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Abstract

:

The ‘Dynamic System Approach for Geofluids and their Resources’ was developed to harmonize research and the sustainable exploration of geofluids (e.g., groundwater, geothermal and hydrothermal fluids) and the related geo-resources (groundwater, geothermal energy and hydrothermal minerals). The conception is based on the basin-scale groundwater flow systems, which behave as a geologic agent, mobilize, transport and deposit matter and heat, whilst it can be evaluated quantitatively and in a distributed manner. Evaluation of these systems combined, for instance, with numerical, stochastic and isotope methods can jointly manage all types of geofluids, the related resources and the environmental consequences of their exploration and utilization. This paper describes the fundamental concepts of the approach and displays the proposed workflow and guidelines for practical applications such as groundwater vulnerability assessment, managed aquifer recharge, geothermal energy utilization, and the evaluation of hydrothermal mineral potential.
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1. Introduction


In recent decades, geologists have recognized that fluids play an essential role in nearly all geologic processes and are ubiquitous in the continental crust to depths of at least 10 to 15 km [1,2]. This led to the birth of a new dynamic paradigm (i.e., system approach) of fluids. Consequently, the continental crust has started to be viewed as a “two-component system: a solid framework that evolves through interactions with geologic fluids” [1]. In the upper continental crust (10–20 km depth), the permeability of rocks may be sufficient to keep up continuous flow systems for 1–10 million years. As a consequence, geofluids have an outstanding effect on every geological process, such as mobilization, transportation, and accumulation of matter and heat [3]. Therefore, knowledge of dynamic fluid systems and fluid-rock interactions in a given tectonic setting basically determines the formation, exploration and exploitation possibilities of geological resources such as groundwater, geothermal energy and hydrothermal mineral deposits. The novel ’Dynamic System Approach for Geofluids and their Resources’ (DSA-GR) was developed according to the goals of the ENeRAG (Excellency Network Building for Comprehensive Research and Assessment of Geofluids) project (European Union’s Horizon 2020 research and innovation program, Grant Agreement No. 810980). It introduces an approach and methodology which can combine all geofluids in a uniform framework.



The current European and national legislative approaches do not provide a common framework for exploring and managing geofluids together, which can lead to neglecting inter-relationships, misinterpreting processes, false prognoses, suboptimal use of natural resources, or negative environmental impacts. Accordingly, the ‘Dynamic System Approach for Geofluids and their Resources’ (DSA-GR) intends to fill in this gap and harmonize the research and sustainable exploration of different forms of geofluids (e.g., groundwater, geothermal and hydrothermal fluids) and the related geo-resources (groundwater, geothermal energy and hydrothermal minerals). Consequently, harmonized geofluid research and utilization is crucial to achieve the Sustainable Development Goals (SDGs) of the United Nations by 2030 (e.g., zero-hunger, good health, clean water and energy, sustainable cities, climate action, life below water and on land) and the related aims of the European Green Deal by 2050 (e.g., zero carbon emissions, circular economy). Accordingly, the highlighted topics of the ENeRAG project such as ‘geofluids and their resources’ were the following: (i) the evaluation of groundwater vulnerability and Managed Aquifer Recharge (MAR) systems for ‘clean water’, (ii) geothermal energy utilization for ‘clean energy’, (iii) mineral potential for ‘critical raw materials’.



The goals of this paper are the followings: (i) display the key concepts of the DSA-GR, which is based on the basin-scale groundwater flow system concept; (ii) propose a workflow for the application of DSA-GR in practice; and (iii) summarize advanced methodological guidelines for the integration of numerical, stochastic and isotope methods into the DSA-GR.




2. Review and Discussion of the Key Concepts


2.1. Basin-Scale Groundwater Flow Systems and Related Resources


The term geofluid implies all fluids below the land surface such as groundwater, geothermal fluids, magmatic fluids, hydrothermal fluids, basin fluids, metamorphic fluids, hydrocarbons, contaminants, etc. Subdisciplines of the different fluids and their resources have evolved separately. The more necessary interdisciplinary approach of geofluids requires a common base, which can be supplied by groundwater interacting with all other fluids during its movement. Accordingly, the base and framework of the DSA-GR are provided by the basin-scale groundwater flow systems.



According to the fundamental concept of the so-called basin-scale hydrogeology there are no aquicludes or impermeable rocks that completely impede groundwater flow [4,5,6,7,8]. Every kind of rock has some permeability—the lower permeability rocks (i.e., aquitards or seals) contain and transmit less fluid than higher permeability rocks (i.e., aquifers or reservoirs). As a result, regional hydraulic continuity is a phenomenological property of the rock framework, whilst its observability depends on the spatial and time scale of the monitoring [9,10].



Due to the regional hydraulic continuity, basin-scale groundwater flow systems can evolve [11,12,13] which is mainly a matter of the hydraulic connection between the aquifer systems rather than a matter of rock types (e.g., siliciclastic or carbonate) [14].



Fluids are kept in movement due to different driving forces. The most general and prevailing fluid flow driving force near surface in terrestrial regions (in mature, non-deforming basins) is the topography [15], i.e., the elevational differences of the watertable, which form gravitational or topography-driven flow systems [11]. In these systems, topographical highs represent recharge areas where infiltrating rainwater flows basically downward. On the other hand, topographical lows represent discharge areas where groundwater flows in an upward direction towards the land surface. The recharge and discharge areas are connected by midline or through-flow areas where the dominant flow direction is horizontal (Figure 1). In contrast with the theoretical ‘Unit basin’, which has a linearly dipping land surface [16], in ‘Composite basins’, the undulation of land surface results in hierarchically nested flow systems, namely local, intermediate and regional scale flow systems [17] (Figure 1). Geological heterogeneities such as structural elements, heterogeneity and anisotropy of sediments cause an even more complex flow pattern. In reality, an infinite variability of flow systems can exist due to differences in topography, climate and geology [18].



As a result of the spatial (basin) scale and time span (1–10 million years depending on basin evolution) of operation, the cross-formational flow and fluid-rock interactions, groundwater flow behaves as a geologic agent, which mobilizes, transports and deposits matter and heat [3]. In general, fluids flow from higher to lower fluid-potentials [20], while mobilization and deposition/accumulation are typical of zones of high and low fluid-potentials, respectively [3,21,22] (Hubbert 1956; Tóth 1980, 1999). Consequently, groundwater flow systems generate basin-scale distribution patterns and local-scale configurations of fluid-dynamic parameters and induce environmental and geological natural processes and phenomena. In other words, these genetically related manifestations of the groundwater flows’ geologic agency are characteristic for the recharge, midline and discharge areas, as well as for the local, intermediate and regional flow systems (Figure 1). Since groundwater flow paths can be evaluated quantitatively and in a distributed manner, it allows a site specific search for geofluid-related resources (e.g., groundwater, geothermal energy, hydrothermal minerals), which can be viewed simply as products of groundwater’s moving geologic agency.



Regional fluid flow driving forces other than topography could also work particularly in juvenile (i.e., deforming) basins, such as tectonic compression, compaction, erosion/rebound, buoyancy [15]. These flow systems can also be evaluated quantitatively and in a distributed manner allowing a site specific search for geofluid-related resources. In addition, interactions of superimposed flow systems with different driving forces can result in specific situations, such as regional fluid-potential minimum zones of converging flows, which can serve as hydraulic traps for matter and heat [23], or heat anomalies in basins where the fluids and heat distribution are driven by topography induced forced and/or superimposed free thermal convection [24,25]. Regional groundwater flow systems evolve continuously due to the changing driving forces and boundary conditions during the geological history of their host sedimentary basins [2]. Transient hydraulic and thermal conditions will evolve, for example, in response to a variety of changes including those related to climate, thermal conditions, sediment compaction, erosion, geochemical reactions, tectonic uplift and stress [1]. Understanding the paleo-flow history of geofluid systems, therefore, could help to explain the role of groundwater in several geologic processes such as hydrothermal flow and ore genesis.




2.2. System Approaches in Geofluid Research


System approach is also applied in geothermal, mineral and petroleum exploration. Since the mineral system (MS) [26,27,28] and geothermal system (GS) [29] were based on the petroleum system (PS) [30] concept, their approaches and framework are similar. The analogous major elements and processes can be seen in Figure 2, whilst the details with the nomenclatural differences are in Table 1.



The source reflects to the origin of fluids (PS, MS, GS), metals and other ore components (MS), and energy in the form of (magmatic) heat (MS, GS) or geodynamic-tectonic processes (MS). Processes regarding the source could be generation (PS), phase separation, dissolution and devolatilization (MS) and heating (GS). Migration pathways and reservoirs of geofluids and the transported matter and heat could be the high permeability rocks and faults, whilst flow barriers (seal) are the low permeability rocks and faults. Beyond the permeability constraint, migration and transport processes are derived by hydraulic, thermal, and concentration gradients. The major controlling factors of entrapment are the changes in permeability (MS, PS, GS), and the thermal and chemical conditions (e.g., geochemical traps, MS). Heat is highlighted in GS, but it also has a crucial role in PS (petroleum generation) and MS. In the last column of Table 1, the groundwater flow system (GWFS) elements and processes can be seen, which are not framed into that kind of a system such as PS, MS, GS, but can be arranged in the same way. It is also worth to note that the scale of critical elements and processes in these systems could be different; sources of fluids can be basin-wide, whereas accumulation-deposition is more localized as it is usually related to a focused flow of fluids and physical-chemical barriers forming traps.



Conclusively, (i) elements of the systems are basically common (i.e., the geological buildup), (ii) regional driving forces effects on all fluids, (iii) local processes are defined by thermal and other physical, as well as chemical, conditions, and fluid–rock interactions, (iv) whilst moving groundwater is the link between the different systems as being responsible for migration, thus matter and energy transport among the systems, and their interactions. Finally, it is worth mentioning that beyond these natural systems also human impacts and the effects of climate change must be considered. Groundwater flow systems exposed to these impacts also influence the environmental consequences and their mitigation [31].





3. Proposal for Geofluid Research


3.1. Dynamic System Approach for Geofluids and Their Resources


The concept of the DSA-GR of the ENeRAG project can efficiently combine and optimize the research and sustainable utilization of geofluids and the related groundwater, geothermal energy and mineral resources (Figure 3).



The base and framework of DSA-GR are provided by the basin-scale groundwater flow systems. The incomparable strength of the dynamic groundwater flow system approach lies in the handling of migration, namely that migration pathways of fluids or groundwater flow paths, which transport matter and heat, can be evaluated quantitatively and in a distributed manner (see Section 2 and Section 3.2.2). As a result, it allows a site specific search for geofluid-related resources (e.g., groundwater, geothermal energy, hydrothermal minerals), which can be viewed simply as products of groundwater’s moving geologic agency. The DSA-GR offers new approaches for geofluid research by combining interdisciplinary methods in order to jointly manage all types of geofluids, the related resources and environmental consequences in the Earth’s crust.




3.2. Workflow and Guideline for Geofluid Research


The aim of this sub-chapter is to provide a workflow and guidelines for the innovative combination of advanced research methods below the umbrella theory of DSA-GR (ENeRAG ®). Accordingly, the innovative approach and combination of methods are in the central focus instead of the methodological details.



3.2.1. Workflow for Geofluid Research


Figure 4 represents how the research methodologies build upon each other. The process starts from the regional scale groundwater flow system analysis based on the DSA-GR towards the local scale practical application areas of, for instance, groundwater vulnerability, Managed Aquifer Recharge (MAR), geothermal energy utilization, and evaluation of hydrothermal mineral potential.




	(1)

	
Basin-scale groundwater flow system evaluation (Figure 4) means the understanding of the pathways and processes of a basin-scale groundwater flow based on the complex analysis of: (i) measured data (hydraulic, temperature, hydrochemical), (ii) hydrostratigraphic build up (characterization of aquifers and aquitards), and (iii) the past and present groundwater flow related phenomena and processes. The evaluation results in a so-called “real flow system model”. It provides the boundary conditions and validation for the subsequent numerical simulations of past, present and future flow systems. (ENeRAG examples for application: [32,33,34,35]).




	(2)

	
Numerical flow modeling of steady-state and transient groundwater flow pathways and intensities provides the base for transport modeling of mass (conservative or reactive) and heat, and paleo flow system modeling. (ENeRAG examples for application: [24,25,36,37,38,39].)




	(3)

	
Mass or contaminant transport simulations can be used for instance in groundwater vulnerability assessment and Managed Aquifer Recharge (MAR) evaluation, whilst heat transport simulations can be applied for instance in geothermal (groundwater and bedrock) energy utilization. (ENeRAG examples for application: [25,36,40,41,42,43].)




	(4)

	
Paleo flow system modeling requires preliminary geodynamic and structural modeling, then complemented with mineralogical and lithogeochemical studies it can be used for target generation in mineral exploration (ENeRAG examples for application: [44,45].)




	(5)

	
Use of stable, radioactive and radiogenic isotopes as environmental tracers, as well as stochastic and spatial statistical modeling can significantly improve the modeling results, such as groundwater vulnerability and mineral potential evaluation. (ENeRAG examples for application: [41,42,43,46,47,48].)









Accordingly, numerical methods (2–5) with a real flow system backup (1) can efficiently simulate migration (flow and transport) processes allowing a site specific search for geofluid related resources and solving environmental problems.




3.2.2. Detailed Methodological Guidelines


The complex workflow for a basin-scale groundwater flow system evaluation can be seen in Figure 5, while the methodological details are in Table 2.



Examples of practical applications related to groundwater processes’ modeling (in both the saturated and unsaturated zone) and to statistical methods for MAR-systems and groundwater vulnerability studies are given in Table 3, Table 4 and Table 5.



Examples of shallow geothermal (groundwater and bedrock) energy evaluation particularly based on numerical methods are presented in Table 6. Examples of deep geothermal energy evaluation based on a groundwater flow system evaluation are displayed in Table 7.



Finally, exploration models, approaches and methods of a mineral system approach can be found in Table 8. The modeling objectives can be presented by critical parameters on maps allowing target generation for mineral exploration by the incorporation of mappable parameters into computerized mineral prospectivity mapping [49].






4. Conclusions


Sustainable geofluid (e.g., groundwater, geothermal and hydrothermal fluids) management is calling for new, innovative, interdisciplinary and cost-effective approaches and solutions which also reflect to the challenges of climate and global changes. Accordingly, the proposed ‘Dynamic System Approach for Geofluids and their Resources’ (DSA-GR) offers a novelty approach and a guideline of the integration of the advanced methodology for the harmonized research and utilization of groundwater, geothermal energy and hydrothermal mineral resources. In addition, any other geofluids such as petroleum or contaminants could be handled by the DSA-GR, providing further prospects in the application, for instance, of the energy transition, carbon sequestration, or in the protection and restoration of groundwater dependent ecosystems.
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Figure 1. Gravity-driven groundwater flow systems in sedimentary basins and the related natural phenomena (half-basin on the left-hand side: unit basin, half-basin on the right-hand side: composite basin) [19]. 
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Figure 2. Major ELEMENTS and Processes of petroleum, mineral and geothermal systems. 
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Figure 3. Dynamic System Approach for Geofluids and their Resources (DSA-GR) (water, geothermal energy, minerals). Their relationships with each other and human activities: groundwater utilization, contamination, urban areas, geothermal heating and cooling, ecology, agriculture, mining, etc. Note: upper blue line divides the unsaturated zone filled with air and fluids (directly under the ground surface), and the fully fluid-saturated zone of geofluids (highlighted by blue). The small blue arrows represent infiltration across the unsaturated zone; MAR: Managed Aquifer Recharge site; the red color and red arrows in the underside of the figure represent magmatic source of heat and hydrothermal fluids; the continuous blue–orange–red lines represent the oversimplified geofluid dynamics. 
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Figure 4. Workflow for geofluid research. 
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Figure 5. Workflow for basin-scale groundwater flow system evaluation (modified after [50]) (see Table 2 for details). 
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Table 1. Comparison of the simplified elements and processes of petroleum, mineral and geothermal systems. Processes being not named in the original definitions are signed by italics. Groundwater flow systems can also be classified similarly.
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	System Elements & Processes
	Petroleum System (PS)
	Mineral System (MS)
	Geothermal System (GS)
	Groundwater Flow System (GWFS)





	Source
	Source rock
	Source of fluid and metal
	Source of fluid and heat
	Source of fluid



	Migration pathway
	Carrier bed, fault
	Permeable units, fracture system, fault
	Heat transport system
	Aquifer, fault



	Seal
	Cap rock
	Impermeable hydrothermal alteration zone, cap rock
	Cap rock
	Aquitard



	Reservoir
	Reservoir rock
	Mineral deposit
	Reservoir rock
	Aquifer



	Trap
	Trap (closure)
	Geochemical or physical barrier (fluid–rock interaction, phase separation, fluid mixing)
	
	



	Source process
	Generation
	Phase separation, devolatilization, dissolution, remobilization
	Heating
	Recharge



	Migration
	Migration
	Energy source
	Heat transport system
	Flow and transport



	Entrapment/accumulation
	Entrapment, accumulation
	Precipitation
	Heat accumulation
	Accumulate matter and heat
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Table 2. Objective, approaches and methods of basin-scale groundwater flow system evaluation. * Geofluid-related resources, which are in the focus of the ENeRAG project, belong to these groups.
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	Modeling Objective
	Suggested Approach
	Methods





	Exclude anthropogenic effects on present flow systems
	Retrospective research
	Analysis of

	
archives’ documents, publications



	
relief, water, soil maps



	
aerial photos








	Conceptual model based on surface and near-surface indicators of flow conditions
	Survey of groundwater flow related phenomena and processes

	
Hydrological and hydraulic *



	
Chemical and mineralogical *



	
Botanical



	
Soil and rock mechanical



	
Geomorphological



	
Transport and accumulation * (e.g., minerals, geothermal energy, contaminants)





	
	
field mapping



	
field sampling








	Geometry and hydraulic properties of the rock framework (i.e., flow media)
	Delineation of the basin, in lateral and horizontal sense

Hydrostratigraphical evaluation
	Analysis of

	
topography and geology maps



	
archive dataset



	
Hydrostratigraphical classification



	
(i.e., aquitard/aquifer) based on



	
lithological data (well data, seismic interpretations)



	
hydraulic data (permeability, hydraulic conductivity)








	Real flow system model based on measured data from wells
	Hydraulic analyses of measured data, with supplementary hydrochemical and temperature data analyses
	Analysis of

	
pressure/TDS/T vs. elevation profiles



	
tomographic fluid-potential/iso-concentration/isotherm maps



	
hydraulic/hydrochemical/isotherm cross sections



	
Piper, Stiff diagrams and cross plots



	
isotope data








	Validation, understanding of the flow system and its physical processes
	Numerical flow and transport simulations in the saturated zone
	
	
Boundary conditions based on the measured data based real flow system model



	
Fitting of the hydrostratigraphical division to the modeling scale



	
2D and 3D flow simulations



	
Heat and mass transport modeling
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Table 3. Numerical modeling of the vadose zone combined with environmental tracers. General purposes: (I) Interpretation: models are applied to help the interpretation of processes as described by field or laboratory data; (D) Design: models are applied to evaluate and compare the performance of design alternatives; (P) Prediction: models are applied to provide a final, quantifiable prediction of actual field behavior.
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	Modeling Objective
	Suggested Approach
	Use of Env. Tracer and Isotopes





	Physical behavior of MAR site (I, P)
	Deterministic 2D-3D physically-based unsaturated flow model
	Stable conventional isotopes 2H, 18O

Conservative tracer tests (chloride tracking)



	Fate of dissolved and gaseous contaminants in the soils (I)
	Deterministic 1D-2D multiphase multicomponent reactive transport modeling
	Reactive conventional and unconventional stable isotopes 87Sr, 9Li, 26Mg

Reactive tracer tests (DOC, cations, anions, redox status, others)



	Water budget in the topsoil layer (I, P)
	Deterministic 2D-3D physically-based unsaturated flow model incorporating energy fluxes
	Not directly needed



	Water budget in the topsoil layer for irrigation scheduling (P, D)
	Coupled 3D atmospheric-hydrologic modeling
	Not directly needed
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Table 4. Numerical modeling of the saturated zone combined with environmental tracers. General purposes: (I) Interpretation: models are applied to help the interpretation of processes as described by field or laboratory data; (D) Design: models are applied to evaluate and compare the performance of design alternatives; (P) Prediction: models are applied to provide a final, quantifiable prediction of actual field behavior.






Table 4. Numerical modeling of the saturated zone combined with environmental tracers. General purposes: (I) Interpretation: models are applied to help the interpretation of processes as described by field or laboratory data; (D) Design: models are applied to evaluate and compare the performance of design alternatives; (P) Prediction: models are applied to provide a final, quantifiable prediction of actual field behavior.





	Modeling Objective
	Suggested Approach
	Use of Env. Tracer and Isotopes





	Fate of dissolved contaminants in groundwater (I, P)
	Deterministic methods, numerical modeling, analytical solutions, conservative and reactive transport
	All tracers



	Uncertainty analysis for risk-based decision-making process (P, D)
	Stochastic flow and transport methods, numerical modeling, analytical solutions, conservative and reactive transport
	Not directly needed



	Assessment of the maximum extension of a solute plume contamination for aquifers with simple geometries, low heterogeneity and/or simple boundary conditions (I, P)
	Deterministic and stochastic methods, analytical modeling (e.g., perturbation methods, PDF-based methods) conservative transport
	Conservative tracer tests, 2 H, 18 O



	Assessment of the maximum extension of a solute plume contamination for aquifers with complex geometries, mild-high heterogeneity and/or complex boundary conditions (I, P)
	Deterministic and stochastic numerical methods (e.g., Monte Carlo simulations)
	Conservative tracer tests, 2 H, 18 O



	Assessment of contaminant spreading undergoing geochemical and biochemical reactions for aquifers with geometries, low heterogeneity and/or simple boundary conditions (I)
	Deterministic numerical methods
	Reactive tracer tests, 13 C, 15 N,

34 S, 87 Sr,

9 Li, 26 Mg,

36 Cl



	Assessment of contaminant spreading undergoing geochemical and biochemical reactions for aquifers with complex geometries, mild-high heterogeneity and/or complex boundary conditions (I, P)
	Stochastic methods (only for simplified biogeochemical systems, otherwise deterministic methods)
	Reactive tracer tests, 13 C, 15 N,

34 S, 87 Sr,

9 Li, 26 Mg,

36 Cl



	Assessment of (future) spring discharges (I, P)
	Analytical (lumped) models or 3D physically based models
	Conservative tracer tests, 2 H, 18 O
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Table 5. Statistical groundwater vulnerability assessment. General purposes: (I) Interpretation: models are applied to help the interpretation of processes as described by field or laboratory data; (D) Design: models are applied to evaluate and compare the performance of design alternatives; (P) Prediction: models are applied to provide a final, quantifiable prediction of actual field behavior.






Table 5. Statistical groundwater vulnerability assessment. General purposes: (I) Interpretation: models are applied to help the interpretation of processes as described by field or laboratory data; (D) Design: models are applied to evaluate and compare the performance of design alternatives; (P) Prediction: models are applied to provide a final, quantifiable prediction of actual field behavior.





	Modeling Objective
	Suggested Approach
	Use of Env. Tracer and Isotopes





	Groundwater (GW) vulnerability (I, P)
	Review of GW vulnerability concept; Review of GW vulnerability assessment methods.
	Not directly needed



	GW vulnerability assessment of porous aquifers to non-point sources of contamination (I, P)
	Spatial statistical modeling

(Bayesian’ approaches, Logistic Regression)
	Not directly needed



	GW vulnerability assessment in karst environments (I, P)
	Spatial statistical modeling (Bayesian’ approaches)
	Not directly needed
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Table 6. Shallow geothermal energy evaluation.
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	Modeling Objective
	Suggested Approach
	Methods





	Thermal effect on groundwater in operating ATES (Aquifer Thermal Energy Storage) systems
	Groundwater flow and temperature model in complicated energy utilization scheme
	Analysis of:

	-

	
groundwater temperature and head data




	-

	
groundwater energy content






Modeling of:

	-

	
long term thermal changes in aquifer due to ATES system




	-

	
the size of groundwater temperature plume in ATES system









	Optimizing shallow bedrock energy utilization
	Modeling thermal behavior of bedrock in energy utilization scheme
	Field measurement:

	-

	
TRT (thermal response test)




	-

	
DTS (distributed temperature sensing) measurement from borehole




	-

	
Analysis of:




	-

	
ground’s thermogeological conditions




	-

	
building energy demand




	-

	
Planning:




	-

	
optimized closed loop system for buildings heating and cooling energy production
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Table 7. Deep geothermal energy evaluation.
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	Modeling Objective
	Suggested Approach
	Methods





	Determining open (renewable) and closed (non-renewable) geothermal systems based on the regional pressure regimes
	Hydraulic analyses of measured data, hydrostratigraphical evaluation
	Analysis of pressure vs. elevation profiles tomographic fluid-potential maps, hydraulic cross sections in combination with the hydrostratigraphic build-up



	Determining the potential for mixed thermal convection as regional fluid flow driving force
	Numerical flow and transport simulations in the saturated zone
	Two dimensional and three dimensional flow simulations, heat and mass transport modeling
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Table 8. Exploration models, approaches and methods of mineral system approach.
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	Modeling Objective
	Suggested Approach
	Methods





	Sources of fluids and their components
	A. Regional scale: geodynamic and structural modeling;
	A. Evaluation of geodynamic and structural evolution



	
	B. District/deposit scale: Radiogenic, stable and noble gas isotope studies, mineralogical and geochemical tracers (district/deposit scale)
	B. Geochronology (lithological units, hydrothermal minerals), mineralogical analyses, light stable isotopes, radiogenic isotopes, noble gas (He Ar, Xe, Ne, Kr) isotope studies, halogene ratios (e.g., Br/Cl)



	Transportation pathways of fluids
	All scales: structural modeling
	From regional to local scale evaluation of geological structures



	Primary footprints of mineral deposits (fluid–rock interaction)
	District/deposit scale surveying: mineralogy, geochemistry, petrography, stable isotopes
	Observation of geologically or geophysically mappable traces of fluid–rock interaction, systematic sampling, evaluation of litho and mineral geochemistry (mass transfer calculations), mineralogical analyses including fluid inclusion studies light stable isotopes (H, O, C, S, B), geochronology of hydrothermal processes (U-Pb, Re-Os, Rb-Sr, Nd-Sm, Ar-Ar, K-Ar)



	Traps for mineral deposition
	Deposit scale
	Modern mineralogical and geochemical research methods (petrography-spot analyses; mineral trace elements, fluid inclusions, conventional and transition-metal stable isotopes), evaluation of geophysical signatures



	Preservation-remobilization
	A. Regional scale: geodynamic and structural evolution
	A. Evaluation of geodynamic and structural evolution



	
	B. District/deposit scale
	B. Geochronology (lithological units, hydrothermal minerals), Pb-isotopes, U-Pb, Ar-Ar, K-Ar, etc., dating, fluid inclusion studies
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