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an initial geothermal gradient of 20°C/km. The field is symmetric about the center 
line. The left-hand side of the diagram shows one of the two symmetric convective 
fluid-circulation cells at the same point in time. In the original paper the authors 
also showed some example pathlines (Section 2.8) that indicate the paths followed 
by individual particles of water during the transient event. They conclude that 
waters in natural pluton systems move away from their points of origin to positions 
several kilometers away in a few hundred thousand years. Such large-scale fluid 
circulation is of great importance in understanding the genesis of hydrothermal 
mineral deposits that are often associated with plutonic environments. 

11.4 Groundwater and Geomorphology 

Karst and Caves 

A landscape that exhibits irregularities in surface form caused by rock dissolution 
is known as a karst landscape, after the characteristic Karst Region of Yugoslavia. 
Karst landscapes are usually formed on limestone and to a lesser extent on dolo­
mite, but they can also develop in areas of gypsum or rock salt. Processes in car­
bonate rock will be the focus of this discussion. 

The irregularities of the land surface in karst areas are caused by surface and 
subsurface removal of rock mass by dissolution of calcite or dolomite. Karst 
areas normally have caves developed as a result of dissolution along joints, bedding 
planes, or other openings. In major karst regions thousands of kilometers of caves 
exist, extending in places to depths of more than 1 km. In some parts of the world, 
networks of caves exist in areas where the original karst nature of the landscape 
has been obliterated by more recent geomorphic processes, such as glaciation or 
alluviation. 

Thraikill (1968) states that investigations of limestone caves by various geolo­
gists have led to three generalizations with regard to cave origin: (1) most limestone 
caves are the result of solution by cold meteoric waters, (2) many of these solution 
caves were excavated when the rock was completely filled with water, and (3) 
some of these sub-water-table caves exhibit horizontal surfaces or horizontal 
distribution passages that are unrelated to bedding or other structures of the 
enclosing rocks. 

It is evident that limestone at the start of the cave-forming process must 
have some open joints or bedding planes, or possibly well-connected pores. Of the 
innumerable open joints and bedding planes in karst areas, only a few are ultimately 
enlarged to form cavern passages. A combination of factors causes larger distances 
of penetration of calcite-undersaturated water in a small number of openings. 
This ultimately leads to preferential enlargement of these openings. This, in turn, 
causes more of the flow to be captured by the enlarged channels, and through 
the amalgamation of these channels the process of cavern development proceeds. 

Figure 11.8 shows an example of a horizontal cave that cuts across joints and 
bedding planes. Such caves are believed to have formed in shallow sub-water-table 
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Figure 11.8 Schematic profile on the Lehman Caves, Nevada (after Moore 
and Nicholas, 1964). 

zones. This situation is intuitively reasonable when one considers the fact that 
channel or cavern enlargement must be accomplished by fl.owing groundwater 
that is undersaturated with respect to calcite. As the water flows in the rock, it 
will approach saturation and thus have less capability for enlarging the flow 
passage. 

The most difficult problem in understanding the origin of caves is how to 
account for the occurrence of undersaturated water at considerable distances from 
ground surface. As indicated in Chapter 7, it is well known from laboratory experi­
ments that water in contact with limestone attains saturatic;m quickly relative to 
natural flow rates in karst limestone. The laboratory experiments by Howard and 
Howard (1967) are particularly illustrative of this process. Thraikill (1968) has 
concluded that the uptake of C0 2 in the soil bears little direct relation to cave 
excavation in the sub-water-table zone. Observations above the water table of the 
chemical character of water moving downward through secondary openings indi­
cate that this water is typically saturated or supersaturated with respect to calcite, 
often as a result of the combined effects of calcite dissolution and off-gassing of 
C02 • If this type of subsurface water is not aggressive with respect to the rock, 
we are faced with a dilemma with regard to channel enlargement in the sub-water­
table zone. To produce the necessary undersaturated water in shallow sub-water­
table zones, the following mechanisms have been suggested: (1) changes in 
groundwater temperature, (2) mixing of dissimilar waters, (3) floods in surface 
streams or rapid snowmelt causing large rapid recharge of undersaturated water, 
and (4) production of acid along the paths of flow. 

It can be shown with the aid of geochemical reasoning that when some types 
of calcite-saturated waters mix, the mixed water is slightly undersaturated, pro­
viding that the original solutions have different C02 partial pressure (Wigley 
and Plummer, 1976) or temperatures (Thraikill, 1968). Since water in the shallow 
sub-water-table zone is commonly'a mixture of waters from various inflow areas 
or fracture zones, and because only very slight undersaturation is necessary to 
excavate a cave over geologic time, this mechanism is often cited in discussions 
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of cave genesis. It has proved difficult, however, to obtain corroborative data in 
the field. 

Thraikill (1968) indicates that many of the processes thought to be important 
in cave excavation wi11 operate most effectively during floods. He indicates that 
the shapes of some caverns suggest that the most active enlargement was localized 
between a low and a high water table. 

Moore and Nicholas (1964) suggest that in some cases oxidation of small 
amounts of sulfide minerals, especially pyrite, may cause a decline in groundwater 
pH and, consequently, create cavern enlargement by calcite dissolution. Dissolved 
oxygen would be the most active oxidizing agent. If this process occurs, one would 
expect it to be limited to shallow zones, where dissolved oxygen in the groundwater 
is most abundant. 

In summary, karst and caves are perhaps the most dramatic evidence of the 
ability of flowing groundwater to alter the form of the earth's surface and subsur­
face. It does not require special knowledge to recognize that limestone is sculptured 
and excavated by chemically aggressive water. On closer inspection, however, it 
is clear that a fuller understanding of cave genesis offers ample room for the appli­
cation of hydrologic and geochemical concepts that involve complex interactions 
in time and space. Holland et al. (1964), Howard (1964a, 1964b), Thraikill (1968), 
and Ford and Cullingford (1976) provide more comprehensive discussions of the 
processes of fracture enlargement and cave genesis. 

Natural Slope Development 

The processes that lead to natural slope development have been described both 
qualitatively and quantitatively in great detail by Carson and Kirkby (1972). They 
note that any slope morphology can be viewed as the outgrowth of a two-step 
process whereby material must first be loosened from the bedrock by weathering 
before it can be moved downslope by a wide variety of possible transport processes. 
The saturated-unsaturated subsurface flow regime on the hillslope is an important 
element in both steps of the process. 

Weathering of bedrock at the base of a soil is largely a chemical process. 
The principles and conceptual models outlined in Chapters 3 and 7 provide a 
suitable basis for understanding the mineral dissolution processes that lead to 
soil formation. Carson and Kirkby (1972) note further that in humid regions the 
chemical dissolution of material by groundwater and its downslope transport in 
solution can be a major form of hillslope erosion in its own right, in some cases 
of the same order of magnitude as all forms of mechanical erosion combined. 
The high dissolved loads of many rivers reflect the effectiveness of chemical removal 
as a transport agent. Carson and Kirkby (1972) provide a synthesis of data available 
from the United States that relates dissolved load concentrations in streams to 
mean rates of surface lowering by solution. For a watershed in the southern United 
States with mean annual runoff of 20 cm, an average solute concentration of 200 
ppm in the gaged streams represents a rate of denudation of 0.003 cm/yr. 
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The downslope transport of material by mechanical means occurs both as 
discrete mass movements in the form of landslides, slumps, and earthflows, and 
as sediment transport in surface runoff. The influence of pore pressure distributions 
created by hillslope flow systems on the occurrence of slope instabilities was treated 
in Section 10.1. The concepts and failure mechanisms described there, in a geo­
technical context, are equally valid when examining the role of landslides as a 
process in landform evolution.- We will not repeat that treatment here; rather, 
following Kirkby and Chorley (1967), we will examine the implications of the 
various mechanisms of streamflow generation, as outlined in Section 6.5, on the 
processes of surface-water erosion. 

The classic analysis of hillslope erosion is a direct outgrowth of Horton's 
(1933) concepts of streamflow generation. The Horton model presumes the wide­
spread occurrence of overland flow. In that, the depth and velocity of overland 
flow on a hillslope will increase downslope, there should be some critical point 
at which the flow becomes sufficient to entrain soil particles from the slope. Below 
this boundary, stream channels will develop as a consequence of this erosion. 

Kirkby and Chorley (1967) note that the Horton model is most appropriate 
on bare slopes in arid regions. However, on vegetated slopes in humid regions, 
the transfer of rainfall to runoff by means of subsurface stormflow or by the 
mechanisms proposed by Dunne and Black (1970a, 1970b), whereby overland flow 
is restricted to near-channel wetlands, are more likely to be encountered. Under 
these circumstances, surface erosion due to overland flow will be restricted to 
lowland areas adjacent to stream courses. Headward erosion of tributary streams 
will occur by piping (Section 10.2) at the exit points of subsurface seepage paths. 
The locations of these points of seepage are controlled in large part by the subsur­
face distribution of hydraulic conductivity. Jn this indirect way, subsurface stratig­
raphy exerts a strong influence on the density and pattern of the drainage network 
that develops in such a watershed. In summary, the relative positions of the 
saturated wetlands, variable source areas, and subsurface seepages that control 
the nature of the erosive processes on a hillslope in humid climates are a direct 
reflection of the subsurface saturated-unsaturated hydrogeologic regime. 

Fluvial Processes 

The classic approach to the analysis of bedload transport in streams completely 
neglects the effect of seepage forces in the bed. It is well established that river beds 
are either losing or gaining water in terms of subsurface flow, but it is not clear 
whether or not the seepage forces created by these flows play a significant role in 
streambed processes and the evolution of river morphology. This question has 
been addressed in a paper by Harrison and Clayton (1970), but their results are 
somewhat equivocal. 

The inspiration for their study was a set of observations on an Alaskan stream 
in which the authors notic_ed striking contrasts between those portions of the stream 
accepting influent groundwater seepage and those portions losing water by effluent 
seepage. The gaining reach of the stream was transporting pebbles and cobbles 
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as large as a few inches, whereas the losing reach was transporting sediment no 
larger than silt or very fine sand. The competence of the gaining reach, defined as 
the maximum size of particle that wi11 undergo incipient motion at a given stream 
velocity, was 500 times greater than that of the losing reach. In that this variation 
in competence could not be explained by differences in stream velocity, channel 
slope, or bank sediment, Harrison and Clayton concluded that differences in the 
seepage gradients in the streambed were responsible for the great increase in com­
petence of the gaining reach. This conclusion seemed logical, in that upward 
seepage in the gaining reach should buoy up the grains in the streambed, reducing 
their effective density and allowing them to be transported at velocities much lower 
than normal. 

To test this hypothesis, a laboratory study was initiated. Results of the experi­
ments, contrary to expectation, showed that seepage gradients had little influence 
on competence. The only effect confirmed in the laboratory experiments concerned 
downward seepage in channels with a large suspended sediment load. Under these 
conditions, a mud seal tended to form on the streambed. This mud seal discouraged 
the entrainment of bed material in the sealed area. In retrospect, the authors con­
cluded that the Alaskan field observations might well be explained by this mecha­
nism. 

Vaux (1968) carried out a study of the interactions between streamflow and 
groundwater flow in alluvial streambed deposits in a completely different context. 
His interest centered on the rate of interchange between stream water and ground­
water as it affects the oxygen supply in salmon spawning grounds. He utilized an 
analog groundwater model to assess the controlling features of the system. 

Glacial Processes 

An understanding of glacial landforms is best achieved through an examination 
of the mechanisms of erosion and sedimentation that accompany the advance 
and retreat of glaciers and continental ice sheets. It is now widely recognized 
(Weertman, 1972; Boulton, 1975) that the occurrence of pore water in the soils 
and rocks that underlie an ice sheet exerts an important influence on its rate of 
movement and on its erosive power. The existence of water at the base of a glacier 
is a consequence of the thermal regime that exists there. Heat, sufficient to melt 
the basal ice, is produced by the upward geothermal gradient and by the frictional 
generation of heat due to sliding. 

Let us consider the flow of glacier ice across saturated, permeable rock. The 
movement of glacier ice involves yet another application of Terzaghi's concept 
of effective stress as presented in Section 2.9. High pore pressures lead to reduced 
effective stress at the ice-rock boundary and rapid rates of advance. Low pore 
pressures lead to increased effective stress and slow rates of advance. Similar 
mechanisms have been considered in the application of Mohr-Coulomb failure 
theory to the analysis oflandslides (Section 10.1) and in the Hubbert-Rubey theory 
of overthrust faulting (Section 11.1 ). 

Glacial erosion occurs both by abrasion and qy quarrying. Abrasion of surfi.cal 
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bedrock by sliding ice is caused by the grinding action of glacial debris that becomes 
embedded in the sole of the glacier. Its presence there is evidence of the quarrying 
abilities of flowing ice to pluck material from jointed rock and unconsolidated 
sediments at other points along its travel path. In areas where permeable subglacial 
units exist, the fluid pressures in these layers can exert considerable influence on 
both of these erosive mechanisms. Boulton (1974, 1975) provides a quantitative 
analysis of the role of subglacial water in both abrasion and quarrying. 

Clayton and Moran (1974) have presented a glacial-process model that places 
the glacial-erosion regime of a continental ice sheet in the context of the relation­
ships between glacial flow, heat flow, and groundwater flow. Consider an ice sheet 
moving across a permeable geologic unit (Figure 11.9). Well back from the margins, 
where the flow of ice converges toward the glacier base, free water rather than 
permafrost should be present at the base, and pore-water pressures may be high. 
Because in this zone the glacier is not frozen to its base, sliding occurs and abrasion 
is the only mode of erosion. Near the margins of the glacier, on the other hand, ice 
flow diverges from the base, pore-water pressures are lower, the ice sheet is more 
likely to be frozen to its bed, and quarrying is the principal mode of erosion . 
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Figure 11.9 Interrelationships among glacial flow, heat flow, groundwater 
flow, and glacial erosion at the margin of a continental ice sheet 
(after Clayton and Moran, 1974). 

Moran (1971) and Christiansen and Whitaker (1976) provide a detailed 
description of the various glaciotectonic structures that can develop in glacial 
deposits due to large-scale block inclusion and thrust faulting at the glacier margins. 
Among the mechanisms suggested for the generation of the high porewater pres­
sures that are a necessary condition for the development of these features are (1) 
the advance of the ice sheet over the pinchout of a buried aquifer, (2) the advance 
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of the ice sheet over debris containing buried ice blocks remaining from an earlier 
advance, (3) the consolidation of compressible sediments under the influence of the 
ice load, and ( 4) the rapid formation of a permafrost layer at the time of glaciation. 
These two latter concepts were first discussed by Mathews and MacKay (1960). 

11.5 Groundwater and Economic Mineralization 

The modern theories of groundwater hydrology have not as yet found wide­
spread application in the field of mip.eral exploration. There is, however, great 
potential for their application on at least two fronts. In the first place, the genesis 
of many economic mineral deposits is closely bound to the physical and chemical 
processes that take place in the subsurface hydrologic environment. Much of the 
speculation into the modes of origin of various orebodies could benefit from hydro­
geological analyses that utilize the flow-system approach of Chapter 6 and the 
hydro geochemical concepts of Chapter 7. On a second front, it is clear that many 
anomalies uncovered during geochemical exploration could receive a more com­
plete interpretation if groundwater flow theory were invoked in the search for the 
source. In the two subsections that follow, each of these questions will be briefly 
examined. There is a massive literature in the mineral exploration field and, apart 
from a few standard texts, our reference list is limited almost exclusively to those 
papers that invoke hydrogeological mechanisms or methodology. 

Genesis of Economic Mineral Deposits 

White (1968), Skinner and Barton (1973), and Park and MacDiarmid (1975) 
provide an excellent suite of recent references on economic mineral deposits and 
their genesis. Perusal of the ore-deposit classifications that they present makes it 
clear that there are very few types of deposits that do not in some way involve 
subsurface fluids. The direct influence of shallow groundwater is responsible for 
supergene enrichment in recharge areas, and for the deposition of caliches and 
evaporites in discharge areas. Residual weathering processes that lead to laterites 
also involve hydrologic processes. 

By far the most important genetic mechanisms that involve subsurface flow 
are the ones that lead to hydrothermal deposits. White (1968) summarized the four­
step process that leads to the generation of an ore deposit involving a hydrous 
fluid. First, there must be a source of ore constituents, usually dispersed in a magma 
0r in sedimentary rocks; second, there must be solution of the ore minerals in the 
hydrous phase; third, a migration of the metal-bearing fluid; and fourth, selective 
precipitation of the ore constituents. White (1968) notes that very saline Na-Ca-Cl 
brines are potent solvents for such metals as copper and zinc. Proof that such brines 
exist lies in the fact that they are commonly encountered in deep petroleum 
exploration. There are three possible sources for these brines: magmatic, connate, 
and meteoric. Connate waters are those waters trapped in sediments at the time 
of their deposition. Meteoric waters are groundwaters that originated at the ground 
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surface. Deeply circulating meteoric waters can attain sufficient salinity only 
through such secondary processes as the solution of evaporites or membrane 
concentration (Section 7. 7). The precipitation of ore minerals is brought about by 
thermodynamic changes induced in the carrier brine under the influence of cooling, 
pressure reduction, or chemical reactions with host rocks or host fluids. The pro­
cesses are best understood by the use of mass-transfer calculations of the type 
pioneered by Helgeson (1970). 

With these basic introductory concepts in hand, we will now limit our further 
discussion to consideration of a specific type of ore deposit that has been widely 
ascribed to mechanisms involving groundwater flow: lead-zinc-fluorite-barite 
deposits of the Mississippi Valley type. 

The Mississippi Valley lead-zinc deposits (White, 1968; Park and MacDiar­
mid, 1975) are strata-bound in nearly horizontal carbonate rocks lacking congruent 
tectonic structures that might control their localization. They occur at shallow 
depths in areas remote from igneous intrusives. The mineralogy is usually simple 
and nondiagnostic, with sphalerite, galena, fluorite, and barite as the principal 
ore minerals. A wide variety of origins has been proposed for this type of deposit, 
but White (1968) concludes that deposition from deeply circulating, heated, connate 
brine is the mechanism most compatible with the available temperature, salinity, 
and isotopic data. 

Noble (1963) suggested that the circulation of connate water may have been 
controlled by diagenetic compaction of the source beds. Brines expelled from the 
sediments in this way wculd then be transported through transmissive zones 
(Figure 11.10), which became the loci of major ore concentrations. The brines may 
have contained metals in solution prior to burial as well as metals acquired during 
the diagenesis of the enclosing sediments. Noble's theory is attractive in that it 
provides an integrated mechanism for the leaching of metals from a dispersed 
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Figure 11.10 Idealized section showing aquifer transmitting mineralized 
brines of compaction from source beds (after Noble, 1963). 
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source, their migration through the geological system, and their concentration in 
high-permeability carbonate rocks. 

McGinnis (1968) suggested a twist on Noble's theory whereby compaction 
of the source beds is accomplished by the loading provided by continental ice 
sheets. Under these circumstances, sedimentary brines would be forced to discharge 
near the margins of continental ice sheets in a manner similar to that described 
in the previous section in connection with Figure 11.9. The inspiration for 
McGinnis' explanation is the apparent clustering of Mississippi Valley type deposits 
along the southernmost extremity of continental glaciation and in the driftless area 
of Wisconsin. 

Hitchon (1971, 1977) noted that oil pools and ore deposits in sedimentary 
rocks have several features in common. Both are aggregates of widely dispersed 
matter concentrated at specific sites where physical and chemical charges in aqueous 
carrier fluids caused unloading. He believes that the petroleum in the Zama-Rain­
bow oil field in northern Alberta and the Mississippi Valley type lead-zinc deposits 
of the nearby Pine Point ore body may have been sequentially unloaded from the 
same formation fluid. Both are located in the Middle Devonian Keg River Forma­
tion, and Pine Point is downstream from Zama-Rainbow in terms of the hydraulic 
head patterns that currently exist in the Keg River Formation. As an independent 
piece of evidence, Hitchon notes that petroleum is a common minor constituent 
in fluid inclusions from Mississippi Valley type lead-zinc deposits. 

In closing this subsection it is worth noting, as has Hitchon (1976), that water 
is the fundamental fluid genetically relating all mineral deposits. It is the vehicle 
for the transportation of materials in solution and it takes part in the reactions 
that result in the original dissolution of the metals and their ultimate precipitation 
as ore. If the movement of subsurface water were to cease, chemical and physical 
equilibrium between the water and the rocks would eventually occur and there 
would be no further opportunities for the generation of mineral deposits. In this 
sense, the existence of subsurface flow is essential to the genesis of mineral deposits. 

Implications for Geochemical Exploration 

Hawkes and Webb (1962) define geochemical prospecting as any method of mineral 
exploration based on the systematic measurement of one or more chemical prop­
erties of any naturally occurring material. The material may be rock, soil, stream 
sediment, water, or vegetation. The objective of such a measurement program is 
the detection of abnormal chemical patterns, or geochemical anomalies, that might 
indicate the existence of an ore body. 

Anomalous chemical patterns in groundwater or surface water are sometimes 
called hydrogeochemical anomalies. The most mobile metal elements, that is, 
the elements most easily dissolved and transported in water and therefore the most 
likely to produce hydrogeochemical anomalies, are copper, zinc, nickel, cobalt, 
and molybdenum (Bradshaw, 1975). Lead, silver, and tungsten are less mobile; 
gold and tin are virtually immobile. Because of the expense of drilling, groundwater 
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is seldom sampled directly, but springs and seepage areas are widely used in geo­
chemical exploration. Figure 11.11 shows the various types of geochemical anom­
alies that might be expected to develop in the vicinity of an ore body. Groundwater 
plays an important role in delivering metal ions to the hydrogeochemical con­
centration zones in seepage areas and in lake and stream sediments. 

Figure 11.11 Schematic diagram showing the development of geochemical 
anomalies in an area where bedrock is overlain by a residual 
soil (after Bradshaw, 1975). 
Anomaly types: SL (R), residual soil anomaly; SP, seepage 
anomaly; SS, stream sediment anomaly; LS, lake sediment 
anomaly. The density of dots indicates anomaly strength. 
Geology: 1, bedrock; 2, residual soil; 3, recent alluvium. 
Other: OB, ore body; PPM, parts per million; % Cx, cold 
extractable concentration; -, groundwater flow direction. 
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One of the most successful applications of spring sampling techniques is that 
described by de Geoffroy et al. (1967) in the upper Mississippi Valley lead-zinc 
district. They sampled 3766 springs over an area of 1066 km2 • An interpretation 
of the measurements indicated 56 zinc anomalies. Of these, 26 coincided with 
known zinc deposits, and drill testing of a small number of the remaining anomalies 
confirmed the presence of zinc ore in their vicinity. In the carbonate terrain of this 
area, surface-water sampling is ineffective because the heavy metals are quickly 
precipitated from groundwater within a short distance of its emergence into the 
surface environment. De Geoffroy et al. (1967) conclude that spring sampling is 
the most satisfactory geochemical method in the search for ore bodies of moderate 
size in carbonate rocks. 

There have been other instances of successful groundwater-oriented geo­
chemical exploration programs. Among the most interesting conclusions are those 
of Graham et al. (1975), who found that fluorine in groundwater can act as a guide 
to Pb-Zn-Ba-F mineralization, and Clarke and Kugler (1973), who advocate dis­
solved helium in groundwater as an indicator for uranium ore. On a negative note, 
Gosling et al. (1971) report that hydrogeochemical prospecting for gold in the 
Colorado Front Range is unpromising. 

Hoag and Webber (1976) suggest that sulfate concentrations in groundwater, 
because they are indicative of the oxidation environment of the sulfides that pro­
duce them, can be used to estimate the depth of mineralization of possible ore 
bodies. They note that this information might help determine what types of further 
exploration would be most helpful in locating possible sulfide deposits. 

In all this, the recent developments in physical and chemical hydrogeology 
that have been reviewed in this book, are extremely pertinent. The rates at which 
metals are taken into solution from ore bodies by passing groundwater are con­
trolled by the principles introduced in Chapter 3 and discussed in Chapter 7. 
The diffusion, dispersion, and retardation processes that accompany their transport 
by the groundwater system are identical to those described in Chapter 9 in connec­
tion with groundwater contamination. Perhaps the most direct suggestion for the 
application of groundwater flow theory in geochemical exploration has come from 
R. E. Williams (1970). He suggests that initial hydrochemical sampling be confined 
to discharge areas of regional flow systems. Once a geochemical anomaly has been 
located, the groundwater flow paths that lead to it would be determined by hydro­
geological field mapping and the mathematical modeling methods introduced in 
Chapter 6. 
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