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ABSTRACT

During the last years a good number of papers have been published on the Hydrogeology
of the Madrid Tertiary continental basin. These papers include regional studies, digital flow
and solute transfer models, regional hydrochemical studies, etc. This paper summarizes the
results of the comparison of the variation of the chemical and isotopic characteristics with
the flow system, as deduced from conventional hydrogeological methods, included digital
modelling,

As a general rule, a good correspondence was obtained between the flow system deduced
from the classical porous media flow equations and the chemical variation of ground-water
deduced from consideration of geochemical reactions such as cation exchange, solution-pre-
cipitation of calcium-carbonate, radioactive decay, silicate hydrolysis, etc. Some 120 and
2H variations may be attributed to Quaternary climatic changes.

Pararas cLave: Hidrogeologia, Hidrogeoquimica, Isétopos ambientales, Acuifero de Madrid,
Sistema de flujo.

RESUMEN

Durante los tltimos afios se ha publicado un buen niimero de articulos sobre la Hidro-
geologia de la cuenca terciaria continental de Madrid. Esos articulos incluyen estudios re-
gionales, modelos digitales de flujo y de transferencia de solutos, estudios hidrogeoquimicos
regionales, etc.

En este trabajo se resumen los resultados de comparar las variaciones quimicas e iso-
tépicas de las aguas subterrineas con las que cabria esperar del modelo de flujo deducido
por métodos hidrogeolégicos convencionales y confirmado mediante modelos digitales basados
en las ecuaciones clasicas de flujo en los medios porosos.

Como regla general, se ha obtenido una buena correspondencia entre las variaciones ob-
servadas y las deducidas de la consideracién de procesos tales como cambio catiénico, solu-
cién-precipitacién de carbonato célcico, hidrélisis de silicatos, desintegracién radioactiva que
se producen a lo largo del recorrido del agua subterrinea.

Algunas variaciones observadas en el contenido 180 y 2H pueden ser atribuidas a cambios
climéticos durante el Cuaternario.

Key worps: Hydrogeology, Hidrogeochemistry, Environmental Isotopes, Madrid Aquifer,
Flow System.

Introduction

The main purpose of this article is to summarize
results of a number of more extensive studies on che-
mical (Ferndndez Uria, 1984; Rubio, 1984) and iso-
tope (Herrdez, 1983) variations of groundwater in
the detrital Madrid aquifer and their connection with
the flow system deduced from conventional hydro-
geological methods. Results obtained so far show

a good correspondence between geochemical and phy-
sical flow models.

This paper will first present some general charac-
teristics based on major ion chemical analysis of 500
samples of ground water, and on 200 isotopic ana-
lysis of these samples. Secondly, the chemical and
isotopic variations will be given along a vertical hy-
drogeological profile considered representative of the
ground flow system in the aquifer.
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General hydrogeological characteristics

The Madrid Tertiary detrital aquifer forms a broad
strip adjacent to the northern limit of the Madrid tec-
tonic graben (fig. 1). Its surface covers 6000 km?®
and its thickness is sometimes over 3000 m.
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Fig. 1.—Lithologic characteristics.

The sediments forming the aquifer have been de-

posited by colescence of alluvial fans from the Cen-

tral Range and the Toledo Mountains. The detri-
tal deposits (arkosic sand) surround a central area of
evaporite sediments. - Between these two types-of
sediments there is a transition facies, where it is com-
mon to find clay, marl, limestone and gypsum.

The lithological and mineralogical characteristics
of the detrital sediments ‘are not know in detail. Car-
bonate minerals are rare ‘and irregulary distributed
(Guerra et al., 1970) although locally they have often
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been identified in the soil zone. Smectite, kaolinite
and illite appear to be the most common minerals in
the clay fraction of these sediments (Benayas et al.,
1960; Megias et al., 1982).

The flow system

For ten years now (Llamas and L6pez Vera, 1975)
it has been recognized that the recharge of this aqui-
fer is mainly produced by infiltration of rainwater
falling directly on the tertiary interfluves. The dis-
charge occurs at the botton of the valleys. Local,
intermediate and regional flow systems according to
Toth’s scheme are all apparently present.

This conceptual model was initially based on con-
venttional regional studies of the piezometric levels.
Later several digital flow models were developed.
(Carrera and Neuman, 1983).

The average horizontal permeability of the detrital
tertiary sediments in these models is low (from 0.05
to 0.20 m/day) and average vertical permeability
about a hundred times smaller. With this anisotropy
it is expected that the role of sand lenses in the clayey
mass containing them is suitably simulated.

Under these conditions, the mathematical models
show long periods of residence of the groundwater
in the aquifer. This time is usually less than five or
ten thousand years for water that only flows in the

- upper area of the aquifer (e. g. 500 m) but may be-

come hundreds of thousands of years when the flow
paths ‘correspond to intermediate or regional flows.
(Llamas and Martinez Alfaro, 1981). This finding
indicates that in the discharge zones it is possible
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Fig. 2.—Groundwater flow system in a vertical profile (Modified from Fdez. et al., 1984)
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that waters with very different residence times in the
aquifer converge. Likewise, this may explain the
existence of samples with abnormal geochemical cha-
racteristics corresponding to stagnant zones.

The hydraulic head drops from the east to the west
in the basin, from 800 to 400 m. a. m. s. L. (fig. 1).
This fact, and the thickness and the anisotropy of
the aquifer facilitates the existence of regional flows.
The three dimensional digital flow models of Carrera
and Neuman (1983) and Martinez Alfaro (1982)
seem to confirm the existence of such regional flows;
the main discharge zone is the topographically lowest
region of the basin (Talavera zone). Such models
seem to indicate that most of the natural recharge
(up to 90 or 95%) only flows in the uppermost part
of the aquifer (300 to 600 m) and predominantly in
local flows. Models based on vertical profiles also
appear to confirm the low proportion of recharge flow-
ing in deep zones (Llamas and Martinez Alfaro, 1981;
Lépez Camacho and Loépez Garcfa, 1979).

Figure 2 shows the flow system obtained for a ver-
tical profile that is approximately perpendicular to
the contour lines of the upper limit of the regional
saturated zone. The equipotential lines have been
drawn based on data obtained from a digital finite
difference model. A steady flow system is assumed,
that is to say the phreatic surface does not oscillate
and recharge and discharge are constant throughout
time. The lateral and bottom impermeable- limits
are based on various geophysical and geological stu-
dies. Permeability in the profile has been considered
heterogeneous and anisotropic (between 0.5 and 0.25
m/day for the horizontal permeability and one hun-
dred times less for the vertical one).

Conceptual hydrogeochemical model

Groundwater can be considered to acquire its phy-
sicochemical characteristics in three hydrochemical
environments: @) atmospheric precipitation; b) unsa-
turated zone; and ¢) saturated zone.

Data on the chemical composition of the rainwa-
ter are very scarce. Within the municipality of Ma-
drid data show clearly an increase in salinity —mainly
SO,=— due to fuel heating and to combustion engi-
nes. Nevertheless the impact of this polluted rain
on the Madrid aquifer has not been detected yet. In
most of the recharge areas the TDS of the ground-
water is lower than 200 ppm. The concentration
of rainwater due to evapotranspiration is estimated to
be between five and ten times.

The unsaturated zone in the interfluves can have a
depth over 50 m. Its upper part is covered with
vegetated soil over almost the entire area. It is well
recognized that the soil —mainly because of Pco.
increase— exerts a strong influence on the chemistry
of water that infiltrates through it. In the Madrid
soils the Pco, is estimated to be about one hundred
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times ‘higher ‘than that of rainwater, i. e. 10-'® bar.
The fundamental chemical processes within unsatu-
rated soil are: a) dissolution of evaporites, if ‘any
(only .in. the transition facies); b) hydrolysis of silica-
tes; and ¢) dissolution of carbonates. The first pro-
cess does not increase the TDIC (total dissolved in-
organic carbon); the second does if it is a open sys-
tem (constant Pco,); the third ‘does increase the DIC
even in a closed system. *0 and ?H content of in-
filtrated water is considéred to remain constant thro-
ugh unsaturated zone. v

-~ The saturated zone is considered a closed system
in relation to CO,.. Besides the three processés des-
cribed in the unsaturated zone, the following ones
can be relevant: g) ion exchange; possible neoforma-
tion of clays or simple precipitation of silica as ce-
ment; ¢) precipitation of carbonates due to increasing
temperature along the downward pathways (Fernén-
dez Uria and Llamas, 1983b). Concerning isotopic
characteristics (Herraez, 1983) no significant changes
are expected in the initial content of **O and *H dur-
ing the groundwater transit through the saturated-zone.
There can be changes in the content of **C and **C
as a consequence of the previously described reac-
tions between water-and aquifer matrix. C changes
substantially: in ground water with long residence ti-
mes in the aquifer. . The potential role of geomem-
brane effects in: explaining -some geochemical varia-
tions has only recently been considered. " -

Spatial variations in. hydrochemistry:; f - t; .
and isotopes I

In this paragraph a summary of the interpretation
of the spatial variation of chemical and isotopic pro-
perties is presented.

The initial composition of the infiltrated ground-
water was studied by“sampling about one -hundred
small springs and dug wells (Toves, 1983; Sahuqui-
llo, '1984). " The ‘commanding factor in this case
seems to be the lithology of the recharge area. On
the arkosic sands hydrolysis of silicates and -dissolu-
tion of small amounts of carbonates prevail. These
waters are calcium-bicarbonate type; TDIC does not
usually exceed 3.5 mmol/1; saturation indices with
respect to calcite and. dolomite are lower than one;
silica“ content is high (30-50 mg/1). On the tran-
sition facies dissolution of carbonates and some eva-
porités is more important than silicate hydrolysis.
Waters are calcium-magnesium-carbonate type; typi-
cally TDIC is greater than 8 mmol/1; waters are su-
persaturated with respect to calcite and dolomite.
Waters infiltrated on evaporite zones-are calcium-
magnesium-sulphate type and TDS is high.

The- geochemical evolution of water within the sa-
turated zone has been evaluated by sampling about
400 wells bored to a depth of more than 50 m. Nu-
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merous geochemical maps and profiles, statistical
analyses, etc., have been performed. (Rubio, 1984;
Ferndndez Urfa, 1984). One profile will be descri-
bed later. The geochemical significance was as fol-
low.

a) Electrical conductivity

Comparison of the lithological map (fig. 1) and
the EC map (fig. 3) shows that this parameter
reflects cleary the increase in TDS in the vicinity
of the tranmsition facies. This was, obviously,
a well known fact since a long time ago. Never-
theless, the area of high conductivity at the most
westerly area of the basin can not be explained
by the lithology, because there is no record of
evaporite sediments in the area. This seems
to confirm that in this area some very saline re-
gional and old groundwaters discharge.

Fig. 3.—Spatial variation of conductivity in groundwater.

b) Alkaline/alkaline-earth ratio
In Fig. 4 is shown the difference between ground-

waters from wells on the interfluves (recharge
areas) and on the valley boitoms (discharge areas)
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Fig. 4.—Spatial variation of alkaline/alkaline earth ratio.
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where the ratio is superior to the unit. This is
mainly attributed to cation-exchange processes.
This effect seems to occur even along relatively
short local flows. Although not shown in Fig. 4,
the increase in the ratio is not only due to a in-
crease in sodium content the calcium and mag-
nesium content is small in discharge areas.

c) Silica

Fig. 5 shows that SiO, is generally higher in wa-
ters from the interfluves 'than in the valleys.
Neoformation of clays or sorption or simple pre-
cipitation of sillica as cement are possible pro-
cesses. (Fernandez Urfa y Llamas, 1983a; Rubio
y Llamas, 1983). More research is needed to
clarify this silica decrease along the flow paths.
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Fig. 5.—Silica content of groundwater.

Isotopic geochemistry

A total of about two hundred samples from small
springs, shallow and deep wells have also been ana-
lyzed. Herraez (1983) have studied mainly *O and
*H; Hernidndez and Lopez (1984) *C and #C. A
short review of their findings is presented below.

Tritium content in the small spring waters use to
be about 20 TU. Concentrations in the samples
from deep wells always are lower than 5 TU. This
is in good correspondence with the old age deduced
for most of the groundwater below the regional water
table. Tritium analysis in deep wells has been used
to evaluate the effectiveness of sampling.

The rain infiltration period is usually between No-
vember and March. Herrdez (1983) has estimated
that average isotopic content of rainwater during
months in Madrid is —7.3°/,, for **O and —48°/,,
for 2H.

The isotope content of small springs on the tertiary
basin interfluves varies between — 7.8°/,, and
—73°% for *O and between — 489/, and
—51°/4 for 2H. A linear decrease of *0Q with
the altitude seems apparent. The gradient is about
0,23/ per 100 m (Herrdez and Llamas, 1982;
Herraez et al., 1983).
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The *OQ and ®H analysis of samples from deep
wells are quite different to that observed in the small
springs. In other words the waters from wells in
the discharge areas (valleys) are lighter (about —9°/,,
per 0 and — 62 °/y, per *H) than those from the
recharge areas (interfluves) which are very similar
to fthose from springs (— 7.5°% per *0 and
— 49/, per ®H) (fig. 6).

Ferndndez Uria et al. (1984), have compared these
data with those observed in other countries the world
and have suggested that the lighter waters are palaeo-
waters, i. e., water infiltrated during a colder period
(Fontes, 1981). The residence times deduced from
physical models (fig. 2) show that discharge area
samples can be a mixture of waters with ages fre-
quently higher than ten millenia.

The relationship between ®H and *Q contents in
all the samples fits very well the straight line establis-
hed for oceanic precipitation by Craig (1961). This
seems to indicate that the atmospheric circulation has
been similar during the recharge time of all the sam-
ples.

Fernandez er al. (1984), have studied the relations-
hip between §*0 and *C (fig. 7). This shows that
the samples from the discharge areas are lighter and
older. The samples in the recharge area are heavier
and their radioactive age is young or even modern
(thermonuclear *C),

233 -

Chemical and isotopic variations in a vertical
hydrogeological profile

The fig. 2 shows the location of 22 wells and their
Stiff diagrams, corresponding to the six major ions.

. INTERFLUVES
30K E {recharge zone) (6 samples)
. % MID-LINE
% {intermediate 2.1(31 samples)
RIVER VALLEY
S [Im] {discharge zone) {57 somples)
5 |
W 20 F
o
w
@
w
(o]
o] —
-9 -8 7 = 6

5180 (%)

Fig. 6.-—§180 distribution according to the sample situation
in the groundwater systems (148 samples) (After Herriez,
1983).

Table 1 also includes data on SiO,, pH, cationic index
(I.), anionic index (I.), index of saturation (SI..:)

TABLE 1

Samples hydrochemical characteristics corresponding to the profile (Fig. 2)

Depth Hydro. Si0, C Hardness
Well number  (m) " situation (ppm) pH 1, | Sl (uS/cm) (COxCappm) §2€0 (/w)
1 284 discharge 18,3 8,4 15,4 027 0,48 300 17 -7.8
2 224 discahrge 11,9 8,5 3,48 0,32 2,36 330 51 -7,9
3 185 mid-line 30,7 7,2 0,27 0,35 1,05 580 256 -74
4 161 recharge 33,3 7,2 0,19 0,30 0,68 410 205 —
5 200 discharge 17,2 8,4 3,85 0,28 1,36 265 35 —_
6 100 discharge 28,0 7,6 2,50 0,23 0,31 200 43 -7,9
7 80 mid-line 46,7 7,2 0,65 0,12 0,20 280 85 -7,6
8 200 recharge 29,4 6,9 0,32 1,01 0,09 325 154 -7,8
9 80 recharge 29,5 6,8 0,54 0,75 0,05 235 119 —
10 625 recharge 14,0 7,4 8,40 2,10 0,18 690 34 —8,8
11 127 recharge 29,7 7,7 0,47 0,25 0,23 139 55 -7.5
12 143 discharge — 7,3 0,69 0,66 * 207 80 -83
13 473 recharge — 7,8 0,58 0,24 0,20 270 95 —_
14 505 recharge —_ 8,0 024 0,33 1,20 260 100 —_
15 127 recharge 26,8 7,1 0,37 0,23 0,11 230 102 -7.8
16 64 recharge 20,6 7.8 0,70 0,60 1,47 340 119 —_
17 115 discharge 11,9 7,8 11,00 0,40 * 430 36 —_
18 114 discharge 16,2 7,6 1,20 0,22 0,51 340 119 —84
19 100 discharge 6,8 8,1 10,47 1,66 0,42 930 45 -9,1
20 150 discharge 16,2 7,6 0,28 7,21 2,10 1870 820 —838
21 140 discharge 8,9 8,4 3,14 1,19 1,55 810 119 —8,6
22 110 discharge 10,0 8,5 4,57 0,68 1,70 575 68 _
* SI,, < 102 I, = r(Na* 4 K#) / r (Ca** 4+ Mg*t)

— no information
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respect to calcite, electric conductivity (C), hardness
and 3°Q.

General chemical types

Samples n.° 3, 4, 8, 9, 11, 14, 15 and 16 are in
the interfluve and all are calcium carbonate type.
Samples n° 1, 2, 5, 6, 12, 13, 17, 18 and 22 are
sodium carbonate type and are located in discharge

areas. Sample n.° 10, although is located in a re-
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Fig. 7.—§120 versus 14C, (After Fernandez Uria e al., 1984).

charge area, is a sodium-sulphate type; this can be
atributed to the existance of some evaporite sediments
at depth or more probably to the influence of a stag-
nant zone with brackish waters. Samples n.° 19, 20
and 21 (sodium or calicum sulphate type) are in dis-
charge areas and show the influence of the lithology
in the transition facies (gypsum, marls, etc.) and of
the cation exchange.

Alkaline/ Alkaline-earth ratio
Fig. 8a shows a good correspondence with the

geochemical model previously assumed. The ratio
is greater than 1 in all the samples of the valleys and
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in well n.° 10, which is the deepest well in the pro-
file and probably pumps some proportion of very old
water from a nearby stagnant zone. Samples n.° 12
and 20, although from valley wells, have a ratio lower
than one. In sample n.° 20, probably the influence
of gypsum dissolution superseeds the cation exchange
process.

Index of saturation with respect to calcite

The variation of this index is shown in fig. 8b.
All the interfluve (recharge) samples, except sample
n° 16, are cleary undersaturated. Sample n.° 16,
is only a little supersaturated; it is the recharge sam-
ple nearest to the transition facies. In other profiles
(Rubio, 1984) supersaturated waters are found in
samples from recharge areas on the transition facies.

In the discharge areas some samples are undersatu-
rated (0.9 1, 6, 12, 17, 18 and 19) and some are
supersaturated (n.° 2, 5, 20 and 21). This fact is
in agreement with the processes above described. i. e.,
influence of increasing temperature down the flow-
path, cation exchange, dissolution of carbonate se-
diments and/or gypsum, mixing of different waters,
etcétera.

pH variation

As a general rule, the samples of recharge areas
(n° 4,7, 8,9, 10, 11, 15 and 16) have a lower pH
than the samples from discharge areas (n.° 1, 2, 5, 6,
17, 18, 19, 21 and 22) which almost always have a
pH higher then 7.5 (fig. 8c). This is consistent with
the processes above described. Both hydrolysis of
silicates and dissolution of carbonates cause a decre-
ase in proton activity.
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Fig. 8—(After Ferndndez Uria et al., 1984). a) Variation of cationic index [I, = r (Na* 4 K*)
/ r (Ca** + Mg*")]; b) Variation of saturation index for calcite (SI,,,); ¢) Variation of silica
and pH; d) Variation of anionic index. {I, = r (S0,= + CI?) / r (HOOg")].
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Si0, variation

Fig. 8c confirms in this profile what was previous-
ly shown in Fig. 5. Samples in recharge areas have
a higher content in silica than samples in the dis-
charge areas. The reason for this geochemical evo-
lution is not clear yet.

Anion index variation

Fig. 8d clearly shows the influence of the transition
facies on samples 19 to 22, and the small amount of
evaporitic sediments which seem to be present in most
of the area represented by the profile. Sample n.°
10 is again an exception and, as previously noted, its
anomalous situation can be due to nearby evaporite
sediments or to the influence of a stagnant area.

180 variation

There are only 14 **O measurements in the pro-
file. The discharge area samples (n.° 12, 18-21) and
n.% 10 sample are lighter than the recharge area sam-
ples 0.° 3, 6, 7, 8, 11 and 15). Samples n.° 1 and
2 have values which seem too heavy for a regional
discharge area (fig. 2); the reason for that is not
clear yet.

Conclusions

Groundwater within the relatively uniform sedi-
ments of the detrital facies of the Madrid Tertiary
aquifer has significantly variable chemical characte-
ristic. To explain such variation three main con-
trolling factors have been considered: 1) lithology of
the unsaturated recharge area; 2) length and residence
time of groundwater along the streamlines; and 3) li-
thology of aquifer matrix.

Several geochemical processes are considered im-
portant:

1) hydrolysis of silicates; 2) dissolution/precipita-
tion of carbonates; 3) ion exchange; 4) dissolution of
evaporites, only in the vicinity of the transition facies
or in some regional flows; 5) precipitation of silica
along the flowpath; and 6) decrease of *O content
in rainwater during the late glacial time. Three main
geochemical groups of groundwaters and their cha-
racteristics are defined:

1) Recharge areas: calcium bicarbonate type; 6.5
< pH < 7.5; SiO. > 20 mg/1; TDS < 300
mg/1; DIC < 3.5 mmol/1, except in the vicinity
of the transition zone; §%0 ~ —7.59%/4; HC >
75 (pme); I. < 1.

2) Discharge areas in most of the tributary rivers:
sodium bicarbonate type; 7.0 < pH < 8.5; SiO»

(c) Consejo Superior de Investigaciones Cientificas
Licencia Creative Commons 3.0 Espafia (by-nc)

235

< 20 mg/1; TDS < 400 mg/1; DIC < 3.5
mmol/1, except in the vicinity of the transition
zone; 880 ~ —9.09/4; *C < 40 (pme); L. > 1.

3) Regional flows discharge area (Talavera zone):
Magnesium-sodium-sulphate-cloride type; pH >
8.0; TDS > 1000 mg/1; §*0 ~ —9.0°/4;
“C < 40 (pme); I, > 5.
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