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1 Introduction
This chapter explains hydraulic and hydrogeologic parameters needed to characterise groundwater flow in a karst aquifer, as well as the methods for their determination. The parameters include: 1) porosity, effective porosity and storage capacity, 2) hydraulic head, 3) transmissivity and hydraulic conductivity, 4) groundwater velocity, and 5) groundwater flow rate. Field test methods include hydraulic borehole tests such as packer and slug tests, and aquifer pumping tests. In a true karst aquifer however, where all characteristic porosity types are developed, an accurate or just an approximate determination of all key groundwater flow parameters is the most difficult task. In addition, virtually all hydraulic test methods commonly applied in karst aquifers have been initially developed for intergranular and fractured porous media, so that the interpretation of their results in karst aquifers, where conduit and channel flows often play the most important role, is not straight-forward and requires considerable practical knowledge.
2 first heading

In general, rock permeability and groundwater velocity depend on the shape, amount, distribution and interconnectivity of voids. Voids, on the other hand, depend on the depositional mechanisms of carbonate sedimentary rocks, and on various other geologic processes that affect all rocks during and after their formation (see Chapter 2). Primary porosity is the porosity formed during the formation of rock itself, such as voids between the mineral grains, or between bedding planes. It is also often called matrix porosity. Secondary porosity is created after the rock formation, mainly due to tectonic forces (faulting and folding) which create micro and macro fissures, fractures, faults and fault zones in the brittle rock such as limestone. Sedimentary carbonate rocks may become cavernous (karstic) as a result of the removal of part of its substance through the solvent action of percolating water. Although solution channels and fractures may be large and of great practical importance, they are rarely abundant enough to give an otherwise dense rock a high porosity.

2.1 Second heading

Both the primary (matrix) and secondary porosity can be successively altered multiple times, thus completely changing the original nature of the overall rock porosity. In general, these changes may result in porosity decrease, increase, or altering of the degree of void interconnectivity without a significant change in the overall void volume. However, in true karst aquifers, continuing dissolution of rocks is expected to result in an overall increase in effective porosity. In general, rocks that have both the matrix and the fracture/conduit porosity are referred to as dual-porosity media.

2.1.1 Third heading

Confined karst aquifers which do not have major concentrated discharge points in forms of large springs, generally have much lower groundwater flow velocities. This is regardless of the predominant porosity type because the whole system is under pressure and the actual displacement of “old” aquifer water with the newly recharged one is rather slow. Groundwater flow velocity estimates using carbon fourteen isotope dating for the confined portion of the Floridan aquifer in central Florida (Hanshaw and Back, 1974) showed that the average groundwater velocity based on 40 values is 6.9 m/y or 0.019 m/d.

2.1.1.1 Fourth heading

Various approximate calculations of flow velocity have been made based on the geometry of hydraulic features, such as scallops and flutes visible on walls, floors and ceilings of accessible cave passages (e.g., see White, 1988, p. 97–98, and Bögli, 1980, p. 163–164). For example, the calculated flow velocity for a canyon passage in White Lady Cave, Little Neath Valley, Unite Kingdom is 1.21 m/sec and the flow rate is 9.14 m3/sec, for the cross sectional area of flow of 7.6 m2 and scallop length of 4.1 cm (White, 1988).

3 figures and tables

3.1 Figures

This distinction is important in terms of groundwater flow, which has very different characteristics in fractures and conduits compared to the bulk of the rock. Figure 1 is a comparison beween total porosity of main sedimentary rock types. As can be seen, limestone has the widest porosity range of any consolidated sedimentary rock.
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Figure 1: 
Porosity range (horizontal bars) and average porosities (circles) of unconsolidated and consolidated sedimentary rocks (Kresic, 2006; porosity values processed from Wolff, 1982). 
3.2 Tables

The same general area with carbonate rocks may be subject to multiple periods of karstification depending on the depositional and tectonic history. In such cases it is possible to find very transmissive zones, together with karst conduits, at greater and varying aquifer depths and/or below overlying non-carbonates. These zones often mark position of a paleo water table where karstification intensity was the highest (Table 1).

Table. 1: This is an example of a table
	M
	X
	Y
	E1/2 Reduction
	E1/2 Oxidation

	Mo
	Cl
	OPh
	-0.42
	—

	W
	Cl
	OPh
	-0.86
	—

	Mo
	OPh
	OPh
	-0.74
	—

	W
	OPh
	OPh
	-1.20
	—

	Mo
	Cl
	py
	-1.60
	+0.44

	
	Cl
	py-NMe2-4
	-2.25
	 0.00


Note: This will be used to explain abbreviations in the table 
4 listing

4.1 Bullet listing

Fracture aperture and thickness are two parameters used most often in various single-fracture flow equations, while spacing between the fractures and fracture orientation is used when calculating flow through a set of fractures. However, these actual physical characteristics are not easily and meaningfully translated into equations attempting to describe flow at a realistic field scale:

· Fracture aperture is not constant and there are voids and very narrow or contact areas called asperities. Various experimental studies have shown that the actual flow in a fracture is channeled through narrow, conduit-like tortuous paths and cannot be simply represented by the flow between two parallel plates separated by the “mean” aperture (Cacas, 1989).

· Because of stress release, the aperture measure at outcrops or in accessible cave passages is not the same as an in-situ aperture. Aperture measured on drill cores and in borings is also not a true one - the drilling process commonly causes bedrock adjacent to fractures to break out thereby increasing the apparent widths of fracture openings as viewed on borehole-wall images (Williams & Casas, 2001).

· Fractures have limited length and width, which can also vary between individual fractures in the same fracture set.  Spacing between individual fractures in the same set can also vary. Since all these variations take place in the three-dimensional space, they cannot be directly observed, except through continuous coring or logging of multiple closely spaced boreholes, which is the main cost-limiting factor (Williams et al., 2001).

4.2 Numbered listing

There are additional complicating factors when attempting to calculate flow through natural karst conduits using the pipe approach:

1. Flow through the same conduit may be both under the pressure and with the free surface.

2. Since pipe/conduit walls are more or less irregular (“rough”), the related coefficient of roughness has to be estimated and inserted into the general flow equation.

3. Conduit cross section may vary significantly over short distances.

4. The flow may be both laminar and turbulent in the same conduit, depending on the flow velocity, cross-sectional area and wall roughness. The irregularities that cause turbulent flow are mathematically described through the Reynolds number and the friction factor.

5 equations

A schematic of a formation having a network of dissolutional openings intersecting a network of “diffuse” fractures (in which the groundwater flow is slow), and being pumped by a fully-penetrating well. The equations and boundary conditions governing the pumping of water from a well in a dual-porosity karst formation are given by Greene et al. (1999) and described below in Equation 1.

Flow in dissolutional openings:
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Initial condition in dissolutional openings: 
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Boundary conditions in dissolutional openings:
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Flow in fractures: 
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Initial condition in fractures: 
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6 summary

Equivalent porous media generalisations in karst hydrogeology may be unavoidable in many cases, but should always be based on a solid overall knowledge of the specific aquifer system in question. Calculations of groundwater flow rates through various portions of a karst aquifer should be based on the hydraulic heads observed in monitoring wells only when there is a clear understanding of the underlying hydrogeology. Borehole packer tests are used to evaluate discrete intervals in the immediate borehole vicinity and should not be used alone to calculate representative flow rates in the aquifer. Combining borehole flowmeter tests and aquifer pumping tests is arguably the only method that can be used to determine aquifer transmissivity and hydraulic conductivity reasonably accurately. Caution should be exercised when interpreting results of aquifer pumping tests: whenever possible, one should account for the actual representative thickness of the aquifer being pumped (i.e., for the preferential zones providing most of the well flow) rather then for the entire well length open to the aquifer.
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