall events are more frequent in November and April. The Verde spring 286 

discharge, instead, reaches its highest values in June, decreasing until October. In 287 

November, random discharge increases occur. Concerning EC and T, the lower values 288 

clearly occur when the spring discharge is high because of the recharge. 289 

 290 

 291 

Fig. 3 The mean daily standardized year-type (1998-2001 period) of input (A) and output (B) parameters, 292 

described in Tab. 1. 293 

 294 

 295 

Autocorrelation 296 

The ACF results, represented in Fig. 4, shows that the rainfall time-series sharply 297 

decorrelate because of their random behavior. Contrariwise, the snow cover thickness 298 

decorrelates regularly in about 60 days. This ACF shape is related to the regular trend of 299 

the snow cover thickness time-series. The same regular behavior is reflected in the spring 300 

discharge, EC and T curves, that decorrelate in about 50-60 days. Nevertheless, the 301 
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spring discharge and EC decorrelation curves present a sharp decrease of ACF in the first 302 

10 days, similar to the rainfall decorrelation. This trend is likely attributable to 303 

instantaneous variations caused by the occasional recharge events that are due to intense 304 

and concentrated rainfall. For this reason, the variability of the spring discharge and EC 305 

time-series can be accounted by the combined effect of both rainfall (i.e. random 306 

component) and snowmelt (i.e. systematic component) recharge. In contrast, the T curve 307 

does not seem to be affected probably because the temperature is almost steady as a 308 

result of the slight difference between the infiltrating water and the groundwater volume 309 

stored within the Majella aquifer system (i.e. baseflow). 310 

 311 

 312 

Fig. 4 ACF curves of the considered time-series. The dashed lines indicate the positive and negative 313 

confidence levels. 314 

 315 

 316 

Raw data cross-correlations 317 

In order to examine the effect of recharge on the Verde spring parameters, the Cross-318 

Correlation Function (CCF) was applied to both the raw and residual time-series. Fig. 5 319 

shows the results of CCF between raw input and output datasets. At first sight, the CCF 320 
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values describing the snow cover thickness-spring parameters relationship are an order of 321 

magnitude higher than the ones related to the rainfall-spring parameters relationship. This 322 

noticeable gap is attributable to the difference in water volume infiltrating during and after 323 

snowmelt and after rainfall events. In fact, the Majella aquifer system recharge is mainly 324 

due to the snow cover that accumulates, during the fall-winter period (i.e. from November 325 

to February), and then melts, during the spring period (i.e. March-April). Rainfall events, 326 

even intense and widespread, supply little water to the aquifer with respect to the water 327 

volumes accumulated in the form of snow, in the recharge areas. 328 

Analyzing in detail, the CCF between the snow cover thickness (PLS) and the spring 329 

discharge (VSD), represented in Fig. 5A, shows the maximum positive correlation (0.54) 330 

with a time lag equal to about 110 days, even though the curve appears very smooth with 331 

correlation values above the significance level in the range 65-145 days. As expected, the 332 

CCFs between the snow cover thickness and the spring electrical conductivity (VSEC) and 333 

temperature (VST) are characterized by evident negative values (-0.45 and -0.59, 334 

respectively; Fig. 5B and 5C), because of the mixing between the groundwater already 335 

stored in the aquifer (i.e. baseflow) and the recharge water, and the resulting dilution 336 

effect. Nevertheless, the corresponding time lags are in both cases about 135 days, that is 337 

about 25 days later that the maximum time lag of the PLS-VSD (cover thickness vs spring 338 

discharge) cross-correlation. As for the PLS-VSD, the CCF curves are very smooth and 339 

wide. The apparent discrepancy in the time lags for the different spring parameter CCFs 340 

can be explained by a delay in the diluted groundwater arrival at the Verde spring. Thus, 341 

the PLS-VSD time lag includes the snow cover accumulation, the snow melting, the 342 

snowmelt infiltration, and the first arrival of large water volumes to the water table (i.e. 343 

pressure transfer, Nanni and Rusi, 2003; Aquilina et al., 2006; Di Lorenzo et al., 2018), 344 

that alters the hydraulic head distribution in the aquifer and causes the spring discharge to 345 

increase rapidly. Within the following 25 days, the recharge water mixes with the stored 346 
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groundwater and moves toward the spring. The coexistence of several infiltration modes 347 

(i.e. flow paths in the unsaturated zone), characterized by different sizes and hydraulic 348 

conductivities, accounts for the smoothed and widened curves. In addition, the significative 349 

correlations at short time lags (negative value for snow cover thickness-spring discharge 350 

cross-correlation, and positive values for snow cover thickness-electrical conductivity and 351 

temperature) can be attributed to the simultaneous coexistence of the snowfall 352 

accumulation in the recharge areas and the spring recession, in the fall-winter period (Fig. 353 

3). 354 

Concerning the CCFs between rainfall (EUR, GUR; LMR, and SMR) and the Verde spring 355 

discharge (VSD), the CCF curves (Fig. 5D) are very irregular and the highest values (up to 356 

0.08) has a time lag equal to about 110 days, that is comparable with the one obtained in 357 

the PLS-VSD cross-correlation. These coherent time lag can be explained by the effect of 358 

the rainfall events in the March-April period that, together with the increasing air 359 

temperature, favor the snow melting and the subsequent snowmelt infiltration. Besides the 360 

longer time lag, the rainfall vs. spring discharge CCFs points out several significative 361 

positive peaks (up to 0.09), characterized by time lags shorter than 50 days (i.e. 0, 5, 13, 362 

22, 35, and 45 days). However, the instantaneous one (i.e. 0-day time lag) must be 363 

excluded from the analysis because it is likely due to the runoff component affecting the 364 

spring discharge measurement in the stream section between the spring tapping and the 365 

discharge gauging station. The other short time lags are probably attributable to different 366 

flow paths, that contribute, even slightly, to the Verde spring discharge variations. The 367 

CCFs between rainfall and the Verde spring electrical conductivity (Fig. 5E) and 368 

temperature (Fig. 5F) have unclear results, especially for the rainfall-spring temperature 369 

one. 370 
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 371 

Fig. 5 Raw time-series CCFs between the snow cover thickness and the Verde spring parameters (A, B, and 372 

C), and between rainfall and Verde spring parameters (D, E, and F). The dashed lines indicate the positive 373 

and negative confidence levels. 374 

 375 

 376 

Raw rainfall-residual spring parameter cross-correlations 377 

Since the low raw data CCF values confirm that the rainwater volume contribution to the 378 

Majella aquifer recharge is very limited and the overall rainfall is supposed to affect only 379 

the residual non-systematic behavior of the Verde spring parameters, the CCF was 380 
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applied to the residual spring discharge (rVSD), electrical conductivity (rVSEC) and 381 

temperature (rVST) time-series, considering the raw rainfall time-series as input. The 382 

results of these analyses are represented in Fig. 6. This kind of analysis allowed to 383 

improve the resolution and to better highlight the significative peaks not clearly visible in 384 

Fig. 5. In addition, grouping the CCFs by specific rain gauge to compare the rainfall time-385 

series effect on the different residual spring parameter behavior, hydrodynamic 386 

considerations can be pointed out, in terms of recharge modes. 387 

The raw rainfall-rVSD cross-correlations (Fig. 6) show clear peaks characterized by 388 

response times equal to 5 days (peak I), 13 days (peak II), 22 days (peak III), 35 days 389 

(peak IV), and 45 days (peak V). The CCFs between raw rainfall and residual spring 390 

physico-chemical parameters exhibit a similar pattern of the significative negative peaks, 391 

but the response times so not always coincide. In detail, the peaks I and II, detected in the 392 

raw rainfall-rVSD curves, have delays (response times equal to 7 and 15 days, 393 

respectively) in the CCFs with rVSEC and rVST of 2 days. The peak III of the raw rainfall-394 

rVSD is present only once with a low CCF value (0.038, barely significative) and does not 395 

show negative peaks in the CCFs with rVSEC and rVST. The peak IV is characterized by 396 

identical response times for both raw rainfall-rVSD and raw rainfall-rVSEC, equal to 35 397 

days. The CCFs with the rVST does not show any significative negative peak. Finally, the 398 

peak V of the raw rainfall-rVSD curves is characterized by a response time of 45 days, but 399 

the CCFs with the rVSEC is delayed by 11 days. As for peak IV, even in this case, the 400 

CCFs between raw rainfall and rVST does not show any significative negative peak. 401 

This complex and heterogeneous framework suggests that, when a rainfall event occurs, 402 

rainwater reaches the Verde spring through different flow paths in both unsaturated and 403 

saturated zones. Once rainwater reaches the saturated zones, the hydraulic head raises 404 

instantaneously and causes a rapid discharge increase (i.e. pressure transfer). This water 405 

then mixes with the groundwater already stored in the Majella aquifer, slightly diluting it. 406 
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Later, the diluted groundwater reaches the Verde spring in a given time period (i.e. 407 

transport period), that depends on the distance from the spring and the overall hydraulic 408 

conductivity of the aquifer in the saturated zone. Thus, the more the infiltrating rainwater 409 

volume is large, the more the diluting effect due only to the rainfall recharge is evident, 410 

since even the aquifer dispersivity tends to attenuate further this effect during the 411 

groundwater transport period. 412 

Based on these considerations, the peaks highlighted by the raw rainfall-residual spring 413 

parameter CCFs can likely correspond to different recharge modes, that differ from one 414 

another in infiltrating water volume amount, size (i.e. length and width) and hydraulic 415 

conductivity of fractures and/or karst conduits, and distance from the Verde spring. As a 416 

result, the peaks that are characterized by a delayed physico-chemical response time (i.e. 417 

peaks I, II, and V) can be attributable to large karst conduits or intensely fractured zones 418 

that bring significant amounts of water through the unsaturated zone into the saturated one 419 

(Fig. 7). This water then mixes with the groundwater already stored in the aquifer and 420 

moves downstream, reaching the spring within the delay between the discharge and the 421 

physico-chemical parameter response times. Furthermore, the differences in the spring 422 

recharge response depend on the travel time in the unsaturated zone that is related to the 423 

length and/or the hydraulic conductivity of the corresponding flow paths. On the other 424 

hand, the delay between the discharge and the physico-chemical parameter response is a 425 

function of the mixing and the advective-dispersive transport of mixed groundwater toward 426 

the spring. The overall delaying effect due to these processes, in turn, depends on the 427 

distance from the spring and the aquifer hydraulic conductivity. Contrariwise, the peak III, 428 

that does not show negative peaks in the CCFs with the spring physico-chemical 429 

parameters, can be interpreted as a narrow conduit or a slightly fractured zone, that brings 430 

to the saturated zone a small amount of rainwater cannot alter significantly the 431 

groundwater physico-chemical parameters. For this reason, only the travel time toward the 432 
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saturated zone and the following pressure transfer are clearly detectable (i.e. 22 days), 433 

that can be attributable to an intermediate-length flow path in the unsaturated zone (Fig. 434 

7). Finally, the infiltration through the dense fracture network, taking place within the bulk 435 

rock mass of the Majella massif, can account for the peak IV, that characterized by a 436 

simultaneous alteration of the spring discharge and physico-chemical parameters. As a 437 

matter of fact, the slow downward movement in these conditions limits the effect of the 438 

pressure transfer on the spring discharge and favors the mixing. For this reason, the 439 

simultaneous response times (i.e. 35 days) include both the travel time within the 440 

unsaturated zone and the mixing and the advective-dispersive transport of mixed 441 

groundwater toward the spring (Fig. 7). 442 

 443 

 444 

Fig. 6 Raw rainfall-residual spring parameter CCF curves. A) EUR-residual VS parameters; (B) GUR- 445 

residual VS parameters; C) LMR- residual VS parameters; D) SMR- residual VS parameters. The Roman 446 

numerals in Fig. 6 represent different recharge modes. The dashed lines indicate the positive and negative 447 

confidence levels. 448 

 449 

 450 
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The Verde spring conceptual model 451 

The results obtained analyzing the multiparameter time-series allowed to get a deeper 452 

insight into the Majella aquifer system recharge and unsaturated-saturated flow. In 453 

particular, a refined conceptual model of the role of each inflow on the overall renewable 454 

groundwater volume of the Majella aquifer system and of the different modes (i.e. 455 

unsaturated-saturated) by which the recharge water reaches the Verde spring was defined 456 

(Fig. 7). 457 

The snowmelt represents the major inflow of the aquifer system (Fig. 7A), because of the 458 

huge snow volume that accumulates in the recharge areas, during the fall-winter period, 459 

and melts, during the spring period. The snow cover melting, favored also by intense 460 

rainfall, leaks slowly large amount of water into the aquifer, all over the recharge areas. 461 

The large snowmelt volume inflow, due to the combination of a multitude of different 462 

recharge modes, creates significative modifications to the spring discharge (about +1.5 463 

m3/s), electrical conductivity (about -30 µS/cm) and temperature (about -0.1° C), in terms 464 

of groundwater volume increase and dilution (Fig. 2). In addition, the delayed response 465 

times of the CCFs with the physico-chemical parameters (Fig. 5) highlighted that the 466 

diluted groundwater takes an average of 25 days to reach the Verde spring. Nevertheless, 467 

the steady slow snowmelt inflow tends to saturate a large portion of the voids present in 468 

the unsaturated zone (i.e. karst conduits, large fractures and dense fracture network). For 469 

this reason, distinguishing the single snowmelt recharge modes was not possible, as 470 

pointed out by the CCFs between the snow cover thickness and the Verde spring 471 

parameters that show very smoothed and wide response curves for all the spring 472 

parameters (Fig. 5). 473 

Concerning the rainfall contribution, the very low CCFs values, considering both raw (Fig. 474 

5) and residual (Fig. 6) spring parameter time-series, confirmed that the rainfall volume 475 

inflow represents only a limited amount of the overall Majella aquifer recharge. However, 476 
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the transient behavior of the rainfall inflow allowed to identify different recharge modes 477 

(Fig. 6 and 7B), that are fully or in part activated during intense rainfall events. These 478 

recharge modes depend on several flow paths in the unsaturated zone that are 479 

characterized by different water volumes brought downward, sizes (i.e. length and width), 480 

hydraulic conductivities, and distances from the Verde spring (Fig. 7B). Each of these 481 

recharge modes affects the spring parameter behaviors differently. Although their 482 

influence is generally limited in duration, sharp and significative discharge increases (up to 483 

about +0.7 m3/s) and electrical conductivity decreases (up to about -20 µS/cm) can occur 484 

(Fig. 2). Nevertheless, the spring temperature is not sensitive to rainfall inflow because of 485 

the rainwater is affected by the air temperature variations, thus a clear temperature 486 

decrease is not detectable, as for the snowmelt inflow (Fig. 7). 487 

 488 
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 489 

Fig. 7 Simplified conceptual model of the snowmelt (A) and rainfall (B) inflow contributions to the overall 490 

recharge of the Majella aquifer system (HL: higher level; SC: snowmelt contribution; RC: rainfall contribution; 491 

LL: lower level). In red, each inflow contribution to the Verde spring parameter behavior. The Roman 492 

numerals refer to the different recharge modes identified in Fig. 6. 493 

 494 

 495 

Conclusions 496 

This study demonstrated that the multiparameter hydrodynamic and hydrochemical time-497 

series analyses, related to heterogenous fractured and/or partially karst aquifer systems, 498 

can provide more detailed information about the groundwater flow and the recharge 499 
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modes, without using tracer tests. Although they are more precise and the used tracers 500 

non-toxic, their implementation is often difficult because of the logistic conditions and the 501 

environmental restrictions, especially when the aquifer systems are wide, and the related 502 

groundwater exploited for drinking purposes. In addition, the tracer tests are not reliable 503 

when the aquifer systems are wide, and the karstic features are scarce or absent. 504 

As a matter of fact, a preliminary conceptual model of the groundwater flow and the 505 

different inflows, that recharge the aquifer and affect the spring parameter behavior, is 506 

required. 507 

In the Majella massif, the results obtained clearly demonstrated that the snowmelt 508 

contribution is predominant with respect to the rainfall one. The travel times in the 509 

unsaturated and saturated zones of the water moving toward the Verde spring and the 510 

aquifer recharge modes depend on the different inflows (i.e. snowmelt and rainfall), their 511 

distribution in the recharge areas, their intensity and distribution in time. In detail, the 512 

multiparameter time-series analyses allowed to identify several recharge modes related to 513 

different flow paths, that are characterized by different features (i.e. size, hydraulic 514 

conductivity and distance from the spring), in both the unsaturated and saturated zones. 515 

The level of detail obtained by the multiparameter time-series analyses is high, although 516 

below the one provided by tracer tests. In fact, this methodological approach allowed to 517 

account for small changes in the spring parameters, such as the electrical conductivity 518 

(about ± 15 µS/cm) and temperature (about ± 0.1° C). In general, these small variations 519 

are considered meaningless. 520 

As a result, the multiparameter time-series analytical approach, useful for the Majella 521 

aquifer system case study, can be applied to other large heterogenous fractured and/or 522 

partially karst aquifer systems worldwide, where the recharge is due to both rainfall and 523 

snowmelt. 524 

 525 
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