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‘Linking geomorphology and hydrodynamics: a case study from Península Valdés, Patagonia, Argentina’ 1 

 2 

María del Pilar ALVAREZ, Nilda E. WEILER, Mario A. HERNÁNDEZ 3 

 4 

ABSTRACT 5 

A study case to assess the relevance of geomorphology in hydrogeological phenomena in an arid coastal area in 6 

the Argentinean extra-Andean Patagonia (Península Valdés), with an average rainfall of 232 mm/year and a soil 7 

moisture deficit of about 472 mm/year, is presented. Various geomorphic units were identified by interpreting 8 

Landsat 7 satellite images processed with ER Mapper software and then surveyed in the field, as well as by 9 

geological characterization. The hydrodynamic analysis was based on the survey of 89 wells, the construction of 10 

equipotential maps, and the interpretation of pumping test results by a non-equilibrium method. The 11 

hydrochemical characterization was based on chemical tests analyzed with the Easy_Quim 6.0 application. The 12 

combination of geomorphological, geological, hydrodynamic and hydrochemical elements allowed the definition 13 

of hydromorphological units that are typical of recharge, circulation and discharge areas, the latter both for 14 

coastal and inland areas in wetlands (salt pans) with heights up to -40 m asl. These units and the criteria used for 15 

their definition allow immediate recognition of hydrogeological phenomena in arid regions such as the extra-16 

Andean Patagonia, with low information density but with near-optimal satellite imaging of landforms due to the 17 

lack of vegetation cover.  18 

 19 

Keywords: Hydrogeomorphology, geomorphology, groundwater flow, arid region, Patagonia 20 

 21 

INTRODUCTION  22 

 23 

 As is well known, geomorphology, geology and climate are first-order determinants of hydrogeological 24 

phenomena, not just hydrodynamic but also hydrochemical ones. Unfortunately, there are no relevant works of 25 

reference on the relationship between geomorphology and hydrodynamic phenomena in arid regions with low 26 

population density, which has motivated the authors to disseminate this work.  27 

 The purpose of this research was to demonstrate the usefulness of surveying and interpreting 28 

geomorphological data particularly for arid regions, where there is a closer correspondence between 29 

hydrogeological units and the geoforms containing them, which was considered from the beginning to be the 30 
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working hypothesis. These landforms can be easily observed due to the lack of vegetation cover and the high 31 

contrast between materials, all of which helps when processing and interpreting satellite images.  32 

This allows the identification and delimitation of hydromorphological units, which according to the 33 

abovementioned hypothesis are highly useful in the the prospection and analysis of groundwater dynamics and 34 

their hydrogeochemical correlation. This methodology can be applied to a large area of the extra-Andean 35 

Patagonia in Argentina, which has an extension of 700,000 km2, and to similar environments in other countries.    36 

The prevailing features that characterize this work are, among others, the extremely low population 37 

density ― 0.15 capita/km2 ―, and consequently the information deficit. Moreover, another characteristic that is 38 

of particular interest in the light of our working hypothesis is that Península Valdés lacks allochthonous 39 

contributions from surface or ground water due to the narrowness of the isthmus that connects the peninsula to 40 

the continent. 41 

   42 

I.  METHODOLOGY 43 

 44 

In order to avoid unnecessary repetition, the description of the methodology used to deal with the 45 

different aspects of this study has been grouped together in a single section preceding their discussion. 46 

For the climatological characterization of the region, local rainfall information was organized in 47 

monthly series to observe intra-annual rainfall variations, and in annual series to assess historical trends – with 48 

records dating more than 80 years provided by La Adela Farm (Fig. 1) between 1912 and 2007. Temperature 49 

data was provided by the neighboring station of the Centro Nacional Patagónico (Patagonian National Center - 50 

CENPAT), belonging to the Consejo Nacional de Investigaciones Científicas y Técnicas (National Council on 51 

Scientific and Technical Research - CONICET) located in Puerto Madryn (Fig. 1), organized in monthly series 52 

to observe seasonal trends. 53 

 Based on these data and on field capacity ― between 25 mm and 50 mm (Rostagno 1981) ―, two 54 

water balances were done using the Thornthwaite-Mather method (Thornthwaite and Mather 1957), which, even 55 

though it is not the best method for extreme climates, allows determining the intra-annual distribution of soil 56 

moisture deficit and defining the climate type of the region.  57 

The choice of this method over others that could be more appropriate ― e.g. Penman ― stems from the 58 

limited, as well as easily available, input data required. The equation consists in estimating potential 59 

evapotranspiration monthly by considering the mean monthly temperature and adjusting it depending on daily 60 
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insolation. Then, by means of a chart weighing the relationship between rainfall, potential evapotranspiration, 61 

and the available water reserve in the soil, real evapotranspiration is obtained.  62 

 The geomorphological description was based on the interpretation of satellite images and the analysis of 63 

aerial photos with a mirror stereoscope.  The images (Landsat 7) were processed with the ER Mapper software, 64 

and a mosaic covering the entire area was generated. Features of interest were highlighted by combining bands. 65 

Based on this mosaic, and with the support of aerial photographs and field corroboration, geomorphic units were 66 

mapped.  67 

For the hydrogeological characterization, the main outcropping geological units were identified and 68 

classified as aquitards, aquicludes, or aquifers (there are no outcropping aquifuges) based on the 69 

hydrolithological and stratigraphic characteristics emerging from the basic geological map and the field 70 

observations of the authors; for the subsoil, previous lithologic profiles were used. On the basis of this 71 

information, the physical component of the hydrogeological system was identified. 72 

The recognition of the surveyed wells was carried out on a field trip in November 2005, focusing on a 73 

total of 89 wells. At each site water depth was measured and converted to hydrostatic heights in meters above 74 

mean sea level, using the topographic altitude of the well mouth, and drawing the equipotential map of the 75 

phreatic aquifer to reproduce its dynamics using geomorphic units to define the environment. 76 

Eighty-nine groundwater samples were also taken, using the ASTM D 4448-85a Standard Guide For 77 

Sampling Groundwater Monitoring Wells, which establishes the sampling, conservation and transportation 78 

procedures. The physical properties were measured in situ (pH, conductivity, and temperature) and sent to the 79 

lab for physicochemical testing (calcium, magnesium, sodium, potassium, bicarbonate, carbonate, sulfate, 80 

chloride and nitrate ions; as determined by Standard Methods 1998). The results obtained were processed with 81 

the Easy_Quim 6.0 application, which allowed the classification according to the Piper system. 82 

The final task consisted in combining the results obtained from observing the geomorphology, 83 

hydrogeology, underground hydrodynamics, and hydrochemistry in order to define, characterize and 84 

conceptually explain hydromorphological units, with a methodological criticism that will be explained towards 85 

the end of this paper. All the maps were constructed using the MapInfo Professional 8.0 software. 86 

 87 

II.  GENERAL CHARACTERISTICS 88 

 89 

 II. 1  Location 90 
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 91 

Península Valdés (Fig. 1) is located on the coast of the Argentinian Patagonia, between parallels 42º 05’ 92 

and 42º 53’ S and meridians 63º 05’ and 64º 37’ W. It covers an area of 3,600 km2, and its limits are the Golfo 93 

San Matías (San Matías Gulf) to the north, the Atlantic Ocean to the east and south, and the Golfo Nuevo 94 

(Nuevo Gulf) and Golfo San José (San José Gulf) to the west. Its central part is joined to the continent by the 95 

Istmo Florentino Ameghino (Florentino Ameghino Isthmus). 96 

 97 

II. 2  Socio-economic environment 98 

 99 

Península Valdés is an almost unpopulated region, except for the presence of small, isolated cattle 100 

farms, and the tourist location of Puerto Pirámides (Fig. 1) on the shore of Golfo Nuevo. This small town, with 101 

no more than 500 permanent inhabitants, receives each year around 150,000 tourists due to the attractive 102 

proximity to whale-sighting spots. Clearly, one of the most serious limitations to maintaining quality services for 103 

tourism is the lack of sufficient freshwater resources. 104 

Historically, water demand has been associated with livestock activities (cattle and sheep), the supply to 105 

salt-production workers connected to the exploitation of the Salina Grande and Salina Chica salt pans (Fig. 1) 106 

and, more recently, with the increasing water demands of Puerto Pirámides, for the reasons mentioned above. 107 

 108 

 II. 3  Climate 109 

 110 

The climate is typical of the northeast region of the extra-Andean Patagonia (Labraga et al. 2008), 111 

locally modified by the interaction between the atmosphere and the oceanic mass. The mean annual temperature 112 

is 13.4 ºC, with a minimum of 6.4 ºC in July and a maximum of 20.4 ºC in January. Winds blow mainly from the 113 

western quadrant with an average annual velocity of 25 km/h. (Barros and Rodríguez Seró 1981).    114 

For rainfall data, the records from La Adela Farm (1912-1999) were used, which showed an annual 115 

mean of 232 mm, with a rainy quarter between May and July (81 mm in total) and a drier quarter between 116 

November and January, with 40 mm (Fig. 2a). This winter rainy season is typical of the Pacific regime (trade 117 

winds that precipitate to the west of the Andes, in Chilean territory), with relatively high interannual variability 118 

as it is usual in arid climates (Fig. 2b), and reduced special cause variation due to the limited amount of rain.   119 
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The water balance of the region, following the Thornthwaite and Mather method for field capacities of 120 

50 mm and 25 mm, shows the existence of a soil moisture deficit for all months but June and July (Fig. 2a). The 121 

difference between rainfall and potential evapotranspiration (704 mm/year) determines a soil moisture deficit of 122 

472 mm/year.  123 

According to the Thornthwaite classification, the climate is arid, mesothermal with no water excess and 124 

summer concentration of thermal efficiency < 48%  (E B2’d a’). 125 

 126 

II. 4  Physiographic characteristics 127 

 128 

Península Valdés is characterized by a relatively flat landscape (Fig. 3), with altitudes that do not 129 

exceed 120 m above mean sea level. Three large endorheic depressions stand out (the Salina Grande, Salina 130 

Chica and Gran Salitral salt pans), in which appear ephemeral hypersaline lakes. Other outstanding 131 

characteristics are the Caleta Valdés (Valdés Cove) and all the cliffs that characterize the perimeter of the 132 

peninsula (Beltramone 1983). 133 

Concerning the hydrographic features, and consistently with the arid characteristics of the region, no 134 

permanent watercourses can be found and, due to the narrow isthmus connecting the peninsula to the continent, 135 

allochthonous courses cannot gain access. In this manner, the superficial hydrology is only represented by the 136 

three large lakes mentioned above and by ephemeral bodies of water fed by small ephemeral courses during 137 

storms (Fig. 3). 138 

 139 

 II. 5  Geology 140 

 141 

The geology described is represented by Tertiary (Gaiman and Puerto Madryn formations) and 142 

Quaternary sediments (Haller et al. 2001) (Fig. 4). 143 

The Gaiman Formation is formed by silts and clays with abundant volcanic ash (cinerites), generally 144 

light in color, and of solid structure, although normal or lenticular layering can be observed in some banks. It 145 

presents fine interlayered sandy levels. Bio-disruption is frequent, with abundant marks of drilling organisms. 146 

The base of this formation does not outcrop in the area. 147 

Above it is the Puerto Madryn Formation (Haller et al. 2001), composed, from bottom to top, by 148 

cineritic mudstone covered by fine-grained, light grey polymictic sandstone. Among these, there are numerous 149 
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Ostrea-bearing coquinoid layers whose thickness reaches 0.30 m.  Towards the top there are friable bluish-grey 150 

cineritic sandstones, fine-grained and not very thick, as well as calcareous interstratifications.  In the roof strata 151 

there are organogenic banks, up to 0.20 m thick, with abundant Ostrea madryna and scarce individuals of Ostrea 152 

alvarezi. The thickness of this formation is extremely variable, reaching in its type locality 150 m (Haller 1979).  153 

Scasso and del Río (1988) define a single marine sedimentary cycle that includes the beds known as 154 

“Patagoniense” (Gaiman Formation), and “Entrerriense” and “Rionegrense” (both in the Puerto Madryn 155 

Formation).  156 

Above this sequence there is a discordant deposit of Quaternary sediments, represented by deposits of 157 

glacifluvial origin, which are referred to as Rodados Patagónicos (as described by Fidalgo and Riggi (1970)), as 158 

well as others of aeolian, coastal (Caleta Valdés and San Miguel formations) , alluvial, and colluvial origin. 159 

The Rodados Patagónicos are polymictic conglomerates with a sand-clay-silt matrix partly cemented 160 

with calcium carbonate which are found on the highest plateau-like surfaces. These deposits reach up to 3 m in 161 

thickness (Haller et al. 2001). 162 

The Caleta Valdés Formation (Roveretto 1921) is made up of deposits of marine accretion consisting of 163 

well-rounded medium- to large-sized gravels in a matrix of coarse sand, and remains of marine mollusks such as 164 

Pitar lahillei, P. rostrata, Ameghinomya antigua, Panopea abreviatta and Samarangia exalbida (Codignotto 165 

1983, Fasano et al. 1984). This formation reaches a thickness of 25 m. 166 

The San Miguel Formation (Haller 1981) is constituted by beach and coastal chain deposits located in 167 

the margins of Península Valdés, Golfo Nuevo, Golfo San José and Golfo San Matías. They are made up of 168 

gravel and sand with abundant remains of mollusk valves. The thickness of these deposits is from 4 to 5 m 169 

(Weiler 2000). 170 

The sediments of endorheic basins are represented by very fine silt, clayey silt and clay. The greater 171 

basins (Salina Grande, Salina Chica and Gran Salitral) are characterized by the presence of a saline crust 172 

(evaporites) mainly composed of sodium chloride. The thickness of the interlayered beds of salt and silt 173 

fluctuates between 1 and 6 m (Brodtkorb 1999). 174 

It can be distinguished among the aeolian deposits some which are slightly older, with a thickness of 175 

less than a meter, colonized by vegetation and subjected to erosion by subaerial agents, and on which there are 176 

active sand dunes whose thickness may exceed 10 m. Lithologically, it is medium-sized to fine quartz-feldspar 177 

sand with a pelitic fraction and very scarce gravel-size fraction.  178 

Page 8 of 34

ScholarOne support: (434)817.2040 ext. 167

Hydrogeology Journal



For Peer Review

8 
 

 The alluvial and colluvial deposits cover areas scattered throughout the region. They are constituted by 179 

unconsolidated deposits whose grain size corresponds to fine to medium-sized sand, mixed with varying 180 

proportions of silt, clay and some dispersed gravel. The deposit accumulations are relatively thin and they 181 

originated in the material eroded from the different outcropping geological units in the area (Haller et al. 2001). 182 

 183 

 II. 6  Tectonics 184 

 185 

Different authors have pointed out that Patagonian coasts have been subjected to an intense tectonic 186 

activity throughout their geological history (Ameghino 1906; Roveretto 1921; Windhausen 1931; Feruglio 187 

1949/50; Haller et al. 2001; Kostadinoff 1993, among others).  188 

Regarding Península Valdés, Roveretto (1921) pointed out that the Golfo San José and Golfo Nuevo 189 

were formed by tectonic activity, as well as the Salina Grande, Salina Chica and Gran Salitral salt pans, and the 190 

basin containing the Caleta Valdés.  191 

Kostadinoff (1993) confirms by means of geophysical and geomagnetic explorations what was 192 

suggested by Roveretto, and adds that such movements may have been pre-Quaternary as they did not affect the 193 

Quaternary deposits.  194 

 195 

 II. 7  Soils and vegetation 196 

 197 

In general the soils of the area correspond to the Aridisol and Entisol orders (Fig. 5) (Rostagno 1981).  198 

The first type of soils is typical of arid zones and are characterized by a limited organic horizon above a 199 

calcic or natric horizon. These soils occur in the area over the deposits of the Rodados Patagónicos and the older 200 

aeolian deposits (see Fig. 4). 201 

Entisols are soils which do not show horizon development and are mainly composed of their parental 202 

material. Within Península Valdés they can be found above the present alluvial and colluvial sand dune deposits 203 

and the Caleta Valdés and San Miguel formations.   204 

As regards vegetation, the predominant physiognomy corresponds to a bushy steppe mainly featuring 205 

Chuquiraga avellanedae (‘quilembai’) accompanied by a grass cover that presents greater or lesser cover 206 

between bushes, depending on soil conditions. In the southern area, in which aeolian deposits occur, this bushy 207 
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steppe yields to a herbaceous steppe of Sporobolus rigens, Stipa tenuis, and others that cover the soil in its 208 

entirety. In the areas where deposits are more recent, a steppe of Hyalis argentea (‘olivillo’) can be found. 209 

 210 

III.  GEOMORPHOLOGY 211 

 212 

The geomorphological characterization includes both the analysis of present and older landforms.  The 213 

purpose of this analysis is to have a morphodynamic view that allows understanding the relationship between 214 

environmental dynamics and the response of landscape to said impulse. The forms analyzed were grouped in 215 

four major units (Súnico 1996) (Fig. 6). 216 

 217 

 III. 1  Terrace-like plains. Geomorphological Unit (Tp) 218 

 219 

This is the predominant feature of the area and it mainly covers the central and northern regions.  It is a 220 

concave landscape of mild slopes that vary between 1% and 2%. These are characterized by the amount of 221 

endorheic basins that occur there (Fig. 3), which display in their interior small waterbodies of the ephemeral type 222 

due to the climatic characteristics of the region.  223 

They are carved on the marine sediments of the Puerto Madryn Formation and mostly covered by the 224 

Quaternary deposits of the Rodados Patagónicos, except for the highest points in the area such as Cerro Unión 225 

(Unión Hill, 109 m asl) or Cerro Cormoranes (Cormoranes Hill, 106 m asl).  226 

It is probable that its origin is connected to the Andean orogeny, and topographically it is at a lower 227 

level than that of the great plateaus of the extra-Andean Patagonia. From an altitudinal point of view there are 228 

three terrace levels, as can be observed in Figures 3 and 6. Terrace level I between 80 and 90 m asl, Terrace 229 

level II between 70 and 80 m asl, and Terrace level III between 50 and 70 m asl. 230 

 231 

 III. 2  Endorheic depressions. Geomorphological Unit (Ed) 232 

 233 

These are depressions with no exit or endorheic in origin which are regarded as having an initial 234 

tectonic origin and then having been carved by erosion (aeolian, pluvial, mass removal).  235 

 Carved at the different terrace levels, they are developed from the erosion of the Rodados Patagónicos 236 

and part of the Tertiary sediments. Their slopes are smooth and have a centripetal drainage pattern with small, 237 
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transient waterbodies inside. There are three larger depressions which are different as they have large salt pans 238 

inside and reach topographic heights below sea level. These are the basins of the Salina Grande, Salina Chica 239 

and Gran Salitral salt pans. 240 

The basins that contain the Salina Grande and Salina Chica salt pans are part of a large elongated 241 

depression that runs in an east-west direction, and are separated from each other by a dividing line formed by 242 

Tertiary sediments and Rodados Patagónicos. They are two independent endorheic basins, with drainage 243 

networks that are typically centripetal and formed by numerous ephemeral courses of different orders (Fig. 3).  244 

The topographic height of the Salina Grande basin is -42 m asl, and that of the Salina Chica is -12 m asl. 245 

The edge of the depression that encompasses them is at about 70 m asl, a difference in level of 112 m between 246 

the edge and the bottom is thus created. 247 

The depression where the Gran Salitral is located is 12 km to the north of the basin containing the 248 

previously described salt pans. From above, it has a semi-rectangular shape elongated in the west northwest-east 249 

southeast direction. The minimum height is -4 m asl and the edge is at 55 m asl on its northern end and at 90 m 250 

asl on the south margin, which results in differences in level of approximately 59 m and 94 m, respectively. 251 

Drainage is centripetal, although in certain sectors there are some courses that are typically parallel. Taking into 252 

consideration that the lithology is homogeneous, this change of pattern would support the hypothesis of the 253 

tectonic origin of these depressions.  254 

 The main geomorphological units observed in these larger depressions are convergent pediments, 255 

bajadas and playas (Alvarez et al. 2006),  the first two not being mappable at the scale of this work. 256 

Convergent pediments are the erosional surfaces originated by mass-wasting and pluvial activity on 257 

the Tertiary and Quaternary sediments that form the slopes of the three largest basins. There is more than one 258 

pediment level, which reflects a reactivation of the erosion produced by variations at the base level, whose origin 259 

may be due both to climatic and tectonic causes. 260 

The lithologic structure of lowland slopes facilitates the accumulation of alluvial detrital material (sand, 261 

gravel, silt), which is deposited at the foot of the pediment surfaces and forms bajadas. The distribution of these 262 

landforms is not uniform around the edges of the salt bodies; there are many sectors where they are highly 263 

reduced or they appear in patches. 264 

Playas are the most depressed areas, where water bodies with high salt contents are formed owing to 265 

the fact that surface and groundwater runoff flow through Tertiary marine sediments and are then subject to 266 
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evaporation and concentration in situ.  They are temporary lakes covered by a thin salt layer of variable thickness 267 

under which an anoxic mud-dominated environment has developed (Brodtkorb 1999). 268 

 269 

III. 3  Sand dunes and Sandy layers. Geomorphological Unit (SdSl) 270 

 271 

It appears mainly to the south of the depressions of the Salina Grande and Salina Chica salt pans, 272 

covering two major strips in the east-west direction in the southern sector. The greatest sand dune strip (385 km2) 273 

begins to the north of the Cerro Cormoranes and spreads to Punta Delgada. The smallest one (93 km2) begins to 274 

the south of the hill and runs towards the southern central area (Fig. 6). Both strips are located to the east of 275 

Golfo Nuevo because dominant winds from the west have transported beach sand from there, possibly in periods 276 

with low sea levels, coinciding with glaciations.  277 

The height in meters above mean sea level of this geoform is highly variable (Fig. 3) owing to the fact 278 

that in its development it covers the existing topography (Tp and endorheic basins).  279 

This unit has two different types of aeolian fields: stabilized and active. 280 

 281 

Stabilized aeolian systems 282 

 Mainly formed by parabolic and linear sand dunes and stabilized by vegetation cover largely composed 283 

of Hyalis argentea (‘olivillo’) and Sporobolus rigens (‘junquillo’). Linear sand dunes appear as parallel or sub-284 

parallel ridges with an approximate east-west direction and most of them are generated by the successive 285 

anchoring of parabolic sand dune arms as these advance.  Thus, they create a pattern caused by environmental 286 

conditions that governed in the past and represent the oldest Quaternary stratigraphic unit of aeolian origin in the 287 

area (Súnico 1996).  288 

 289 

Active aeolian systems 290 

These are landforms that are almost in their entirety free from vegetation and represent a rejuvenation of 291 

the old aeolian field, where the dominant process seems to have been the development of numerous blowouts 292 

(Súnico 1996). Their morphology is complex, with a parabolic shape with maximum dimensions of 5 km 293 

diameter by 2 km advance front, and it encompasses smaller landforms such as parabolic and linear sand dunes 294 

and barchanoid ridges.  295 

 296 
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There is another area covered in aeolian sediments, in the northern sector of the peninsula, located to the 297 

east of the Gran Salitral, stratum-like and fixed by vegetation. 298 

 299 

 III. 4  Coastal area. Geomorphological Unit (Ca) 300 

 301 

Erosion forms 302 

The predominant process along the perimeter of the peninsula is erosion, represented by pediment 303 

surfaces, active cliffs and wave erosion platforms. They develop on sedimentary rocks corresponding to the 304 

Tertiary and only pediment surfaces can be mapped at the scale of this work (Fig. 6).  305 

 306 

Accumulation forms 307 

Caleta Valdés is the most conspicuous accumulation form in the Atlantic coastal area of Península 308 

Valdés. It runs from Punta Norte to Punta Cantor – its length is 48 km. According to Roveretto (1921), this cove 309 

is located in a depressed area that was caused by a semicircular north-south fault. This basin is almost entirely 310 

covered by coastal ridges of gravel, sand and shells from the Pleistocene, the Holocene and the present.  311 

 312 

Other accumulation forms are the coastal sand dunes and coastal ridges that are discontinuously 313 

scattered along the coasts of both gulfs. They are not mappable at the scale of this work. 314 

 315 

IV.  HYDROGEOLOGY 316 

 317 

 Based on the stratigraphic sequence shown in Figure 4, the local hydrogeological system is formed by 318 

a non-saturated zone (NSZ) corresponding to the Quaternary deposits (mainly sand, gravel and silt) and partly to 319 

the Tertiary sediments, depending on their topographic position. Then there is a phreatic aquifer that is 320 

contained, depending on its spatial position, within these same deposits or in the sands of the Puerto Madryn 321 

Formation, and which is exploited mainly in the region. Below it there are one or more semi-confined or 322 

confined aquifers, limited by clayey or silty-clay strata in the same Puerto Madryn Formation or in the 323 

underlying Gaiman Formation. The information available on these deeper aquifers is scarce because they are of 324 

no qualitative interest for exploitation. In Figure 7 a schematic column of the hydrogeological profile can be 325 

observed. It is worth mentioning that aquifers are unconsolidated and porous.  326 
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The recharge of the system as a whole is originated exclusively by in situ precipitation, since the 327 

configuration of the peninsula prevents underground inflow. This happens due to the high soil moisture deficit 328 

already mentioned, caused by a combination of special mechanisms in arid regions as described by Hernández et 329 

al. (2002) and Hernández (2005).  330 

In the case of the phreatic aquifer, the recharge is direct and produced mainly in the sand dune area 331 

(SdSl unit), where the combination of a highly permeable soil with sectors practically devoid of vegetation 332 

makes the vertical infiltration and percolation of rainwater through the non-saturated zone possible. As regards 333 

the deeper underlying aquifers, the recharge is indirect as it is produced by vertical percolation through the 334 

aquitard(s), and which is made easier by the presence of joints in the Puerto Madryn and Gaiman formations. In 335 

turn, the coastal accumulation forms (Ca unit) hold lower salinity lenses in a regional context of brackish water, 336 

which are the consequence of a recharge favoured by the same conditions existing in the main sand dune area. 337 

The regional discharge runs towards the Golfo San José and Golfo Nuevo, and the Atlantic Ocean, with 338 

significant local components such as the internal drainage system of endorheic basins, including springs (Alvarez 339 

et al. 2006), such as the one originally used to supply Puerto Pirámides. The equipotential line that encloses both 340 

salt pans is very noticeable on the map, and its central sector reaches -40 m asl (Fig. 8). 341 

  For the phreatic aquifer that is the object of this study, the groundwater flow is represented on the 342 

equipotential map. A radial phreatic morphology can be observed, with a tendency towards a convergent 343 

cylindrical design around saline bodies and a cylindrical divergent design in the sand dune systems of the 344 

southern sector (SdSl). The average hydraulic gradient (i) is 3 x 10-3, with a maximum value of around 1.6 x 345 

10-2 in the south of Salina Grande and a minimum value of 2 x 10-4 in the southern sector of the peninsula. 346 

 By means of the Hydraulic Conductivity Coefficient (K) and the Storage Coefficient (S), the latter equal 347 

to effective porosity (Φ) in phreatic aquifers, the effective flow rate can be calculated based on Darcy’s 348 

expression: 349 

     Ve = K x i / Φ      (1) 350 

where, Ve = effective velocity [m/d], K = hydraulic conductivity coefficient [m/d], I = hydric gradient [ - ], Φ = 351 

effective porosity [ - ]. 352 

 Calculation parameters were obtained by means of constant flow pumping tests in large diameter wells 353 

― more than one meter ―, which are the most common in the region (Fig. 8), using the Papadopoulos-Cooper 354 

method with values between 25 and 65 m/d for K, 50 to 80 m2/d for T, and 10-3 for Φ.  It should be noted that the 355 

Page 14 of 34

ScholarOne support: (434)817.2040 ext. 167

Hydrogeology Journal



For Peer Review

14 
 

results yielded by tests carried out in large diameter wells are less reliable than those obtained with conventional 356 

diameter drillings, as they depart from the Theisian condition of infinitely small diameter. 357 

 The effective velocity for the mean values weighed based on these results would be around 135 m/d, 358 

with extreme values of 720 m/d and 10.8 m/d. These results are important as they indicate the anisotropy and 359 

heterogeneity of the aquifer.  360 

 As regards the semi-confined aquifer, which was observed by means of a set of conventional vertical 361 

wells that were close to each other, cased and isolated from the phreatic aquifer, it was not possible to determine 362 

its hydrodynamics due to the proximity of these wells and the lack of others to define its groundwater flow. 363 

These wells (which are represented as ‘well 12’ owing to the map scale, Fig. 8) were tested by means of the 364 

Hantush-Jacob non-equilibrium constant flow method with vertical leakage. The results were T = 1.15 x 101 365 

m2/d, K = 5.79 x 100 m/d, S = 1.64 x 10-4. 366 

 It should be stated once again that the limited amount of hydraulic tests, caused by the lack of suitable 367 

wells for such a purpose, creates a certain degree of uncertainty in the definition of the hydraulic properties. 368 

As regards the hydrochemical characteristics, Figure 9 shows a map with the electric conductivity 369 

ranges (µS/cm), which is directly related to salt contents. It reveals the increase that occurs towards discharge 370 

areas: near Caleta Valdés the values are above 16,000 µS/cm; the Golfo Nuevo and Golfo San José, as well as 371 

the Gran Salitral, Salina Grande and Salina Chica salt pans with values between 8,000 and 16,000 µS/cm; and 372 

specific inner areas where similar values are reached. The lowest values correspond to the main recharge areas, 373 

located in the SdSl (< 2,000 µS/cm) and Tp Terrace level I (4,000 to 8,000 µS/cm) units. Surface and subsurface 374 

waters in salt pans have values above 30,000 µS/cm. 375 

In order to improve the hydrochemical description, it would be important to expand the analysis and 376 

interpretation of the ionic composition, which is contemplated in future stages of this research project. 377 

 Regarding the ionic composition of the water, the major families present are those corresponding to the 378 

geomorphological units Ed, SdSl, Tp and Ca; ions coming from springs having been included as well. 379 

 In the case of the endorheic depressions, the groundwater chemistry is mainly a sodium chloride water 380 

type, with localized occurrences of sodium chloride-sulfate water type (Fig. 10). The prevalence of chlorides 381 

marks the evolution of water and corroborates the discharge properties of the unit. 382 

 The SdSl unit presents sodium chloride-bicarbonate and sodium bicarbonate-chloride water types (Fig. 383 

10), with only one sample showing the presence of the calcium/sodium chloride-bicarbonate type. These waters 384 
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belong to a recent recharge process, as it is evident by the relative abundance of the bicarbonate ion when 385 

compared to the other units.  386 

 The behavior of the Tp unit does not seem to correspond to the circulation phenomenon essentially, 387 

which is suggested by the level of sulfates (Fig. 10), since in this case they are of sodium chloride-sulfate water 388 

type and are quite similar to those of the Ed unit. This is possibly due to the fact that there are smaller basins 389 

within the plain, as well as the low flow velocity of the groundwater.  390 

Coastal accumulation forms composed of sandy material present water ranging from sodium chloride-391 

bicarbonate to sodium chloride-sulfate at greater depths. Shapes constituted by gravel material are the same 392 

water type, mainly sodium chloride-sulfate (Fig. 10). 393 

Despite the fact that morphologically the spring samples (Fig. 9) belong to the Ed unit, they were 394 

graphed separately in Figure 10, where it can be observed that they are classified as sodium chloride-sulfate 395 

water type, with a larger proportion of bicarbonate and a smaller proportion of total salts than the water from the 396 

unit containing them. 397 

A better assessment of the chemical evolution in relation to groundwater flow may be carried out by 398 

comparing the hydrodynamic map and the one showing the electrical conductivity of the water.  399 

 400 

V.  HYDROGEOMORPHOLOGY 401 

 402 

 As mentioned when describing the methodology used, an analysis was carried out to establish a 403 

correspondence between geomorphological units and the hydrogeological phenomenon by considering the 404 

hydrolithological, hydrometric, hydrodynamic and hydrochemical aspects so that units could be described as 405 

hydrogeomorphological units (Table 1). 406 

 The SdSl unit corresponds to major recharge areas (highly permeable aeolian sands), where the 407 

phreatic surface has a radial morphology with a tendency towards a divergent cylindrical one, with a mean 408 

gradient of 0.85%. These are low salinity waters (600 - 2,000 µS/cm), and their water types are sodium chloride-409 

bicarbonate and sodium bicarbonate. 410 

 The Tp unit has the most extensive circulation areas, including local recharge-discharge areas, with the 411 

lowest hydric gradients in the region (< 0.1%) and in general a radial morphology. Its waters are mainly salty 412 

with local freshwater sites (1,200 - 9,500 µS/cm) and mainly a sodium chloride-sulfate water type. 413 
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 The Ed unit presents the most relevant inland discharge areas (Salina Grande, Salina Chica and Gran 414 

Salitral salt pans) showing a typical radial phreatic morphology with a tendency towards a convergent cylindrical 415 

pattern and high hydric gradients (the highest in the region) of the order of 3%. Discharge also occurs through 416 

stratigraphic and talweg springs as groundwater runs towards salt bodies (Alvarez et al. 2006). Waters are 417 

extremely evolved, with electric conductivity values between 8,000 and 17,000 µS/cm, and are classified as 418 

brackish to saline.   419 

The springs that emerge on the southern margin of the endorheic depressions (Salina Grande and Salina 420 

Chica salt pans) behave differently. They are less evolved and their conductivities are of the order of 3,000 to 421 

4,000 µS, due to their proximity to the main recharge located in the sand dune area. 422 

 The Ca unit is a local recharge area whose morphology is that of a divergent radial flow field and it is 423 

independent from the regional hydrogeomorphological behavior. Its waters are chloride-bicarbonate to chloride 424 

types, and they are found in sand dunes whose salinity is lower than that of the coastal ridges.   425 

  426 

Table 1. Summary of characteristics of hydromorphological units in Península Valdés 427 

GEOMORPHIC 

UNIT 

PHREATIC 

LEVEL  

(asl) 

HYDRODYNAMICS 

ELECTRIC 

CONDUCTIVITY  

(µS/cm) 

HYDROCHEMISTRY 

Sand dunes and 

Sandy layers  

(SdSl) 

Between 70  

and 20 

Main recharge areas 

Radial divergent 

cylindrical morphology 

600 to 2,000 

Sodium chloride-

bicarbonate and sodium 

bicarbonate-chloride 

Terrace-like plains  

(Tp) 

Between 0  

and 20 

Main circulation areas 

Local recharge and 

discharge areas 

1,200 to 9,500 Sodium chloride-sulfate 

Endorheic 

depressions  

(Ed) 

Between 0  

and -40 

Local discharge areas 

Radial convergent 

cylindrical morphology 

8,000 to 17,000 

Sodium chloride with 

localized occurrences of 

sodium chloride-sulfate 

Coastal area  

(Ca - accumulation 

forms) 

Between 45  

and -3 
Local recharge areas 1,100 to 7,500 

Chloride-bicarbonate to 

chloride 
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 428 

VI. CONCLUSIONS 429 

 430 

The research undertaken has shown the usefulness of geomorphologically surveying and interpreting 431 

arid regions, where there is a greater correspondence between hydrogeological units and the landforms 432 

containing them, which can be easily identified by interpretation of satellite images due to the lack of vegetation 433 

cover and the great contrast between materials. 434 

In an arid climate with a rainfall of 232 mm/year and a soil moisture deficit of 472 mm/year, the 435 

hydrogeological system of Península Valdés is formed by a phreatic aquifer and one or more semi-436 

confined/confined ones. Once the main hydrodynamic characteristics had been identified and the hydraulic 437 

parameters for these aquifers had been determined ― as well as their hydrochemical behavior ―, it was 438 

observed that the dynamics of the phreatic aquifer and its hydrochemical characteristics are closely related to the 439 

different geomorphological units, which enabled the delimitation of hydromorphological units that bear a 440 

significant relationship with recharge, circulation and discharge areas. 441 

Therefore, hydromorphological interpretation may be extremely useful as a tool for the hydrogeological 442 

analysis of arid and semi-arid regions with scarce information, as is the case of the Argentinian extra-Andean 443 

Patagonia. 444 

 445 
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FIGURE CAPTIONS 532 

 533 

Fig. 1  Location of Península Valdés, Patagonia, Argentina 534 

Fig. 2a  Monthly rainfall and evapotranspiration distribution records 535 

Fig. 2b  Annual mean rainfall records 536 

Fig. 3  Topography and drainage map 537 

Fig. 4  Geological map  (modified from Haller et al. 2001) 538 

Fig. 5  Soil map (modified from Rostagno 1981) 539 

Fig. 6  Geomorphological map 540 

Fig. 7  Hydrogeological sequence 541 

Fig. 8  Equipotential map 542 

Fig. 9  Electric conductivity ranges 543 
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Fig. 10  Piper diagram for major ion composition of spring and groundwater samples from the 544 

hydrogeomorphological units of Península Valdés 545 
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