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Recharge of the Guarani Aquifer System through the Serra Geral Formation: well-head protection zone definition
Introduction

The Guarani Aquifer System (GAS) has 1.2 million km2 in area and consists of the Botucatu (Jurassic sandstone) and Piramboia (Triassic clay - to sandstone) Formations, cropping out along a narrow and irregular belt. It is largely confined by the Serra Geral Formation, Eocretaceous basalts with 1 million km2 in area, which form the less important Serra Geral Aquifer (SGA). There is evidence of vertical recharge of the GAS in places where the capping basalt is up to 100 m thick. Important cities of São Paulo State (SE Brazil), with intense agricultural and industrial activities are located on this zone. Several of these towns use ground water from the GAS, sometimes being a threat to the aquifer both in terms of pollution and overexploitation. The combined objectives of this PhD and the research project in which it is inserted, called “The Serra Geral Formation as a hydraulic connection between the Guarani Aquifer System and the land surface: structural analysis and in-situ tests”, are to define a flow model for the basalt, determine the hydraulic parameters of it’s preferential flow paths, characterize the recharge of the GAS for this specific geologic setting and specify well head protection zones. 
Methods summary table, organized by project (i.e. PhD and research project). Does not correspond exactly to the sequence in which the methods will be done. Work sequence is described, in more detail, further below.
	Method
	Data origin
	Purpose
	Status

	a)
	Preliminary assessment
	Satellite images, aerial photographs, topographic and geologic maps, and field work
	Select appropriate area for detailed geological characterization; identify lineaments and differentiate structural domains
	Done

	b)
	Geological characterization and fracture mapping
	Existing studies and field work (rock quarries, road cuts and natural outcrops)
	Locally characterize basalts and fractures; develop preliminary flow model; locate areas for surface geophysics
	Done

	c)
	Surface geophysics (VES, ERS, AMT)
	Field work on areas selected by the preliminary assessment
	Identify significant hydraulically active fractures; refine geologic and flow model; locate new wells to be drilled for the project
	Done

	d)
	Borehole loggings (ER, Temp., ATV
	Drilled wells
	Characterize fractures and basalt flows; identify possible hydraulically active fractures; gather info. for hydraulic tests
	Part done

	e)
	Hydraulic tests (open well and discrete interval, single and multiple well tests)
	Drilled wells
	Determine T, K, S for specific fractures; identify horizontal and vertical water flow paths
	Part done

	f)
	Numerical modeling
	Local hydraulic tests, other pumping tests, hydrochemistry, isotopes, tracer tests, detailed geologic mapping
	Test the different flow model hypothesis; plan second field test sequence. Evaluate results.
	Part. done

	1)
	Hydrogeologic and geologic data collection from existing wells
	Existing databases, drilling companies and well owners
	Basalt thickness and water level to find appropriate area for detailed study
	Done

	2)
	Drill 3 boreholes far apart from each other, noting geological information and collecting rock samples
	Description of the geology during the drilling, and determination of the mineralogy of collected rock samples 
	Identification of different basalt flows for later comparison with hydraulic data; wells were and will be used for items d) and e) above, and 6) below.
	Part done

	3)
	Detailed fracture mapping
	Field work in rock quarries, road cuts and natural outcrops
	Relate fracture characteristics with hydraulic data, and define possible flow models
	Not done

	4)
	Drill two new boreholes, close to an existing well in the GAS
	Same as item 2), if necessary
	Same as item 2), if necessary; Items d), e), 5) and 6) will be done.
	Not done

	5)
	Chemical and isotopical analyses of water samples
	Drilled wells and existing wells, in GAS and SGA
	Determine origin and age of water
	Not done

	6)
	Tracer injection tests
	Drilled wells
	Determine flow paths, flow velocity, volume of fractures
	Not done
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Methods explanation and correlation, in the order they are being done
a) Preliminary assessment and selection of the study area at local scale 

Methods

· Retrieve information from existing studies (geology, hydrogeology, geophysics)
· Compile information from geologic and topographic maps

Results
· Determination of the general geological and hydrogeological characteristics of the area around the city of Ribeirao Preto
· Determination of the most appropriate areas to be looked at a more local scale, with field works
b) Local geological characterization with emphasis in fracture survey
Methods

· Lineament description using satellite images and aerial photographs in four different scales (two different researchers did this, to avoid personal biasing)
· Field work at rock quarries, road cuts and natural outcrops, describing fracture type, orientation, opening, infilling 
Results
· The geologic setting of the basalts in the area was described, identifying the different basalt flows, their thickness and probable flow contact outcrops 
· Identification of regional and local structural trends

1) Collection of geologic and hydrogeologic information from existing production wells

Methods

· Well information was added to an existing database of the area in and around Ribeirao Preto, by asking to drilling companies and well owners by searching for wells in the area.
Results
· Topographic model of the contact between basalt and sandstone: determined by the paleotopography of the dunes.
· Determine the thickness of the basalt layer around the city, which was an important information for choosing a place for our wells (should be around 100 m thick).
· More information on sandstone/basalt outcrops and contact areas.
· Regional water level information, to check were the water level is in the basalts.
· Allowed to test the correlation between water level and thickness of the sandstone (good), water level and well depth (good), specific capacity and basalt thickness (poor). 
c) Surface geophysics 

Methods

· Vertical Electrical Sounding

· Electric Resistivity Survey

· AMT Survey

Results
· VES: thicknesses of soil, basalt, and sometimes the depth to water level, were determined, thus helping to determine a good location for the wells.
· Resistivity Mapping: previously identified lineaments were tested, to see if they also had low resistivity (indicating the existence of weathered rock and water, possibly caused by water flow through fracture). Some fractures were confirmed, but only one location was good for drilling a well.
· AMT: was also used try to confirm the existence of fractures, but with less detail and higher depth than the resistivity method. Confirmed existence of deep fracture in one location, but basalt thickness was too small for it to be a good spot for drilling a well.
2) Drilling 3 wells in the basalt
Purpose

· Make vertical geologic description of the basalts, collect and analyze rock samples.
· Access to SGA in areas with the wanted conditions, namely: existence of vertical fractures, basalt thickness of around 100 m, and inexistence of production wells nearby (i.e. undisturbed water level). 
· Make borehole loggings (see detailed description further below).
· Conduct hydraulic tests (see detailed description further below).
· Collect water samples (see detailed description further below).
Preliminary results
· Geologic description has been made, and will help differentiate individual basalt flows, allowing us to test if there are hydraulic differences between them. Sandstone lenses were found in one well.

· Identification of horizontal features that might be the contacts between basalt flows, where hydraulic tests were done.
d) Borehole logging:

Methods

· Electric Resistivity (water and rock)

· Temperature 

· Acoustic Televiewer

· Flow meter
Preliminary results

· ER (water) and temperature: differences in slope on temperature and electric resistivity plots are visible in two wells. Next step is to associate those changes with fractures or other features. The plots were also useful to determine good locations for making the hydraulic tests.
· ATV: define fracture orientation in the well, and determine locations to conduct the hydraulic tests. Results will be used to associate fracture orientation to hydraulic characteristics.
· Flow meter: determine natural flow tendencies in the basalt, and qualitative hydraulic importance of fractures.
e1)
Hydraulic tests and water sampling (single well tests)
Methods

· Pumping and injection tests in discrete intervals. 
· Open well pumping tests.
· Sample collection, with in-situ parameter measurements.
Expected results 
· Discrete-interval: natural head indicates vertical flow direction tendency. Pumping tests provide indicative K & T values on individual investigated fractures that can then be associated to the different types of fractures.
· Open well: short term tests provide indicative T value for predicting drawdown and discharge rate for the long-term tests, which have not been done yet. The long term tests should provide information on aquifer type and aquifer boundaries, based on the drawdown versus time plot. 

3) Detailed fracture mapping and description, using scan lines
Method
· Make detailed fracture survey along scan lines, describing their attitude, length, opening, connections to other fractures, surface roughness, infilling and shape.
Results
· Brittle tectonic evolution of the area.
· Identification of tectonic trends, and sets of fractures.
· Prediction of preferential flow paths and thus flow models for the basalts, which will be compared to results from other items described here.
4) Drill two new boreholes close to an existing well in the GAS (not done yet)
Pertinent steps, described in item 2), will be repeated. This time the wells will touch the sandstone, allowing us to make pumping tests and tracer tests in the GAS. 
e2)
Hydraulic tests and water sampling (multiple well tests – not done yet)
Methods
· Pumping and injection tests in discrete intervals. With monitoring wells available, intervals will be isolated in one of them, and monitored. Water level in the underlying sandstone will also be monitored.

· Open well pumping tests with monitoring wells, which will have discrete intervals isolated.
· Sample collection, with in-situ parameter measurements, for hydrogeochemic and isotopic analyses.
Expected results 

· Discrete interval tests: Natural head indicates vertical flow direction tendency. Pumping tests allow calculating K, T and S values on individual investigated fractures. Some tests will be conducted over longer periods of time in selected fractures to try to detect vertical influence in other fracture sets. The same will be done in the sandstone.
· Open well: The long term tests should provide information on aquifer type and aquifer boundaries, based on the drawdown versus time plot shape. 

· Sample collection, with in-situ parameter measurements, for hydrogeochemic and isotopic analyses.
f)
Numerical modeling (partially done)

Methods

· In a first stage make a simple model to test different flow hypothesis in the basalt.
· In a second stage make a more complex model, using the data from the second field tests sequence and adding water balance information for the small basin around the wells.
Results 

· Spaced tectonic features are probably not the only source of recharge to the GAS. Smaller fractures probably also have some contribution. This hypothesis will be tested during the second hydraulic tests sequence.
· The model should allow us to confirm the flow hypothesis, testing the parameter values obtained with the hydraulic tests. A well calibrated model will allow us to determine the wellhead protection zones for the basalts in the study area, and make it less difficult to apply the general results of the project in other areas were the geology is well known.
5) Hydrochemical and isotopic analyses of water samples collected during pump-tests, and also from existing production wells (water from the GAS and SGA) (some samples were already collected)
Methods

· Chemical analysis of major ions, some specific minor ions, and stable isotopes (18O, 2H) of the water collected from the pumping test wells and from further 20 GAS and 10 SGA wells.

· Dating of about 10 samples collected in both SGA and GAS using 14C/13C, CFC and tritium (number of samples analyzed might slightly change due to cost issues).
Expected results

· Hydrogeochemical: water from basalts has a different chemical signature compared to the sandstone, and by identifying the end-members of both aquifers it should be possible to determine distinct water mixing at different depths or fractures.
· Stable isotopes: should allow us to differentiate water recharged through basalts from water recharged directly through sandstone outcrop areas.
· Water dating: determination of a vertical age gradient in the basalt, and comparing that to age of water from the sandstone, will also help establishing a flow and recharge model for the area.
6) Tracer tests, with three different tracers (Rhodamin, Eosin and Uranin) (not done)
Methods

· Inject tracer in one well in the GAS and pumping another well in the GAS

· Injection of different tracers in different discrete depths of one well in the basalt, pumping another nearby well.
Results
· Use tracers in the GAS should allow us to determine porosity and flow velocity of the sandstone in the study area, which is important information for the numerical model and to define wellhead protection zones.
· Tracer tests in the basalt, in discrete depths, will help us to determine connections between different fracture sets, flow velocities and porosity of the rock, which will also be used in the numerical model.
Data integration and expected results

Mainly using the hydraulic tests data and the geologic description, but also with support from hydrogeochemical, isotopic and tracer tests results, we should be able to determine a flow model for the basalts. This model should include consistent hydraulic properties of the different fracture sets, thus allowing to estimating the leakage through them to the sandstones. These results should allow us to define well head protection zones, and could be extrapolated to other areas with a well known similar geologic setting.
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