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These notes and the accompanying PowerPoint presentation were developed for a short course on hydrogeologic characterization of fractured-rock aquifers. They are included with the exercise to provide some background for instructors who might be teaching this topic for the first time. 

1.0 Introduction -- Why Worry About Fractured Rocks? 
The accuracy of predictions of groundwater movement and contaminant transport in heterogeneous aquifers is often limited by how well aquifer heterogeneities have been characterized. Accurate predictions are particularly difficult in fractured-rock aquifers where most of the groundwater is transmitted through small, discrete fractures. While the importance of fracture flow in low-permeability settings has long been recognized for both water-supply questions and petroleum reservoir development, we’ve only recently begun to recognize the importance of fractures in contaminant transport. The need for isolation of wastes, particularly radioactive wastes, has focused increased attention on low-permeability rocks where fractures provide the primary pathways for groundwater and contaminant movement. Fractures, however, are not limited to low-permeability settings but rather are found in almost all geologic settings. As hydrogeologists, most of us were trained with a porous media (or continuum) conceptual model of groundwater flow. As we try to characterize groundwater flow and contaminant transport in fractured aquifers we’re starting to realize that continuum approaches to aquifer characterization and flow prediction are not always adequate.

2.0 Fractures and Joints
Fractures are pervasive in geologic deposits. Pollard and Aydin (1988) assert that "joints are the most ubiquitous structure in the earth's crust". Fractures can provide high-permeability pathways for fluid flow; consequently, the geometry and connectivity of a fracture network will control fluid flow and transport. 

Fractures form as a result of brittle response to an applied stress. Since different rock types have different mechanical properties, it follows that geometry of fracture networks will vary in different rock types. In layered sedimentary sequences, fractures are typically elliptical to planar in shape and perpendicular to the layering (i.e., vertical for flat-lying strata). Fracture density is related to layer thickness, mechanical properties, and characteristics of the boundaries separating the layers. Figure 1A is a schematic diagram illustrating fracture development within layers of a limestone-mudstone sequence. Figure 1B is a photograph of the wall of a dolomite quarry overlain by the pattern of field-mapped fractures. The pattern of strata-bounded joints in sedimentary rocks contrasts sharply with a fracture network simulated by Billaux and others (1989) for the fractured granite exposed in the Fanay-Augères mine in France (Figure 2A). Statistical data on fracture length, density, and orientation were collected for five sets of fractures exposed in the walls of the mine drifts and used to simulate the fracture network shown in Figure 2A. Figure 2B is a photograph of a quartzite outcrop in North Central Wisconsin that illustrates characteristic fracture patterns in crystalline rock. Relatively regular joint patterns, such as those observed in layered-sedimentary sequences, are easily characterized and the resulting simulated fracture networks show less variability than those of more irregularly jointed rock masses. 

3.0 Characteristics of Fractured Rock Aquifers
The difficulty of predicting groundwater movement in fractured rocks, as compared to granular 

aquifers, has long been recognized. Tolman (1937, p. 291-292) states: 
"Inasmuch as the water bodies in sedimentary and alluvial materials are much larger and more important than water bodies in fractured rock, the study of the latter has been neglected. Unfortunately it has been assumed not only that the properties of this type of water body are similar to those of the better known type...., but also that the water table in fractured rocks bears the same relations to the motions of the underlying water body as that which exists ... in pervious granular material. In the following discussion emphasis is laid on the dissimilar features...in order to combat the tendency to assume similarities that do not exist." 

So how do fractured rocks differ from granular aquifers? 

· porosity is primarily secondary 

· hydraulic conductivity distribution is very heterogeneous
          - ranging over several orders of magnitude
          - may be bimodal
          - frequently anisotropic
· flow paths rapid flow in fractures, slower paths in matrix blocks

· flow rates may be rapid and difficult to predict 

· recharge ranges from focused (point) to dispersed (diffuse) 

· storage is primarily from matrix blocks 
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Figure 1. Characteristic fracture networks in sedimentary rocks. A)  Fracture development within layers of sedimentary strata. Mechanical interfaces separate mechanical layers with different fracture patterns (from Gross and others, 1995). 
B) Photograph of a wall in a dolomite quarry overlain with mapped fracture pattern. 
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Figure 2. A) Simulated three-dimensional fracture network in granite. Simulation based on statistical characterization of five mapped fractured sets (from Billaux and others, 1989). B) Photograph of quartzite outcrop in North Central Wisconsin. 

