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Abstract The Guarani aquifer system (GAS) represents

one of the biggest aquifers in the world and is the most

relevant groundwater resource in South America. For the

first time, by combining field and laboratory measure-

ments, a high-resolution aquifer analog model of fluvial–

aeolian sediments of the GAS in São Paulo State (Brazil) is

constructed. Three parallel sections of frontal outcrops,

28 m 9 5.8 m, and two parallel sections of lateral out-

crops, 7 m 9 5.8 m, are recorded during open-pit mining

of sandy sediments and describe in detail the three-

dimensional distribution of the local lithofacies and hy-

drofacies. Variations of hydraulic conductivity, K, and

porosity, n, are resolved on the centimeter scale, and the

most permeable units of the fluvial–aeolian facies associ-

ation are identified. The constructed aquifer analog model

shows moderate hydraulic heterogeneity and a mean

K value of 1.36 9 10-4 m/s, which is greater than the

reported range of K values for the entire GAS in São Paulo

State. The results suggest that the examined sedimentary

unit constitutes a relevant portion of the GAS in São Paulo

State in the context of groundwater extraction and pollu-

tion. Moreover, the constructed aquifer analog is consid-

ered an ideal basis for future numerical model experiments,

aiming at in-depth understanding of the groundwater flow

and contaminant transport patterns at this GAS portion or

at comparable fluvial–aeolian facies associations.
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Introduction

Progressive increase in groundwater resource development

and depletion, along with strong urban development, has

been placing stress on the transboundary Guarani aquifer

system (GAS), which underlies the countries of Brazil,

Argentina, Paraguay and Uruguay in South America

(Fig. 1). The GAS is mostly confined and direct recharge

occurs only in its outcropping areas, which add up to 10 %

of the total GAS area (Rabelo and Wendland 2009). Brazil

alone accounts for more than 90 % of the withdrawal from

a total volume of 1,039 M m3 per year, where 80 % of this

volume is abstracted in São Paulo State (Schmidt and

Vassolo 2011). The release of agro-chemicals caused by

intense agro-industrial activities (e.g. sugar cane produc-

tion in São Paulo State) in the GAS recharge areas, mean a

high pollution threat. Moreover, accidental or uncontrolled

discharge of domestic wastes or manufactured persistent

chemicals in the GAS recharge areas (e.g. Lago et al. 2009)

pose a high risk for long-term groundwater contaminations,
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adding further strain on this relevant groundwater reservoir

(Goldemberg et al. 2008; Dantas et al. 2011; Marimon

et al. 2013).

Although a deep understanding of surface/subsurface

and surface/atmosphere interactions is crucial for a sus-

tainable water quality management on a catchment and

basin scale (Grathwohl et al. 2013), a comprehensive and

detailed knowledge of the spatial distribution of hydraulic

parameters on a local scale is necessary for proper planning

of any groundwater protection and remediation action

(Comunian et al. 2011). Realistic representation of these

parameters in mathematical models is challenging and

needed for reliable prediction of groundwater flow and

contaminant transport (Whittaker and Teutsch 1999).

However, as economic and practical constraints often

restrict proper aquifer characterization, crucial hydrogeo-

logical features may remain unnoticed (e.g. Parker et al.

2008), resulting in high degrees of uncertainty and, con-

sequently, in model impreciseness.

The use of reservoir analog models is an established

alternative approach to support and improve the character-

ization and conceptualization of groundwater (e.g. Whittaker

and Teutsch 1999; Klingbeil et al. 1999; Huggenberger and

Aigner 1999; Heinz et al. 2003; Bersezio 2007; Bayer et al.

2011) and hydrocarbon reservoirs (e.g. Flint and Bryant

1993; Pringle et al. 2006). Information on the spatial vari-

ability of groundwater reservoir parameters for the con-

struction of aquifer analogs can either be generated by

structure-imitating, process-imitating or by descriptive

approaches (Koltermann and Gorelick 1996). Numerous

aquifer analog studies reproduce the sedimentary structures

and the corresponding hydraulic properties of different

depositional environments (e.g. Sweet et al. 1996; Bersezio

et al. 1999; Weissmann et al. 1999; Anderson et al. 1999;

Hornung and Aigner 1999; Heinz et al. 2003; Cardenas and

Zlotnik 2003; Heinz and Aigner 2003; Bersezio et al. 2004,

2007; Kostic et al. 2005; Felletti et al. 2006; Zappa et al.

2006; Kessler et al. 2012). For instance, Bayer et al. (2011)
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successfully constructed a high-resolution aquifer analog of

high-energy environment deposits (e.g. braided river chan-

nels), where hydraulic properties significantly vary on a

centimeter to decimeter scale, vertically and horizontally.

The enormous capacity and economic significance of the

GAS have made this groundwater reservoir subject to multi-

national and multi-disciplinary research efforts to use this

resource in a sustainable manner for current and future

demand (e.g. Puri et al. 2001). Although comprehensive

studies have been conducted to characterize and understand

the hydrogeology and hydrogeochemistry of this system (e.g.

Wendland et al. 2007; Soares et al. 2008; Foster et al. 2009;

Zuquette et al. 2009; Hirata et al. 2011; Gastmans et al. 2012;

Bonotto 2012, 2013), no high-resolution description of its

hydrogeological and sedimentological facies exist.

According to Donatti et al. (2001), in São Paulo State the

GAS consists of a Triassic succession of siltstones, sandy

siltstones, sandstonesandcoarse topebbly sandstones of awet-

aeolian system (Pirambóia Formation), followed by Jurassic

dune deposits of a dry-aeolian system (Botucatu Formation,).

The wet-aeolian system is characterized by a higher phreatic

level due to the vicinity to the coast (Donatti et al. 2001).

Coarser sediment was supplied by discharging streams and

rivers, cutting into the aeolian deposits and resulted in a flu-

vial–aeolian facies association. Incontrast to thehomogeneous

aeolian deposits of theBotucatu Formation, the heterogeneous

fluvial–aeolian sediments, where channel deposits intermingle

withwell-sorted aeolian sands are of particular relevance in the

upper part of the Pirambóia Formation. Groundwater flow

patterns are potentially non-uniform and complex in those

aquifer portions and therefore, a general understanding of the

heterogeneous architecture is required to assist the prediction

of plume geometry and evolution in case of a possible con-

tamination on a local scale. Extensive sedimentological

investigations of this sedimentary unit has alreadybeen carried

out (Caetano-Chang and Wu 2006; Dias and Scherer 2008),

nevertheless no previous study investigated the heterogeneity

and hydrogeological role of these fluvial–aeolian deposits

within the Pirambóia Formation, as well as in the overall

context of the GAS in São Paulo State.

This work is the first application of the aquifer analog

approach at the GAS for fluvial–aeolian sediments depos-

ited in a transitional environment of a wet-aeolian system.

In order to understand the specific hydraulic characteristics

of the fluvial–aeolian sediments occurring at the upper part

of the Pirambóia Formation, an aquifer analog is con-

structed from sedimentary outcrops in a sandy open-pit

mine. For that purpose, three parallel and equally spaced

vertical outcrops were investigated according to the com-

mon aquifer analog construction procedure (e.g. Anderson

et al. 1999; Bersezio et al. 1999; Heinz and Aigner 2003;

Bayer et al. 2011). Additionally, two perpendicular out-

crops were recorded during pit excavation. It facilitates the

reconstruction of the sediment body geometries between

two parallel main sections and enables the assemblage of a

quasi-three-dimensional (3D) model (e.g. Felletti et al.

2006; Kessler et al. 2012). It also minimizes, for instance,

the uncertainties inherent to geostatistical models of aqui-

fer analogs without perpendicular sections, such as the one

developed by Comunian et al. (2011). In order to capture

the fine-scale heterogeneity of the fluvial–aeolian facies

association, sedimentary facies were mapped on a centi-

meter scale. Hydrogeological investigations were con-

ducted in the field and laboratory. The combined

geological analysis of sedimentary structures and deter-

mination of hydraulic properties (K, n) enables, for the first

time, the identification of the most important elements of

heterogeneity in terms of preferential flow paths, connec-

tivity, and high permeable facies of the fluvial–aeolian

deposits of the Pirambóia Formation on a local scale.

Hydrofacies types are derived and the 2D spatial K distri-

bution of the examined sediments is related to the lithof-

acies and represented a quasi-three-dimensional aquifer

analog model consisting of 2D cross-sectional profiles.

Guarani aquifer system

Sedimentology

The GAS belongs to the most important groundwater reser-

voirs in the world and is the biggest groundwater system in

SouthAmerica.With a storage volumeof some 40,000 km3, it

underlies a total area of about 1,200,000 km2 in Brazil,

Paraguay (both Paraná Basin), Argentina (Chaco-Paraná

Basin), and Uruguay (North Basin) (Puri et al. 2001). The

accumulated thickness of the sedimentary and igneous rocks

filling up the Paraná and Chaco-Paraná basins is about

8,000 m. The Paraná basin comprises six super-sequences

bounded by unconformities from the Lower Ordovician

(450 M years) to the Upper Cretaceous (65 M years), which

represent major transgressive–regressive cycles and continen-

tal sedimentation and erosion processes (Milani et al. 1998).

The groundwater-hosting formations comprising the

GAS are built up of weakly-cemented, mainly continental

siliciclastic sedimentary rocks of Triassic and Jurassic age

(*250–145 M years) (Fig. 1), deposited on a Permo-Tri-

assic erosional surface (250 M years) (Assine et al. 2004)

during progressive continentalization of Western Gondw-

ana at a late stage of the complex geologic evolution of the

Paraná basin (Hirata et al. 2011). The end of the basin

evolution is marked by Early Cretaceous thick basalt layers

(*1,500 m) of the Serra Geral Formation, which extensively
cover and confine theGAS. The average thickness of theGAS

sediments is about 250 m, but it greatly varies from more

than 600 m to less than 50 m (Foster et al. 2009). Almost
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two-thirds of the transboundary aquifer system in the Paraná

basin are located on Brazilian territory.

In São Paulo State (Brazil), the GAS is formed by silt-

stones, sandy siltstones, sandstones and coarse to pebbly

sandstones of the Pirambóia Formation and aeolian sand-

stones of the Botucatu Formation (Fig. 1). For São Paulo

State, an overall thickness for the Pirambóia Formation of

75–270 m and of 20–238 m for the Botucatu Formation is

reported (Hirata et al. 2011). The lower and upper

boundaries of the GAS are defined by the occurrence of

coastal siltstones (e.g. Corumbataı́ Formation) and basalt

layers (Serra Geral Formation), respectively (Donatti et al.

2001). Although the Pirambóia and the Botucatu Formation

are often regarded as a single unit from a groundwater

reservoir perspective, they differ in terms of age, deposi-

tion and diagenetic evolution (Hirata et al. 2011). Several

studies address facies characteristics, rock properties, and

distinct depositional environment for the Pirambóia (wet-

aeolian system) and Botucatu Formation (dry-aeolian

system), and correlate them to present environments for an

in-depth understanding of the depositional system (e.g.

Donatti et al. 2001; Assine et al. 2004). According to

Donatti et al. (2001), the sandstone succession comprising

the GAS in São Paulo State can be subdivided into five

main facies associations: (1) tidal plain with aeolian sand

sheets; (2) coastal dunes with frequently flooded interdune

flats; (3) coastal dunes with rarely flooded interdune flats;

(4) braided alluvial plain with aeolian dunes; (5) giant

dunes with interdune depressions. Facies associations 1–4

correspond to the Pirambóia Formation, while facies

association 5 is related to the Botucatu Formation.

The fluvial–aeolian sandstones of the upper part of the

Pirambóia Formation (facies association 4), the focus of

this study, crop out in the central-eastern part of São Paulo

State in the vicinity of the cities of Descalvado, Itirapina

and São Pedro with a varying thickness from a few meters

up to approximately 45 m (Caetano-Chang and Wu 2006).

This facies association shows fluvial deposits of braided

rivers reworked by the prevailing winds and mixed with

aeolian dune deposits (Caetano-Chang and Wu 2006).

The coarse-grained sandstones and conglomerates of the

top of the Pirambóia Formation are mainly quartzarenites

(mineralogically supermature) and rarely subarcosean

(considered to be mature to submature). The cement

occurring at the upper Pirambóia Formation consists of

iron oxide and autogenic clay, adhering to the surface of

the grains or partially filling the pores. Calcite and, to a

lesser extent, locally pyrite might occur as patches that

cement grains (Caetano-Chang and Wu 2006). In the

contact zone with the mafic dykes and sills of the Serra

Geral Formation (Fig. 1), the deposits of the Pirambóia

Formation can be locally ‘‘cooked’’ due to contact

metamorphism.

Area of investigation

The study area is located in the recharge area of the GAS at

the central-eastern part of São Paulo State (Brazil), in the

vicinity of Descalvado city (Fig. 1). Here, the basalts of the

Serra Geral Formation and the sandstones of the Botucatu

Formation are eroded, and the sandstones of the Pirambóia

Formation crop out and appear as bedrock, partially

superimposed by Tertiary sandy deposits of the Santa Rita

do Passa Quatro Formation. Here, the Pirambóia Formation

is slightly weathered and the deposits partially cemented

with iron oxide and autogenic clay. There are no digenetic

overprints in the area of investigation from Serra Geral-

related intrusions. The field site is situated in a sandy open-

pit mine with multiple levels of operation in the Pirambóia

Formation, where sand is excavated from contiguous

banks.

Several locations in the open-pit mine were inspected and

compared in terms of the appearance of typical and common

sedimentary features of the fluvial–aeolian deposits of the

upper part of the Pirambóia Formation. Based on charac-

teristic structures of the fluvial–aeolian sediments and on

operational feasibility issues, a suitable outcrop was selec-

ted in the central part of the open-pit mine for the aquifer

analog construction. The geographical coordinates of the

outcrop are: 21°56046.500S, 47°36045.800W. The selected
sand bank provided ideal insights into the physical hetero-

geneities and allowed a centimeter-scale depiction of the

existing lithofacies and hydrofacies.

Methods of work

Fieldwork and mapping procedure

The overall dimension of the selected, rectangular-shaped

sand body is 28 m in length (Lx), 7 m in width (Ly), and

5.8 m in height (Lz). A set of poles and markers were equi-

distantly placed along each outcrop face as reference points

for themapping procedure and photographic documentation.

In order to characterize the spatial variations of sedimentary

structures in three dimensions, three parallel cross-sections

(spacing 3.5 m along the y-axis) and two perpendicular lat-

eral sections at x = 0 m and x = 28 m were constructed by

stepwise horizontal excavation of the selected sand bank, as

schematically illustrated in Fig. 2. First, the original outcrop

wall (section A–A0) was mapped (Fig. 2a) and afterwards,
the sand body carefully excavated by 3.5 m. Subsequently,

the exposed new frontal outcrop wall (section B–B0) and the
first part of the lateral outcrop walls (A–C, A0–C0) were
recorded (Fig. 2b). Again, the sand body was excavated by

3.5 m to map the section C–C0 and the second part of the
lateral outcrop walls (A–C, A0–C0) (Fig. 2c).
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The mapping process was assisted by systematic

description and sedimentological interpretation of the

complex structured sediments. The sedimentary structures

were recorded in the field with a 5 cm 9 5 cm resolution,

producing outcrop maps at a 1:50 scale for posterior data

processing. Close-up photographs of the entire outcrop

were taken to provide basic digital images.

Lithofacies types were depicted following the approach

proposed by Miall (1978). This method is based on a two-

letter scheme, allowing the categorization of sedimentary

units on the basis of their sedimentary structures and

genetic processes. The dominant grain size is indicated by

a capital letter (G = gravel, S = sand, F = fine-grained

facies, including silt and mud), whereas the lowercase

letters describe the characteristic texture and structure of

the lithofacies (t = trough bedded, h = horizontal,

p = planar, m = massive). In case of equal shares of two

dominant grain sizes, a combination of both is employed.

A comprehensive sediment sampling campaign from

multiple locations over each outcrop was carried out in

order to allow the determination of the hydraulic prop-

erties of each lithofacies types in the laboratory by

means of grain size analysis. In order to validate the

laboratory-derived hydraulic conductivity estimates by

infiltration test, wells were temporarily installed on top

of the outcrop bench and in front of the outcrop prior to

excavation. Due to restrictions during the ongoing min-

ing operations, only five wells (depth: 0.5 m) could be

installed. The infiltration tests were performed for three

hydraulic conductivity zones using a constant-head

(Guelph permeameter) and a falling-head well perme-

ameter. The wells with a depth of 0.5 m were located at

x = 7 m, y = 1.5 m, and from z = 5.3 m to 5.8 m, at

x = 27 m, y = 1.5 m, and from z = 5.3 m to 5.8 m, and

right in front of the first outcrop at x = 23 m, y = 0, and

from z = 0 m to -0.5 m.

Fig. 2 Schematic
representation of the stepwise

quasi-three-dimensional aquifer

analog model construction

process and the geometry and

distribution of the identified

hydrofacies at a section A–A0

and first half of the lateral

sections A–C and A0–C0,
b section B–B0 and second half
of the lateral sections A–C and

A0–C0, c and section C–C0. For
illustrative purposes, the

longitudinal extension of the

lateral sections is exaggerated

by a factor of 1.2
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Laboratory work

Empirical grain-size methods for the estimation of

hydraulic conductivity, K, in porous media are standard in

hydrogeological practice (Vukovic and Soro 1992; Kase-

now 2002; Carrier 2003). For the collected samples, grain

size analysis was carried out by sieving (Tyler sieves with a

mesh size from 0.053 to 31.7 mm for the gravel and sand

fraction). A laser diffraction method served for character-

ization of the fines distribution (\0.053 mm, Malvern
Mastersizer 2000, Malvern Instruments). The total poros-

ity, n, was determined by direct methods in the laboratory

from undisturbed field samples for all hydrofacies types

(total number of samples = 62) (Table 1).

Since the Kozeny–Carman formula and the US Bureau

of Reclamation (USBR) formula are not applicable for the

estimation of hydraulic conductivity in silt and clay

materials, a falling-head permeameter test was alterna-

tively conducted in the lab on irregular shaped, undisturbed

clay samples of only a few decimeters in size. However,

because the classical falling-head method requires a regu-

lar, geometric shape of the sample (ABGE 1981), an

approach for irregular-shaped, undisturbed bulk samples

developed by Oliveira (2000) was employed instead.

Aquifer analog model construction

Determination of hydraulic properties and hydrofacies

types

The lithological classification only considers the main

grain size classes as previously described (e.g. G = gravel,

S = sand, F = fines) and does not embrace the varying

proportions of the subclasses of the grain size spectrum

(e.g. fine sand, medium sand, coarse sand), which may

significantly influence the hydraulic properties within a

single lithofacies. Different lithofacies may have variable

hydraulic properties and therefore, from a hydrogeological

perspective, a translation into hydrofacies types is required

to describe the permeability distribution and hydraulic

connectivity within the aquifer. The term ‘hydrofacies’ is

defined as a relatively homogeneous but anisotropic and

hydrogeologically meaningful unit (Anderson 1989; Poeter

and Gaylord 1990), which has a horizontal-correlation

length that is finite, but that in most cases, is significantly

greater than the vertical correlation length (Anderson

1989). The determination of hydrofacies types, therefore,

allows for recognizing preferential flow paths, low per-

meable flow units and flow barriers, and helps to quanti-

tatively describe the flow parameter distribution of the

reservoir (Klingbeil et al. 1999; Heinz et al. 2003), which is

the ultimate objective of the aquifer analog construction.

For that reason the different hydraulic conductivities of

each lithofacies are determined by the widely accepted

Kozeny–Carman formula and the USBR formula (Vukovic

and Soro 1992; Kasenow 2002). For the latter, the value for

kinematic viscosity of water is related to a temperature of

20 °C. To reflect the grain size spectra for different
hydrofacies types and corresponding K values, a classifi-

cation scheme according to DIN EN ISO 14688-1 (2002) is

applied. This scheme uses capital letters for the dominant,

grain size class of the hydrofacies type (e.g. CSa = coarse

sand, MSa = medium sand, FSa = fine sand). Minor grain

size mass fractions are indicated by small letters in

Table 1 Lithofacies and hydrofacies types with hydraulic properties

Lithofacies

(after Miall 1978)

Hydrofacies code

used

Hydraulic conductivity

K (m/s)

Porosity

n (-)

Number of

samples

Hydrofacies classified after DIN

EN ISO 14688-1 (2002)

SGt SGt,c 2.96 9 10-4 ± 9.90 9 10-5a 0.32 ± 0.04 7 Sa/Gr

SGt,m 9.44 9 10-5 ± 6.60 9 10-5a 0.32 ± 0.04 7 fgr0fsamsaCSa

Sp Sp,f 1.63 9 10-4 ± 1.74 9 10-5b 0.25 ± 0.05 9 msaFSa

Sh/Sp Sh/Sp,m1 1.38 9 10-3 ± 6.88 9 10-5b 0.33 ± 0.05 8 fsa0csaMSa

Sh/Sp,m2 7.77 9 10-5 ± 3.05 9 10-5a 0.33 ± 0.05 6 csa0fsa*MSa

St St,m1 5.97 9 10-5 ± 2.91 9 10-5a 0.29 ± 0.04 7 csa0fsaMSa

St,m2 2.49 9 10-5 ± 1.34 9 10-5a 0.29 ± 0.04 6 si0csa0fsa*MSa

St,f 6.23 9 10-6 ± 5.25 9 10-6a 0.24 ± 0.05 7 si0msa*FSa

Fm Fm 7.84 9 10-8 ± 4.22 9 10-8c 0.29 ± 0.03 5 Cl

Hydrofacies code: SGt,c trough cross-bedded coarse sand and gravel, SGt,m trough cross-bedded medium sand and gravel, Sp,f planar cross-

bedded fine sand, Sh/Sp,m1 horizontally laminated to planar cross-stratified medium sand, Sh/Sp,m2 horizontally laminated to planar cross-

stratified medium sand with fine sand, St,m1 trough cross-bedded medium sand, St,m2 trough cross-bedded medium sand with find sand,

St,f trough cross-bedded fine sand, Fm massive clay intraclasts
a Derived by empirical equation according to Kozeny–Carman
b Derived by empirical equation according to USBR
c From laboratory permeameter tests
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ascending order in front of the main classes, which can be

further denoted with an apostrophe in case they are minor

or with an asterisk if they are prominent (e.g. csa0fsa*M-
Sa = medium sand with a very minor portion of coarse

sand and a prominent portion of fine sand).

Although this scheme is a precise way to reflect grain

size shares in a letter-based code, it is rather elusive for fast

comprehension. Therefore, a convenient and more intuitive

hydrofacies code based on the lithofacies code is applied in

this study. The employed code uses similar letters as

the lithofacies code, indicating sedimentary structures, a

small letter to denote the dominant grain size (f = fine,

m = medium, c = coarse) and a number for further dif-

ferentiation if necessary. The lithofacies and hydrofacies

recorded and classified in this study, as well as the

hydraulic properties, are summarized in Table 1.

Model construction

The outcrop-based sedimentological and the hydrogeolog-

ical information was stored in a database and subsequently

linked to digital high-resolution images. One individual

panorama image was created for each outcrop. The pano-

rama images were produced by assembling multiple high-

resolution and overlapping close-up terrestrial outcrop or-

thophotos. To avoid optical distortion effects from the left

and right side of the photograph, a share of 25 % was cut

following the approach of Morales et al. (1997). Subse-

quently, the remaining center parts of the photographs were

stitched together using Corel DRAW X5. The obtained 2D

photo-panels were then used for onscreen digitization with

a GIS software (ArcGIS 9, ESRIÒ), encompassing the

following steps: (1) sedimentary structures and forms were

delineated as polygons based on the outcrop images and

generated field maps; (2) each constructed polygon con-

stituting a single hydrofacies was attributed to the respec-

tive hydrofacies code and hydraulic parameters from the

sedimentological and hydrogeological database; (3) the

digitized hydrofacies assemblages from outcrop data were

saved as shapefiles and converted into grid format with

specified cell size and number in order to use the aquifer

analog for future numerical modeling experiments.

Results and discussion

In the examined upper part of the Pirambóia Formation,

conglomeratic pebbly and coarse sands interspersedwith very

poorly sorted fine-to-coarse pebbles were found adjacent to

clean and very well-sorted and well-rounded, medium-to-fine

sand with minor amounts of fines. The sands often gradually

intermingle with pebbly and coarse deposits, locally con-

taining large pieces of clay (up to 50 cm in diameter).

Based on the outcrop analysis, five distinctive lithofa-

cies are recognized on the basis of their primary sedi-

mentary features. The five lithofacies and their

corresponding hydraulic properties are described in detail

hereafter and summarized in Table 1. The order of the

description is based on the main occurrence of the facies

from the bottom to the top of the outcrops.

Planar cross-bedded aeolian sand lithofacies (Sp)

Geological description

This lithofacies appears in the outcrops mainly at z B 2 m,

with some localized occurrence at 3 m B z B 4 m, com-

posing approximately 35 % of the outcrop area based on the

three main cross-sections. The most prominent feature of

the Sp lithofacies is the clean and very well-sorted and well-

rounded, medium-to-fine sands with minor amounts of silt

deposited under aeolian conditions (Fig. 3d). The primary

sedimentary structure is characterized by low dipping

foresets (*15°) of planar cross-beds and horizontal to sub-
horizontal lamina. The sets of cross-strata have an average

thickness of *50 cm. Drill cores executed in front of the
outcrop confirmed a minimum thickness of*2.5 m of this
sand package. The upper part of the cross-stratified foresets

has been eroded and covered by coarse fluvial deposits (SGt

lithofacies), indicating an erosional surface (Fig. 3d).

Hydraulic characterization

For the homogeneous aeolian sands of the Sp lithofacies a

hydraulic conductivity value of 1.63 9 10-4 ± 1.74 9

10-5 m/s (n = 0.25 ± 0.05) is obtained, defining the hy-

drofacies type Sp,f (hydrofacies type Sp,f = planar cross-

bedded fine sand) (Fig. 4a–d). The hydraulic conductivity

of the field test performed at the location x = 23 m, y = 0,

and from z = 0 m to -0.5 m, which refers to this

hydrofacies, is K = 6.6 9 10-4 m/s. Although the field

derived value is in agreement with the laboratory deter-

mined values, it has to be treated with caution. The field

test was carried out with great care but possible effects of

the mining operations, such as soil compaction or occur-

rence of small fissures, might adversely influence data

reliability. Thus, the field values only serve well for a

rough cross-check of laboratory-derived values.

Trough cross-bedded sand and gravel lithofacies (SGt)

Geological description

This is the main lithofacies occurring from 2 m B z B 5 m

in the outcrops, representing a total area fraction of*30 %
of the three main cross-sections, with restricted occurrence
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around z = 5.5 m. The SGt lithofacies are built up of a

mixture of chaotically structured conglomeratic pebbly

and coarse sands, with varying amounts interspersed with

very poorly sorted fine-to-coarse pebbles. The deposits are

presented as bodies of channel-shape geometry (Fig. 3c),

varying vertically and horizontally in size between *0.5
and 3 m and *0.3 and 1.5 m, respectively. The pebbles
are angular to rounded and mixed with coarse sand and

clay fragments in a silt matrix. Large irregularly shaped

intraclasts of dark reddish clay (lithofacies Fm) of a few

decimeters in size can be found in these deposits (Fig. 3c).

The sediment bodies often internally cut into each other,

both laterally and vertically. Along the margin of the

channel bodies, the deposits frequently interfinger and

interbed with medium and fine-grained, well-sorted sands

of the Sh/Sp lithofacies (Fig. 3b), which are described later

in detail. The strata of the SGt lithofacies display an

irregular, lower bounding surface sitting on top of the

aeolian well-sorted fine sands (Sp lithofacies) (Fig. 3d).

The medium-scale channel fills observed in the outcrop

reveal a typical trough cross-bedded structure. They can be

interpreted on the basis of their multiple erosional surfaces

and coarse-grained and pebbly nature as the depositional

response to high-energy fluvial processes of a braided river

channel system bearing a heavy suspended bed load.

Hydraulic characterization

Varying amounts of pebbles and coarse sand of the SGt

lithofacies result in two different hydrofacies (hydrofacies

type SGt,c = trough cross-bedded coarse sand and gravel;

and SGt,m = trough cross-bedded medium sand and

gravel). The SGt,c hydrofacies vary by equal amounts of

sand and gravel over all grain size classes (very fine to

coarse) with an estimated mean hydraulic conductivity

of K = 2.96 9 10-4 ± 9.90 9 10-5 m/s and n = 0.32 ±

0.04. The SGt,c hydrofacies dominate the SGt lithofacies.

In the areas where the SGt lithofacies predominantly con-

sist of coarse sand with portions of medium and fine sand,

the hydrofacies type SGt,m is defined, with a K = 9.44 9

10-5 ± 6.60 9 10-5 m/s and n = 0.32 ± 0.04. Overall,

this lithofacies contains a significant amount of fines. The

higher surface area of small size grains increases the fric-

tional resistance of flow and reduces the intrinsic perme-

ability of sediments (Fetter 2001), which is reflected by a

rather low K value for this coarse, pebbly sand.

Massive clay intraclasts (Fm)

Geological description

At some positions in the outcrop (e.g. Fig. 2a, at location:

x = 20.8 m, z = 4 m), randomly oriented, dark brownish,

irregularly shaped intraclasts of clay can be found

embedded in the coarse fluvial deposits of the SGt lithof-

acies (Fig. 3d). The size of the muddy intraclasts ranges

from a few centimeters up to several decimeters. The

Fig. 3 Photographs of identified lithofacies and corresponding

hydrofacies types in the outcrop: a trough cross-bedded sand

lithofacies (St), b horizontally laminated to planar cross-stratified
sand lithofacies (Sh/Sp), c trough cross-bedded sand and gravel
lithofacies (SGt) with massive clay intraclasts (Fm), d planar cross-
bedded aeolian sand lithofacies (Sp) and overlying lithofacies (SGt)
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intraclasts can be attributed to reworked, thin muddy layers

of floodplains from marginal channels in a braided river

environment or from small and ephemeral lakes.

Hydraulic characterization

The obtained hydraulic conductivity for the hydrofacies type

Fm (hydrofacies type Fm = massive clay intraclasts) is

very low (K = 7.84 9 10-8 ± 4.22 9 10-8 m/s, n =

0.29 ± 0.03). However, these hydrofacies are discontinu-

ous and of minor presence in the outcrops (total area

fraction of \1 % within the three main cross-sections).

Therefore, from a hydrogeological point of view it is not

considered relevant in the examined aquifer analog.

Horizontally laminated to planar cross-stratified sand

lithofacies (Sh/Sp)

Geological description

This lithofacies locally appears from 2 m B z B 5 m (total

area fraction of *11 % within the three main cross-sec-

tions) within the SGt lithofacies. It is characterized by

laminated sheets, small bodies and lenticular units of very

Fig. 4 Geometry and
distribution of the identified

hydrofacies at the aquifer

analog frontal sections a A–A0,
b B–B0, c C–C0, and lateral
sections d A–C and e A0–C0
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well-sorted medium to very fine sands (Fig. 3b). The small

bodies and lenticular units of sand either occur as wedges

along the margins of coarse grained channel fills exhibiting

internal cross-stratification (Sp), or as relatively laterally

continuous laminated sheets (Sh). The medium to very fine

sands along the sides of the channel display a prominent

complex interfingering pattern and gradual changes with

the pebbly sands of the SGt lithofacies (Fig. 3b).

This junction of coarse fluvial deposits with fine aeolian

sands is a common sedimentological feature for wet-aeo-

lian systems, where during the wet period fluvial processes

prevail, and in the dry season wind reworks fluvial deposits

and supplies fine sand into the system (Assine et al. 2004;

Caetano-Chang and Wu 2006). The eroded wedges and

lenticular units of fine sand present vestiges of the aeolian

influence on the depositional system. Plane sandy bed

forms are associated with fluvial processes and can be

rather attributed to upper flow regime conditions, as lower

flow regime conditions are characterized by cross-stratified

sands under a waning current velocity (Miall 2010).

Although the deposits of the study site are carefully

mapped, how the sedimentary bed forms evolve between two

parallel outcrops could not always be clearly derived. Gradual

changes of the internal stratification from horizontal to cross-

stratified are frequently observed. Therefore, for practical

reasons, the lithofacies classes Sh and Sp are merged (Sh/Sp)

and treated as one facies class for the outcrop.

Hydraulic characterization

The grain size ranges mainly from fine to medium sand, but

also includes varying amounts of fine and coarse sand. This

allows a classification of the Sh/Sp lithofacies into three dif-

ferent hydraulically relevant units (hydrofacies type Sh/

Sp,m1 = horizontally laminated to planar cross-stratified

medium sand; Sh/Sp,m2 = horizontally laminated to planar

cross-stratified medium sand with fine sand; Sp,f = planar

cross-bedded fine sand). TheSh/Sp,m1 hydrofacies type shows

the highest hydraulic conductivity observed in the outcrops,

with K = 1.38 9 10-3 ± 6.88 9 10-5 m/s (n = 0.33 ±

0.05). The fine parts of the lithofacies class Sh/Sp have the

same hydraulic properties as the previously described aeolian

lithofacies (Sp). Thus, thefine parts of the lithofacies Sh/Sp can

also be denoted as hydrofacies type Sp,f with

K = 1.63 9 10-4 ± 1.74 9 10-5 m/s and n = 0.25 ± 0.05.

Trough cross-bedded sand lithofacies (St)

Geological description

The St lithofacies are observed in the outcrops at

4.5 m B z B 5.8 m (total area fraction of 24 % within the

three main cross-sections) and primarily consist of sets of

trough cross-bedded very fine tomedium sand (Fig. 3a). The

trough beds are commonly at the decimeter to meter scale

and are formed bywell to poorly sorted, rounded grains. This

lithofacies can be separated into three different sets based on

the grain size and the degree of coating with detrital ferric

hydroxides of syndepositional origin. The trough beds of

moderately sorted white medium sand with portions of fine

and coarse sands are followed by trough beds of light

brownish color including higher portions of fines. On top,

sets of very well sorted, very fine to fine sand of dark brown

color are identified. The trough bed forms can be interpreted

as subaqueous sinuous-crested 3D dunes. The term ‘dunes’

can be synonymously used for sand bars in river channels to

interpret trough cross-bed stratification.

Hydraulic characterization

Following the grain size distribution of the trough beds,

three different hydrofacies can be distinguished for the St

lithofacies (Table 1). The dark brown sets of fine sand

(hydrofacies type St,f = trough cross-bedded fine sand)

show a low hydraulic conductivity of K = 6.23 9 10-6 ±

5.25 9 10-6 m/s (n = 0.24 ± 0.05). The coarser sets have

hydraulic conductivities of K = 5.97 9 10-5 ± 2.91 9

10-5 m/s (hydrofacies type St,m1 = trough cross-bedded

medium sand) and K = 2.49 9 10-5 ± 1.34 9 10-5 m/s

(hydrofacies type St,m2 = trough cross-bedded medium

sand with find sand) (n = 0.29 ± 0.04 for both types).

Field tests were performed on top of the outcrop at the

locations x = 7 m, y = 1.5 m and z = 5.8 m to 5.3 m for

the hydrofacies type St,m2 and at x = 27 m, y = 1.5 m

and z = 5.8 m to 5.3 m for the hydrofacies type St,m1. The

received data from the Guelph permeameter test (St,m1:

K = 6.85 9 10-5; St,m2: K = 6.80 9 10-5 m/s) and

falling-head permeameter test (St,m1: K = 1.78 9 10-5;

St,m2 K = 2.17 9 10-5 m/s) are in the same range as the

laboratory values. Although field derived values approxi-

mate the laboratory data well, the data are only suitable for

a rough cross-check due to low data quantity and afore

mentioned situation in the outcrop.

Hydrogeology of entire aquifer analog

The spatial distribution of the previously described lithof-

acies and hydrofacies reveals a distinctive succession

throughout all outcrop sections. As shown in Fig. 4, three

genetic units can be determined from the bottom to the top

of the outcrop: (1) a continuous layer of aeolian sands

(Sp,f hydrofacies) at z\ 2 m (2) braided river channel

deposits of pebbly to fine sands of the hydrofacies types

SGt,c; SGt,m with clay intraclasts (Fm), plane sandy bed

forms and cross-bedded medium sands of the hydrofacies

types Sp,f; Sh/Sp,m1and Sh/Sp,m2 at 2 m B z B 4 m; (3)
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fluvial sets of cross-bedded medium to fine sands of the

hydrofacies types St,m1; St,m2; St,f at 4 m B z B 5.8 m.

The additional information delivered from the lateral

sections A–C and A0–C0 (Fig. 4d) proved to reduce the
uncertainties related to the spatial distribution of the litho-

and hydrofacies. For instance, a thin layer of the hydrofa-

cies types Sh/Sp,m1 occurs in each cross-section at

x = 26 m and z = 3 m (Fig. 4a–c). Intuitively, it could be

assumed that this layer is laterally continuous through all

sections based on the information from the three main

cross-sections. Only with the lateral section could it be

observed that this layer is discontinuous, pinches out and

reappears in section B–B0 as demonstrated in the lateral
cross-section E–E0 in Fig. 2c.
The average hydraulic conductivity and porosity of the

aquifer analog, using a geometric mean, result in K =

1.36 9 10-4 m/s ± 3.83 9 10-4 and n = 0.29 ± 0.03.

The average values are calculated based on the areal per-

centage of the hydrofacies types for all cross-sections. The

range of hydraulic conductivity varies over five orders

of magnitude from K = 1.38 9 10-3–7.84 9 10-8 m/s

within the examined deposits (Table 1; Fig. 5). Considering

the layered heterogeneity of the system and the high degree

of connectivity of the hydrofacies, it can be assumed that

the integral hydraulic conductivity for a horizontal flow

regime is best approximated by the arithmetic mean with

K = 2.74 9 10-4 m/s. An important fact has to be regar-

ded for the highly conductive portions (hydrofacies Sh/

Sp,m1: K = 1.38 9 10-3 m/s) of the aquifer analog in

terms contaminant transport. Conductivity contrasts with

high permeable zones in heterogeneous porous media cause

groundwater streamlines to converge and diverge, resulting

in flow focusing and enhanced transverse mixing and

reaction (Werth et al. 2006). For vertical flow directions the

low permeable units of the trough cross bedded fine sands

(St,f: K = 6.23 9 10-6 m/s) on top are more relevant for

the system. The minor presence of the clay fragments (Fm:

K = 7.84 9 10-8 m/s) of\1 % in the entire outcrop does
not play a hydraulically relevant role in the aquifer analog.

Conclusion and discussion

Detailed sedimentological and hydrogeological investiga-

tions were conducted in an open pit mine near the city of

Descalvado (SP), Brazil, to identify hydraulic properties

and spatial hydraulic variations of the heterogeneous flu-

vial–aeolian deposits in the upper part of the Pirambóia

Formation of the GAS. A sand body of the size Lx = 28 m,

Ly = 7 m and Lz = 5.8 m was carefully examined and

gradually excavated to construct three equally spaced 2D

cross-sections following the common aquifer analog con-

struction practice. The existing aquifer analog construction

procedure (Bayer et al. 2011) was amended in this study by

additionally constructing cross-sections of the correspond-

ing lateral sections of the sandy body as described in

Kessler et al. (2012). The assemblage of the three 2D cross-

section maps with the corresponding lateral cross-sections

considerably reduced the uncertainties related to the three-

dimensional shape of identified sedimentary structures.

Although the aquifer analog construction process and the

chosen discretization scale yield satisfying results, addi-

tional lateral sections throughout the outcrop are recom-

mended in future aquifer analog studies, in order to better

represent discontinuities and small-scale variations of sed-

imentary features in the middle of the sedimentary block.

Five lithofacies types were identified and further catego-

rized into nine hydrofacies types providing a detailed insight

into the heterogeneity of the fluvial–aeolian facies associa-

tion in the upper Pirambóia Formation. A quantitative

description of spatial hydraulic parameter distribution, based

on lithofacies and hydrofacies categories with their spatial

Fig. 5 Hydraulic conductivity (K) and porosity (n) distribution of the quasi-three-dimensional aquifer analog model
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distribution and volumetric shares is provided. In combina-

tion with modeling tools, the generated dataset allows for the

simulation of groundwater pollution scenarios representing

realistic field conditions of similar sedimentary settings.

Therefore, it serves as a platform to test and evaluate the

potential effects of anisotropic flow and contaminant

migration patterns as well as the feasibility of the necessary

remediation measures on a local scale.

Further, the dataset provides the basis to develop a

volumetric 3D model conditioned by the outcrop cross-

sections using stochastic methods, as well as numerical

up-scaling procedures. For these above mentioned purposes

and applications primary geostatistical quantities such as

facies specific volumetric fractions, correlation lengths,

and anisotropies can be derived. Alternatively, transition

probabilities between different facies may be determined or

the facies mosaics may serve as training patterns to apply

multi-point geostatistics (Comunian et al. 2011).

The following outcomes of this aquifer analog study are

considered especially relevant: (1) the horizontally lami-

nated to planar cross-stratified sands could be identified as

most the permeable unit within the examined facies asso-

ciation (hydrofacies Sh/Sp,m1 = 1.38 9 10-3 m/s); (2) the

high permeable hydrofacies Sh/Sp,m1 is relatively well

connected throughout the entire outcrop and therefore, can

serve as preferential groundwater flow path. If an aquifer

with this type of sediments is contaminated a pronounced

fingering of a contaminant plume can occur.

Commonly, practitioners see the GAS as a relatively

homogeneous system. Existing studies report K estimates

for the entire Priambóia Formation in São Paulo State,

which range from 3.47 9 10-5 to 5.78 9 10-6 m/s with an

average value of 2.89 9 10-5 m/s (Hirata et al. 2011). This

data is in concordance with the work of Araújo et al.

(1999), which reports an average K of 2.19 9 10-5 m/s for

the entire Pirambóia Formation. The Botucatu Formation in

São Paulo State has an average hydraulic conductivity of

K = 4.05 9 10-5 m/s (range from 2.31 9 10-5 to

4.63 9 10-5 m/s), which is in the same range as reported

for the entire Pirambóia Formation (Hirata et al. 2011). The

average K value derived in this study for the fluvial–aeolian

facies association of the Pirambóia Formation is higher

than the reported range of K values of the entire GAS at

São Paulo State. A higher hydraulic conductivity implies

higher aquifer vulnerability for areas in São Paulo State,

where the fluvial–aeolian deposits of the upper part of the

Pirambóia Formation crop out or are close to the ground

surface. Additionally, the more pronounced hydraulic

conductivity contrasts compared to reported values by

Hirata et al. (2011) and Araújo et al. (1999) indicate that in

case of contamination, this portion of the Pirambóia For-

mation is more complex to characterize and remediate.

Although the GAS is very extensive in its dimension, the

scale of the presented aquifer analog might be considered as

pre-ergodic and at an operative scale is only suited for local

applications, the provided approach proved to be helpful for

the identification of possible relevant hydrostratigraphic

units. It gives valuable insight into local scale aquifer het-

erogeneities of the GAS in the upper Pirambóia Formation,

which should also be considered in a regional scale context.

The overall thickness of the fluval-aeolian deposits of the

upper Pirambóia Formation ranges from only a few meters

to*45 m (Caetano-Chang andWu 2006). In contrast to the
overall thickness of the GAS units in São Paulo State

(Pirambóia Formation: 75–270 m, Botucatu Formation:

20–238 m (Hirata et al. 2011)), the examined deposits

might seem of subordinated importance. However, consid-

ering the pollution threats of the GAS in the São Paulo

State, it must be pointed out that only detailed hydraulic

information of all hydrostratigraphic units, even if they are

thin, allows the recognition of potential contaminant flow

pathways, which is necessary for reliable mass flux calcu-

lations to assess down gradient risks (ITRC 2010). This is

particularly true for highly permeable aquifer units, e.g. the

fluvial–aeolian sediments examined in this study.

The detailed characterization of parts of the reservoir

helps to improve the understanding of the entire GAS. In

particular, the findings aid conceptual model development

of aquifer segments where little or no site-specific data are

available or for confined areas. Eventually, the work should

initialize and foster the construction of additional aquifer

analogs of other stratigraphic units of the GAS, to con-

tribute to an advanced reservoir understanding and to sup-

port local and regional groundwater management policies.
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contrasting eaolian systems. An Acad Bras Cienc 73(3):465

Felletti F, Bersezio R, Giudici M (2006) Geostatistical simulation and

numerical upscaling, to model ground-water flow in a sandy-

gravel, braided river, aquifer analogue. J Sediment Res

76(11–12):1215–1229. doi:10.2110/jsr.2006.091

Fetter CW (2001) Applied Hydrogeology, 4th edn. Prentice-Hall,

Inc., New Jersey

Flint SS, Bryant ID (1993) Quantitative clastic reservoir geological

modelling; problems and perspectives. The geological modelling

of hydrocarbon reservoirs and outcrop analogues. Special Publ

Int Assoc Sedimentol 15:3–20

Foster S, Hirata R, Vidal A, Schmidt G, Garduño H (2009) The Guaranı́

aquifer initiative—towards realistic groundwater management in

a transboundary context, GW-MATE (The Groundwater Man-

agement Advisory Team) case profile collection No. 9; TheWorld

Bank. http://siteresourcesworldbankorg/INTWAT/Resources/

GWMATE_English_CP_09pdf. Accessed 4th October 2012

Gastmans D, Veroslavsky G, Kiang Chang H, Caetano-Chang MR,

Nogueira Pressinott MM (2012) Modelo hidrogeológico con-

ceptual del Sistema Acuı́fero Guaranı́ (SAG): una herramienta

para la gestión. Boletı́n Geológico y Minero 123(3):249–265

Goldemberg J, Coelho ST, Guardabassi P (2008) The sustainability of

ethanol production from sugarcane. Energ Policy 36(6):2086–

2097. doi:10.1016/j.enpol.2008.02.028
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