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Abstract

This paper is an effort to assess the groundwater quality and the geochemical
Publication History: processes mainly using the Chadha’s diagram which classifies natural waters
and documents the Piper and extended Durov diagrams. Chadha’s diagram is a
useful tool to interpret groundwater geochemical processes because it is
produced by simple spreadsheets excel files. The example of hydrochemical
analyses were given from groundwater samples of the Thriassion Plain. To
attend our objective, 38 groundwater samples were collected. Hydrochemical
sections, XY diagrams, distribution maps of ionic ratios as well as the Gibbs
diagrams were used to identify origin of salinity and the hydrogeochemical
processes that have taken place. The Gibbs diagrams have shown that

©2019. The Authors

evapotranspiration (ET) and rock-water interaction play an important role to
the increase of groundwater salinity. The interpretation of Chadha diagram
highlights that the stratigraphic factors and especially the clay strata
occurrence have isolated fresh groundwater from seawater. The abundant
occurrence of clay deposits to the depth of the plain work as barriers to direct
seawater intrusion. Good quality groundwater identified confirms the important
role of clay strata. Reverse cation exchange, is the predominant geochemical

process in the Thriassion Plain aquifers, whereas evapotranspiration (ET) and
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rock-water interaction play an important role to the increase of groundwater

salinity.
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Lepiinyn

270 apBpo avto Yivetar apyikd. pio. EKTIUNCH THS TOLOTHTAS TOD DIOYELOD VEPOD,
UE TOVTOYPOVH TOSIVOUNGH TOV KOOGS KL UIoL UEAET] TV YEYNUIKWDV OLEPYOCLOV
Tov  Aoufavovy ywpo. eviog TOov VOPOPOpov opilovia. ue TH YPHON  TOD
oaypduuatos Chadha, to omoio faciletar 0lAd kar ovurinpaver ta dSroypauuoTo.
Piper xoz expanded Durov. To didypauuoc tov Chadha eivar éva wold yproio
gPYOLEIO  aTNYV  EPUNVEI. TV DOPOYEWYNUIKDOV OIEPYOTLOV OTOV VTOYELO
vopopopéa kabwg eldyetar amd Evo amAd VTOAOYIOTIKO YOALO amopebyovTag To.
rwolvomioko, loyiouixa. To dedouévo e epyaoios ovtng mponlbav amo 38
oetyuato vwoyelov vepod aro Opiaoio Iledio. To va ueletnBei dielodixd n
Tpoélevan TS QAOTOTHTOS TOL TPOGOLOPIOTNKE OTO. OEIYUATA OVTA, KOl
TOVTOYPOVO. Ol DOPOYEWYNUIKES — OIEPYOCIES TOL  EMITEAODVIOL, — OPYIKG,
APNOWUOTOINONKAY  YOPTES KOTOVOUNG TV A0YWV TWV AVIOVIOV KOI TOV
kotioviwv  kor  owypauuote.  tov  Gibbs. Andé  avtd  mpoékvwe ot n
eCatuic0010TVON Kol 1] GAANAETIOPa.aN TOV VEPOD UE TO TEPLPAALOVTO TETPOUATO.
mailovv Paaiko poto oty avénon e atatotnrog. Katomy, oo to mopoayouevo.
owaypouuora tov Chadha cvumepoivetor ot o1 oynuotionol kot E101kd Ta
OPYIAIKG, TETPOUOTO. EIval DIEDOVVOL Y10, TH OHUIOVPYIO. EVOS PVIIKOD EUTOIIOD
otV auean oieioovan tov QaAdoo1on VEPOD, TUUTEPAGUO. TOV ETPfefoiwverl 1
omapln  vepod  younins olaToOTHTAS OTO  KEVIPIKO TUNHO. TOVL TEOLOV..
2OUTEPOCUOTIKG, 1] KOPLO. YEQYNULKN O100IKATIO. TOV TOPOTHPEITOL LUE TH UEAETN
o0 daypouuaros Chadha eivor n avtiotpopn koatiovioaviorioyn n omoio
ovvepyel uali pue v eCaticoolomvon Kol Ue T0 EL00G TV GYNUATIOUDYV OTHV

OUENUEVN OAOTOTHTO TV DITOYEIWY VEPWY THS TEPLOYTS.

AéEe1s KAe1d1d: TOPOKTIOS VOPOPOPERS, VOpoynuela, Odieioovon Baldooiov vepov,

Opioaoio ledio
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1. Introduction

Hydrochemistry in coastal aquifers is very often influenced by seawater. Natural
and anthropogenic factors are the cause of that phenomenon. However,
Thriassion Plain seems to retain its good quality groundwater in the central part
of the basin due to the occurrence of thick clay strata that prevent seawater
intrude inland. The agricultural and industrial water needs in the region are
covered by more than 5.000 wells tapping the Plio-Pleistocene sediments and
the Mesozoic carbonate. Numerous groundwater studies since 1945 have been
accomplished. During the last five decades, the uncontrolled industrial
development has resulted to environmental degradation onto the soil, seawater
and groundwater (Kaminari, 1994; Kounis and Siemos, 1990; Dounas and
Panagiotides, 1964; Dimitriou et al. 2011, Iliopoulos et al. 2010; Christides et
al. 2011; Lioni et al. 2008; Makri, 2008; Mimides, 2002). Seawater intrusion has
also been studied; high levels of salinity in locations far from the shoreline was
better documented by Hermides and Stamatis (2017), who demonstrated that the
origin of brackish groundwater is potentially attributed to rock dissolution or
anthropogenic factors, studying the halogens ratios and not only the individual
concentrations. The target of this work is to further explain the hydro-
geochemical processes occurring within the aquifer of Thriassion Plain, which,

in turn, may provide useful data about the quality of the groundwater.

2. Study area

Thriassion Plain is a coastal area located 25 km west of Athens. It covers a
surface of 100 km? which is part of three hydrological basins with total extent
of 480 km? (Fig. 1). Semi —arid conditions prevail in the area: the mean annual
precipitation is 380 mm while evapotranspiration is 68% of the precipitation
(Paraschoudes, 2002). In the 2000’s, agricultural lands had an extent of about
70 km?. Half of this surface was irrigated and mainly covered the central part of

the study area, whereas, the rest was occupied by urban and industrial activities.
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Fig. 1: The broader study area and its hydrological basins

3. Geological setting

The geological background of Thriassion Plain is dominated by sediments and
volcanic rocks of Palaeozoic to Caenozoic age (Katsikatsos et al., 1986; Dounas,
1971) (Fig. 2). The Palaeozoic basement is represented by a volcano-
sedimentary complex consisted of (a) clastic materials, shales and sandstones;
(b) basic igneous volcanic rocks; and (c) lenticular intercalations of thin-bedded
carbonate units. These rocks are overlain by Mesozoic sediments comprising of:
(@) phyllites and sandstone which mainly consist of: slightly metamorphic
schists and sandstone with intercalations of red thin-bedded limestone—
dolomites (Phase Hallstatt); (b) metapyroclastic and metavolcanic rocks
hornstones and tuffs; (c) Triassic limestones, dolomitic limestones and
dolomites; and (d) Cretaceous limestones. Cenozoic sediments in the area
consist of: (a) Paleocene flysch; (b) Neogene deposits of Pliocene (marls with
lignite intercalations in places, sandstone, marly limestone); and (c) Quaternary
deposits of Pleistocene (clay, sands, gravels, torrential fans of loosely and
cohesive conglomerates) and alluvial deposits (clays, loams, sands and gravels)
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at the top. The geological structure of the narrow area of Thriassion Plain is very
complex, due to different sedimentary environments and facies alternations of
torrential, lacustrine and lagoon sediments deposited during Neogene—
Quaternary period as well as the effects of tectonic and neotectonic deformation
(Mariolakos et al., 2001; Ganas et al, 2004; Foumelis, 2019). This structure has
influenced the geomorphological, hydrological and hydrogeological
characteristics of the above-mentioned area. Clay, marls, consolidated
conglomerates, thick-bedded massive limestone, dolomites and shales control

the groundwater flow.
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Fig. 2: Geological map of the study area and sampling points

4. Hydrogeological setting

Hydrogeology has been influenced significantly by stratigraphic and tectonic
factors (Goumas, 2006; Zacharias et al., 2003; Mariolakos and Theocharis,
2001; Katsikatsos et al., 1986; Dounas, 1971) and by sea level changes
(Lambeck, 1996; Kambouroglou, 1989; Kraft et al., 1980). The main aquifers in
Thriassion Plain are the Plio—Pleistocene sediments as well as the Triassic
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limestone/dolomite and the Cretaceous limestone. Plio— Pleistocene sediments
form a multi-layered confined system (Hermides, 2018). This system has clay
or marls as a local basement. The geometry of the deposits cannot be described
in details, or their total depth, which is likely to be about 300 m (Skianis and
Noutsis, 2008). Conversely, carbonates have Palaeozoic sediments as a
basement. Potentiometric surface and water table generally fluctuate between
the highest level in April- May and the lowest in October. Seasonal water level
fluctuations in the unconfined aquifer are about 0.4-0.5 m and about 1.2-1.5 m
in the confined aquifers. The upper aquifer is comprised of sediments of Upper
Pleistocene to Holocene age that include clays, sands, gravels and pebbles, often
forming breccia—conglomerate banks with low groundwater yields. The upper
aquifer is generally unconfined and locally confined (Hermides et al., 2016).
Holocene clays occur in the coastal area and provide confined conditions. The
aquifer has thickness 2—10 m which thickens up to 20-30 m at higher elevation.
The hydraulic conductivity ranges between 0.4 and 4 m/d and the pumping rate
ranges between 5 and 20 m2 /h. Groundwater generally flows southwards with a
hydraulic gradient of 1 to 3%. Holocene clays locally form barriers to
groundwater flow causing an upward leakage. The second aquifer is made up of
Lower Pleistocene sediments comprised of clays, sands, gravels and
conglomerates. It is confined and forms a multi-layered confined system. Three
to five or six aquifers exist in these sediments (Hermides, 2018). The thickness
of the aquifers is typically 1-3 m and may be up to 12-15 m in thickness. The
third aquifer is made up of Plio—Pleistocene sediments comprised of marls with
lignite layers in places, sands and marly limestones. Recharge is achieved from
Pleistocene sediments leakage and lateral flow from carbonate. The hydraulic
conductivity of this aquifer ranges from 2 to 25 m/d and hydraulic head is up to
13 m amsl. Groundwater in this aquifer flows towards the coast with a hydraulic
gradient of 1-5%. The Cretaceous limestone is fractured and forms an
unconfined aquifer of high productivity. The quality of water in this aquifer is
degraded because of sea water intrusion. The aquifer has a transmissivity of up
to 5000 m? /d (Kounis and Siemos, 1990) and the pumping rate from individual
wells is over 90—100 m® /h. The hydraulic gradient in the aquifer is about 0.5—
0.6% and the head is up to 7-8 m amsl. The Triassic aquifer is either confined
or unconfined depending on its location and tectonism and karstification. A
conceptual model of the formations, along with the boreholes and the sampling
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wells are depicted in Figure 3, where the dashed line is a very general illustration
of the aquifer and the black arrows is the overall groundwater flow.
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Fig. 3: Conceptual model of the geological strata of the study area in

combination with the general groundwater flow.

5. Materials and methods

Water sampling from 38 wells and boreholes along with measurement of basic
physico-chemical parameters took place in April/May and in October 2012.
Sampling and storage followed the Technical Regulations of International
Standards. All sample bottles were cleaned with nitric acid prior to sample
collection. Water samples were collected in a 1-I plastic bottle which was rinsed
three times prior to sample collection. The average analytical precision was
better than 5%. The target anions Cl-, SO4> and cations Ca?*, Mg?*, Na*, K*,
were determined with lon Chromatography, while the method of titration was
used for HCOs determination. The results were illustrated on the Chadha
diagram (Chadha, 1999), XY diagrams, and distribution maps of ionic ratios as
well as Gibbs diagrams (Gibbs, 1971). Chadha diagram uses simple
spreadsheets excel files for identifying geochemical processes that could take

place in groundwater.
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Table 1: Physico-chemical parameters of groundwater samples.

5
A/A W,\'fr” o [Nos | SO | heos | Nat | k* | ca |Mg® | pH Redox | EC. | TeoC balanc
e

1| 14A| 1740 | 245 | 314 | 206 | 702 | 10 | 336 | 145 | 7.00 | 132 | 5250 | 21.2 | 4.4
2 | 16 | 280 | 102 | 54 | 300 | 150 | 37 | 111 | 54 | 755 | 198 | 1430 | 208 | 2.9
3 | 18A | 1450 | 28 | 151 | 445 | 709 | 160 | 137 | 105 | 723 | 91 | 3980 | 205 | 3
4| 20 | 773 | 136 | 218 | 331 | 313 | 96 | 198 | 132 | 7.58 | 90 | 2020 | 217 | 06
5 | 24 | 1338 | 68 | 225 | 488 | 798 | 201 | 189 | 118 | 6.95 | 122 | 4380 | 227 | 3
6 | 27 | 1134 | 82 | 209 | 404 | 611 | 130 | 178 | 82 | 7.3 | 144 | 3620 | 215 | 2.1
7 | ar | 437 | 182 | 189 | 680 | 420 | 94 | 182 | 69 | 750 | 128 | 2450 | 215 | 41
8 | 43 | 1252 | 49 | 156 | 285 | es8 | 280 | 102 | 84 | 762 | 121 | 3810 | 228 | 3.2
o | 44 | 484 | 26 | 88 | 357 | 322 | 207 | 80 | 54 | 804 | 110 | 1849 | 225 | 13
10 | 45 | 2547 | 152 | 3091 | 360 | 1400 | 40.2 | 247 | 178 | 7.46 | 131 | 7660 | 225 | 02
11| 47 | 2920 | 275 | 255 | 253 | 806 | 47.4 | 548 | 354 | 7.42 | 148 | 8090 | 211 | 23
12| 54 | 328 | 180 | 124 | 433 | 345 | 156 | 78 | 50 | 7.52 | 130 | 1883 | 20.4 | 3.2
13| 55 | 103 | 188 | 76 | 374 | 103 | 82 | 100 | 56 | 7.46 | 111 | 1131 | 206 | 34
14| 62 | 207 | 334 | 46 | 231 | 42 | 45 | 147 | 84 | 755 | 119 | 1435 | 205 | 19
15| 72 | 201 | 170 | 54 | 296 93 | 63 | 135 | 82 | 747 | 131 | 1578 | 214 | 17
16| 75 | 150 | 320 | 86 | 314 | 48 | 85 | 174 | 82 | 7.3 | o7 | 1501 | 215 | 3.1
17| 83 | 366 | 80 | 63 | 237 | 213 | 68 | 97 | 45 | 754 | 135 | 1538 | 215 | 22
18| 8 | 304 | 281 | 60 | 261 58 | 46 | 179 | 88 | 751 | 196 | 1667 | 20.8 | 0.4
19| 96 | 461 | 94 | 64 | 709 | 174 | 40 | 155 | 156 | 741 | 28 | 2070 | 212 | 1
20| 98 | 357 | 42 | 84 | 487 | 188 | 138 | 159 | 63 | 7.25 | 119 | 1812 | 203 | 2.8
21 | 100 | 180 | 173 | 42 | 415 66 | 30 | 191 | 61 | 7.4 | 125 | 1411 | 21 | 47
22 | 102 | 927 | 180 | 156 | 517 | 588 | 143 | 173 | 116 | 6.93 | 136 | 3630 | 202 | 3.8
23 | 106 | 1639 | 122 | 294 | 444 | 857 | 303 | 247 | 131 | 7.19 | 126 | 5010 | 211 | 07
24 | 111 | 658 | 87 | 86 | 318 | 249 | 113 | 200 | 61 | 733 | 39 | 2320 | 201 | 1.9
25 | 116 | 300 | 45 | 62 | 360 | 157 | 92 | 135 | 41 | 769 | 122 | 1378 | 211 | 18
26 | 118 | 1520 | 28 | 164 | 294 | 728 | 219 | 166 | 99 | 747 | 56 | 4500 | 183 | 32
27 | 121 | 46 | e0 | 11 | 203 28 | 37 | 61 | 41 | 702 | 63 | 595 | 186 | 26
28 | 130 | 489 | 175 | 121 | 226 | 235 | 82 | 158 | 55 | 7.64 | 78 | 2086 | 17.5 | 0.3
20 | 131 | 193 | 350 | 63 | 202 | 49 | 125 | 158 | o1 | 744 | 106 | 1481 | 20 | 05
30 | 134 | 110 |37 | 713 | 215 50 | 22 | 150 | 88 | 747 | o7 | 1388 | 195 | 17
31| 136 | 348 | 157 | 41 | 239 82 | 33 | 153 | 89 | 755 | 92 | 1586 | 20 | 35
32 | 138 | 245 | 74 | 11 | 274 | 44 | 20 | 130 | 53 | 783 | 44 | 1104 | 193 | 50
33| 140 | 77 | 165 | 54 | 183 27 | 46 | o1 | 45 | 795 | 95 | 810 | 20 | 22
34 | 147 | 586 | 13 | 79 | 306 | 317 | 122 | 77 | 56 | 768 | 23 | 2115 | 181 | 21
35 | 154 | 117 | 465 | 63 | 270 | 46 | 25 | 156 | 85 | 7.48 | 115 | 1438 | 203 | 0.6
36 | 162 | 40 | 103 | 20 | 232 26 | 23 | 73 | 32 | 801|195 | 570 | 20 | 2
37 | 169 | 430 | 35 | 60 | 575 | 201 | 123 | 178 | 12 | 728 | 7 | 2270 | 202 | 18
38 | 187 | 440 | 44 | 72 | 301 | 233 | 139 | o7 | 54 | 731 | 158 | 1762 | 203 | 03

mn | 40 | 13 | 11 | 183 26 | 10 | 61 | 12 | 693 | -23 | 570 | 175

max | 2920 | 465 | 391 | 709 | 1400 | 47.4 | 548 | 354 | 8.04 | 108 | 8090 | 22.8

stdev | 688 | 113 | 90 | 122 | 320 | 108 | 84 | 57 | 026 | 48 | 1760
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Eight (8) fields are presented on a Cartesian system of axes which forms a
rectangular. Concentration meg/l % of (Ca?* +Mg?*)- (Na* +K*) and HCO3™- (CI
+S04%) are displayed onto X and Y axes respectively. Fresh waters are projected
in the field 5 and reverse cation exchange is dominating in the field 6, whereas
seawater influence is depicted in the field 7. Base cation exchange is depicted in
the field 8. Fields 1-4 are depicted on the main axes of the Cartesian system.

6. Results and discussion

All data of Table 1 were illustrated on a Chadha diagram (Fig. 4) to interpret
groundwater geochemical processes that take place in the Thriassion Plain
groundwaters. Mix of fresh water with seawater occurs along the dashed line,
while refreshing is depicted with the arrow 1 (samples 41, 44, and 54). These
wells are located in the coastal zone and are considered to have been influenced

by seawater.

Due to the increased rainfall during 2011-2012 (Hermides, 2018) water has been
freshened and base cation-exchange has started. Mix of fresh water with aged
water and possible seawater influence may indicate the projection of samples
12, 14A, 20, 38, 47, 80, 130 (arrow 2). These wells tap the aquifer in the
Pleistocene sediments and are fed from the rain while some of them have been
abandoned and are not in use. Well 130 taps the aquifer in the Cretaceous
limestone and it seems to be influenced by seawater. In all previous samples
reverse cation exchange takes place. The arrow 3 indicates that wells which are
close to the dashed line have been influenced by modern seawater. In the wells
62, 80, 100, 128, 131, 136 and 140 reverse cation exchange takes place (arrow
4). Some of them alternate their position between fields 5 and 6 according to dry
or wet season. This means that when fresh water inserts the aquifer from the rain
during the wet period, they are projected in field 5 and they return into field 6
during dry period. It may also indicate that the groundwater is related to reverse

cation-exchange of old water which exists in the aquifer.
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Fig. 4: Chadha diagram based on meq/I% concentrations of major constituents.
In the field 5 recharging waters are depicted and in the field 6 reverse-cation
exchange takes place. Field 7 represents waters that have been influenced by
seawater. The dashed line represents mixing of seawater with fresh water. The
numbered lines represent grouping as follows: 1 refreshening; 2 and 4 reverse
cation exchange; 3 carbonate waters; those samples that lie on the dashed line
are influenced by modern seawater and those samples that are around the dashed

line represent old seawater.

The interpretation of the produced diagram highlights the stratigraphic factors
and especially the clay strata occurrence that have isolated fresh groundwater
from seawater. The abundant occurrence of clay deposits to the depth of the
plain work as barriers to sea intrusion. Good quality groundwater identified in
the wells close to arrow 4 confirms the role of clay strata. This means that the
distinguished two groups of the samples the first near the arrow 4 and the second
near the arrow 2 are separated from one another by clay strata. However, in sites,
seawater intrudes inland through limestone and buried valleys or where coarse
material prevails in the deposits (Paraschoudes, 2002; Kounis and Siemos,
1990). To identify the origin of salinity and other geochemical processes based
on the relationship between TDS (meg/l) and Na*/(Na*+Ca?*), CI7/(ClI- +HCO3
) meqg/l ratios, Gibbs diagrams (Fig. 5) have shown that evapotranspiration (ET)

and rock-water interaction play an important role to the increase of groundwater
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salinity which is in accordance with the CI/Br- mass ratio reported by Hermides
and Stamatis (2017) who have shown that the repeated irrigation water results
in increased salinity content of the return water to the aquifers. In Figure 6, XY
diagrams show that cation exchange processes are in progress in the Thriassion
aquifers. Calcium and magnesium are in excess of bicarbonate sulphates. This
means that even more cations have been produced and the reason is not the
bicarbonate salts and gypsum/anhydrite dissolution but reverse cation exchange
of Na for Ca. This is confirmed in Figure 6b which shows the negative

correlation between calcium and magnesium against sodium.

Moreover, high correlation between the sulphates and sodium (Fig. 7) may
indicate dissolution of evaporites relics although the latter ones have not been
recognized in the study area. Maps distribution of the (Ca?*+Mg?")/(HCOs"
+504%), (Ca**+Mg?")/Na* and Na*/CI- ratios in meq (Fig. 8a, b, c) clearly show
the spatial distribution of reverse cation exchange processes, the good water
distribution in the central part of the plain and the refreshening processes
respectively. Moreover, high correlation between the sulphates and sodium may
indicate dissolution of evaporites relics although the latter ones have not been

recognized in the study area.
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Fig. 5: (a, b) Gibbs diagrams showing rock-water interaction and
evapotranspiration processes. The arrows show evolutionary paths of

groundwater.
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Fig. 6: XY diagrams showing cation exchange in progress; a) most of Ca?'nd
Mg?* are depicted over the 1:1 line which means that those elements are in
excess of bicarbonate and sulphates and b) negative correlation is between
concentration of Ca?'+ Mg?*and Na" which means that cation exchange

processes take place.
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Fig. 7: Diagram showing high positive correlation between sulphates and
sodium indicates relics of evaporates.
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Fig. 8: Distribution maps of a) Ca?*+Mg?*/HCOs+S04%"; b) Ca*?+Mg?*/Na*; and
c) Na*/CI" ratios in meq. The Na*/Cl ratio in coastal area far exceeds 1,

indicating refreshening processes.

7. Conclusions

This article is an effort to understand the hydrogeochemical processes that take
place in the Thriassion Plain aquifers of Western Attica, based on the Chadha
diagram. The Chadha diagram resulted in the following thoughts: Mix of fresh
water with aged water and possible seawater influence occurs in the Pleistocene
aquifer. Reverse cation exchange of Na® for Ca®" is the predominant

hydrochemical process within the mentioned wells.

Moreover, the stratigraphic factors, such as clay strata, may have isolated fresh
groundwater from seawater. The origin of salinity may also be explained by the
Gibbs diagrams: evapotranspiration (ET) and rock-water interaction play an

important role to the increase of groundwater salinity.
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The cation exchange processes are in progress since, calcium and magnesium
are in excess of bicarbonate and sulphates. Finally, high correlation between the

sulphates and sodium may indicate dissolution of evaporites relics.
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