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ABSTRACT

The spatial association between salts and surface weathering features is examined on three 

similar alluvial fans in salar basins across a transect of different environments in Antofagasta 

Province, North Chile. The sites represent the Central Valley (Fan A), the Pre-Cordillera (Fan 

B) and the High Andes (Fan C). Fan surfaces of different ages were identified by desert 

pavement, rock varnish and soil development. Combined ionic and XRD analysis shows that 

calcium sulphate is prevalent, and its deposition onto the fans is primarily aeolian. This salt 

is found inside split clasts, and on fans A and C it is strongly related to cracking and clast 

splitting (disintegration into two or more pieces). There is no such link with calcite, the 

predominant salt on Fan B, but weathering here may be due to small quantities of leonardite 

and halite, and to agencies other than salt; if CaSO^ was present, it has been removed. 

There is no specific, statistical link between the presence of salts and the proportion and the 

percentage of clast surface area affected by flaking, granular disintegration, pits, hollows and 

cavernous weathering. Lithology is apparently not an important control on clast splitting and 

cracking, except on the younger segment of Fan B, where the dominance of ignimbrite, 

possibly in combination with more aggressive microenvironments, helps to account for more 

pronounced weathering. Granular disintegration is statistically linked to ignimbrite, and 

hollows and cavernous weathering may be related to the prevalence of porphyritic andésite.

Portland tablet weathering during one year seems to reflect moisture availability: the most 

aggressive environment is in the High Andes, followed by the Central Valley where the 

camanchaca (sea fog) is important, and the even drier Pre-Cordillera. Rates comparable to 

those in polluted London, U.K., point to considerable potential for weathering despite the 

aridity. The evidence suggests that calcium sulphate hydration and thermal expansion may 

be dominant throughout the year on fans A and C. Crystallization should occur when enough 

moisture is available and thus several times a year on Fan C. The extreme aridity of Fan A 

suggests that long term stability is required for such weathering, and indeed an optically 

stimulated thermoluminescence date suggests the fan surface to be at least 230,000 years 

old.
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CHAPTER 1 BACKGROUND

INTRODUCTION AND AIMS

The Atacama Desert of northern Chile forms the south westerly strip of the Andean basin and 

range structural region which includes parts of N.W. Argentina, S.W. Bolivia and S.E. Peru. 

Characteristic of northern Chile are geological hyperaridity, surfaces of great ages and 

widespread salar deposits. Relatively little work has been done on the geomorphology of this 

region, and apart from studies of coastal tafoni (Segerstrom and Henriquez, 1964; Grenier, 

1968) the only published work known to approach the weathering of surface clasts by salts is 

that by Wright and Urzua (1963).

The aim of this thesis is to examine the relationship between salts and surface weathering 

features on alluvial fans in salar basins across a transect of different environments in 

Antofagasta Province (Region de Antofagasta). The literature in desert geomorphology 

indicates that such a relationship exists but it is not very clearly established, essentially 

because of the problem that, in the field, it is usually necessary to infer process from form and 

deposit. Little work has been done specifically on this relationship and none has been done in 

northern Chile. The work that has been done on salt weathering is outlined below and 

subsequently the approach adopted by this study is explained.

SALT WEATHERING

The importance of salt in the disintegration of rock and man-made materials is recognised in 

a variety of disciplines and it occurs in a wide range of environments. The nature and 

consequences of salt weathering in deserts have been extensively examined in the field and

16



in the laboratory and comprehensive reviews of this work exist (Evans, 1970; Sperling and 

Cooke, 1980; Cooke, 1981; Goudie, 1985; Doornkamp and Ibrahim, 1990; Cooke et ai, 1993).

Physical weathering processes are important in deserts because the relationship between rock 

and atmosphere is direct, and the emphasis of studies on desert salt weathering has been 

almost exclusively on its mechanical action. But it is important to remember that salt weathering 

is chemically based and that changes in volume by chemical processes may result in 

disintegration and salts may act in processes of solution and precipitation (Young, 1987; Magee 

et al., 1988). There are three main physical processes by which the expansion or growth of 

salts in confined spaces may cause disintegration and for which a theoretical basis has been 

developed: i) crystallization (Wellman and Wilson, 1965; Evans, 1970; Winkler and Singer, 

1972; Sperling and Cooke, 1980); ii) hydration (Winkler and Wilhelm, 1970; Sperling and 

Cooke, 1980); and iii) thermal expansion (Cooke and Smalley, 1968; Johannessen et a!., 

1982). Details of these are given in Chapter 6 (Background).

Weathering forms are not directly diagnostic of the processes that formed them (Cooke et a!., 

1993). This means that observations of salt weathering in the field are limited to inferences 

based on the association between weathering features and salts. The use of detailed and more 

direct analyses of the weathering products and salts have made the basis for such inferences 

stronger (e.g. McGreevy, 1985; Smith and McAlister, 1986; Young, 1987), and the 

interdependence of field and laboratory studies has been emphasized by McGreevy and Smith 

(1982,1983) and Goudie and Cooke (1983). Field measurements provide realistic data for use 

in complementary laboratory simulations (e.g. Kerr et a!., 1984) whilst some results of such 

studies may be tested (e.g. Goudie and Watson, 1984) and further questions raised (e.g. 

Johannessen et a/., 1982). Laboratory simulations have shown that salt weathering is an 

effective process of rock disintegration in hot deserts (e.g. Goudie et a/., 1970) and the 

controlling factors and processes of the salt weathering system have been examined.

The salt weathering processes are not mutually exclusive and there is no reason why they

17



should not operate concurrently or consecutively under appropriate temperature and humidity 

conditions, in fact initial crystallization is generally a prerequisite for thermal expansion (Evans, 

1970). The complex relationship between the theoretical crystallization and hydration pressures 

of the various salts has been examined by Sperling and Cooke (1980) but there have been few 

attempts to identify which of the salt processes is dominant and to distinguish their relative 

effectiveness. A consideration of the environment and the properties of the salts present in the 

Taylor Dry Valley, Antarctica, lead Johnston (1973) to conclude that weathering by calcite was 

probably ineffective relative to frost action on the valley floor but that weathering by sodium 

chloride was predominant in tafoni and could occur by crystallization, hydration and thermal 

expansion. In Saudi Arabia Chapman (1980) concluded that salt weathering was predominant 

and that the mechanism was the crystallization of sodium chloride, whereas in Oregon 

Johannesson et al. (1982) considered that the thermal expansion of sodium chloride was the 

main agent of cliff degradation and that it was more effective than initial crystallization. Sodium 

chloride crystallization and thermal expansion are also considered to be the dominant 

processes responsible for bedrock denudation in the supratidal zone of South Devon 

(Mottershead, 1989). It is clear that the process of thermal expansion cannot be dismissed as 

ineffective on the basis of early experimental results (Goudie, 1974) but requires further work. 

Recent laboratory simulations have shown that weathering is possible by salt hydration but that 

it is less effective than crystallization alone or together with hydration (Sperling and Cooke, 

1985; Fahey, 1986), whilst crystallization is generally considered to be the most important salt 

weathering process (Cooke et al., 1993).

It is difficult to separate the action of salts from other weathering processes because they often 

act together and they may complement each other throughout the year (e.g. Fahey, 1985) and 

in different locations (e.g. Johnston, 1973). The relative importance of salts and other 

weathering processes has been extensively discussed with regard to the origin of tafoni but salt 

weathering is the most commonly invoked, specifically the processes of crystallization and 

hydration (Mustoe, 1982; Cooke eta!., 1993). In the case of corroded cobbles in Death Valley, 

California, salt crystallization seems to have acted together with dissolution and heat-moisture
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expansion in a former lake shoreline environment (Butler and Mount, 1986). Experimental work 

has shown both indirectly and directly that the action of salts is more effective than weathering 

by insolation, wetting and drying, and clay hydration, by the use of controls (e.g. Goudie, 1986; 

Sperling and Cooke, 1985; Smith et ai, 1987, Davison, 1986) and by specific simulations (e.g. 

Aires-Barros et ai, 1975; Goudie et ai, 1970; Goudie, 1974; Goudie ef a/., 1979; Pye and 

Sperling, 1983; Fahey, 1985,1986). Frost weathering in deserts has been given little attention 

although it is probably important in areas of high altitude or latitude, and during cooler, moister 

Quaternary periods (Cooke et ai, 1993). Recent laboratory simulations suggest that frost 

weathering may be inhibited where the supply of salts is limited (McGreevy, 1982; Fahey,

1985), whilst it is enhanced by unlimited saturated solutions (e.g. Goudie, 1974; Williams and 

Robinson, 1981 ; Davison, 1986), and that rock temperatures must be below the eutectic point 

long enough for complete freezing to occur (Jerwood et ai, 1987; Robinson and Jerwood,

1987). Goudie (1974) found that salt crystallization was more effective than frost weathering 

and Davison (1986) found that frost weathering enhanced by salt was more effective than salt 

crystallization alone. The relationship between salts and weathering by lichen and algae has 

not been examined, although they occur widely in deserts (Staley et ai, 1982) and may act by 

a number of processes (Cooke et ai, 1993).

The environment, salt and rock control the processes, type and rate of disintegration. Salt 

weathering has been observed in a wide range of desert environments. Temperature and 

moisture conditions are fundamental in controlling whether and which salt processes may 

occur, but little data exists for conditions at the groundsurface where most weathering takes 

place (Cooke et ai, 1993). The maximum daily temperature (74°C) of the Wadi Digla Cycle, 

recorded by Williams (1923) and used in several experiments (Cooke, 1979; Goudie et ai, 

1979; Pye and Sperling, 1983), is extreme according to McGreevy and Smith (1982) and 

subsequent field measurements (e.g. Kerr et ai, 1984). Experimental work has confirmed that 

greater extremes of temperature increase the rate of weathering (Sperling and Cooke, 1985; 

Davison, 1986) and many later laboratory simulations have used a more moderate maximum 

of 47-55°C (e.g. Robinson and Williams, 1982; Smith and McGreevy, 1983; McGreevy and
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Smith, 1984, 1985; Goudie, 1986; Davison, 1986; Smith étal., 1987; Smith and McGreevy, 

1988). But it has been shown that temperature varies with depth, aspect, altitude, and with brief 

fluctuations in cloudiness during the day (Smith, 1977; Whalley eta!., 1984; Jenkins and Smith,

1990). A fundamental role for humidity is indicated by Davison (1986) and by the greater 

weathering produced under the relatively cool, high nocturnal humidity conditions of the Negev 

Cycle as opposed to the hotter, less humid Wadi Digla Cycle by Goudie {pars, comm., 1991). 

A variety of cycles have been used to simulate the action of salt and frost weathering in cold 

deserts (e.g. Jerwood eta!., 1987).

A great variety of salts have been recorded in desert environments (Goudie and Cooke, 1984). 

The type and quantity of salt controls the type of weathering possible and its effectiveness in 

a given environment, and the salts in turn are determined by their source and distribution 

mechanisms (Cooke et al., 1993). Experimental work has focused on determining the 

effectiveness of different salts (Goudie, 1985) and in some cases salt mixtures (e.g. Goudie,

1986) and seawater (e.g. Goudie, 1974) have been included, but the salts most often used in 

laboratory simulations have been the most aggressive, namely sodium sulphate, magnesium 

sulphate and sodium carbonate (e.g. Goudie et al., 1979; Pye and Sperling, 1983; McGreevy 

and Smith, 1985; Sperling and Cooke, 1985; Fahey, 1986). Although widespread, sodium 

chloride and calcium sulphate have been considered relatively ineffective (Goudie, 1985) and 

thus received little attention. The properties of calcium carbonate suggest that it isj in effective 

and this salt has hardly been considered in experimental work although it is widespread and 

often fills cracks|(Evans, 1970). Some work has focused on sodium chloride because it is a 

major component of seawater (e.g. Busby, 1987) and deicing salts (e.g. Say ward, 1984).

Discrepancies between the theoretical and empirical effectiveness of salts in crystallization and 

hydration have been identified by Sperling and Cooke (1980) and it seems that sodium chloride 

is surprisingly effective under the relatively mild conditions of the Negev Cycle with nocturnal 

humidity (Goudie, pars, comm., 1991). This suggests that the rank order of salt effectiveness 

determined is very dependent on the temperature and humidity conditions used. An increase
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in salt quantity is also often associated with greater weathering both in the field (e.g. Chapman, 

1980; Goudie and Day, 1980) and in the laboratory (e.g. Smith et al., 1987; Smith and 

McGreevy, 1988), but in certain circumstances it may inhibit weathering by passively filling the 

pores (Smith and McAlister, 1986). Experimental work has usually used unlimited, saturated 

or high concentration salt solutions to represent sabkha and building foundation environments 

where the weathering rate is high (e.g. Goudie eta!., 1979; Goudie, 1986; Pye and Sperling, 

1983; Sperling and Cooke, 1985), but lower rates have been produced by using lower 

concentrations of salt and a limited supply as may characterize other desert surfaces (e.g. 

Smith and McGreevy, 1983; McGreevy and Smith, 1985; Fahey, 1985).

Sodium sulphate was used as a substitute for ice in early tests of the durability of construction 

materials and there is much concern for the effects of salt weathering on buildings and 

engineering structures (e.g. Sayward, 1984; Fookes eta!., 1985; The Sunday Times 26.04.87; 

Busby, 1988; Pye and Schiavon, 1989). Salt weathering has been noted in a wide variety of 

rock types (sedimentary, igneous, metamorphic) and the structural and lithological properties 

of rocks are important in controlling the selectivity and effectiveness of weathering (Cooke at 

a!., 1993). Recent experimental work has almost exclusively used sedimentary rocks 

(sandstone, limestone, dolomite, shale) and not igneous and metamorphic rocks which have 

been shown to be much more resistant (Goudie, 1985). Little attention has been given to the 

importance of rock properties (Cooke, 1979), structures such as bedding (Smith and McGreevy, 

1983; Sperling and Cooke, 1985) and the role of clays (McGreevy and Smith, 1984) in 

controlling the pattern and rate of weathering. Cooke (1979) examined how some of the key 

rock properties (water absorption capacity, porosity, microporosity, saturation coefficient, tensile 

strength) changed during weathering and affected the rate of breakdown, and found a direct 

relationship between the degree of weathering and porosity, microporosity and water absorption 

capacity. Sperling and Cooke (1985) found that the saturation coefficient is not a satisfactory 

measure to discriminate between rock types of differing physical properties and so should not 

be used to predict rock durability. Several studies have focused on the weathering of loose 

quartz grains by salt to produce loess (e.g. Goudie eta!., 1979; Pye and Sperling, 1983).
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Salt weathering of clasts, which often cover large areas of the desert surface, may be important 

in producing fines (e.g. Wright and Urzua, 1963; Beaumont, 1968; Coleman et al., 1966; 

Goudie and Day, 1980), in desert pavement and soil development (e.g. Cooke, 1970; Smith, 

1988; Am it and Gerson, 1986; Am it at a!., in press; Peterson, 1979) and in 

palaeoenvironmental reconstruction (e.g. Butler and Mount, 1986), yet most studies have 

looked at the weathering of large rock masses (Smith, 1988). The size and shape of particles 

have been shown to affect the nature and rate of weathering in laboratory simulations. Size 

seems to be inversely related to weathering rate (Goudie, 1974) and the edge length is 

perfectly but inversely related to weathering susceptibility (Robinson and Williams, 1982). 

Despite this a standard procedure has not been adopted (McGreevy and Smith, 1982) although 

compromises between reality and experimental logistics are unavoidable (Sperling and Cooke, 

1985).

The direct association between weathering products or features and salts is the basis for most 

field observations of salt weathering yet little attention has been given to understanding the 

variety of weathering features and how they are actually formed, thus how they relate to the 

various salts and salt processes operating. The formation of tafoni and alveoles by salt 

weathering has been largely attributed to flaking and granular disintegration (Cooke et a/., 

1993) and both laboratory and field work has shown that salt weathering can produce loess 

(e.g. Pye and Sperling, 1983; Beaumont, 1968; Goudie and Watson, 1984). Weathering by 

flaking, spalling, scaling, granular disintegration, splitting and pitting has been frequently 

described in association with salts but there are few specific studies of what these features are, 

how they are formed and how they affect large rock masses (e.g. Smith, 1978; Dragovich, 

1988) and clasts (e.g. Cooke, 1970; Smith, 1988). In experimental simulations weathering has 

been expressed by sample weight loss and the pattern of weathering has sometimes been 

described (e.g. Goudie, 1986), but few studies have investigated how salt weathering produces 

the weathering features found in the field (e.g Smith and McGreevy, 1988).

Cracking parallel to the surface is generally referred to as flaking, spalling and scaling. Scaling
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has been differentiated from flaking by the thickness of the particles detached (Smith, 1978) 

and subdivided into small scale scaling (exfoliation or onion skin weathering) produced by 

weathering and large scale scaling by pressure-release (Cooke etal., 1993). Spalling does not 

seem to have been defined. Flaking has been associated with insolation weathering and the 

depth of moisture penetration (Smith, 1977), and with the preferential crystallization of salts at 

a certain depth (Evans, 1970). In a simulation of contour-scaling Smith and McGreevy (1988) 

suggested that subsurface cracks may originate as ’fracture chains’ from the compressive 

stress which results as pores are completely filled with microcrystalline salt. Flakes are 

detached after the concentration of salt has widened the cracks, formed surface blisters and 

subsequently been washed out.

Granular disintegration has often been observed with flaking (e.g. Smith and McAlister, 1986) 

and seems to especially affect coarse-grained igneous and metamorphic rocks. This feature 

has been associated with both chemical and mechanical weathering processes and 

explanations probably differ with the circumstances (Cooke et a/., 1993). Flaking has been 

observed to precede granular disintegration on the weathered surface of sandstone 

gravestones (Dragovich, 1988) whilst in experimental simulations the opposite has occurred 

(Smith and McGreevy, 1983; Davison, 1986). Rockmeal has been considered diagnostic of salt 

weathering (Wellman and Wilson, 1965; Chapman, 1980).

A classification of pits in limestone clasts was used by Am it and Gerson (1986) to describe 

desert pavement weathering, and Smith (1988) related the micropits found on the clasts of a 

limestone pavement to solution weathering in the vesicular horizon. In the Atacama Desert 

Wright and Urzua (1963) observed that salts were present in the hollowed out base of surface 

clasts and suggested that moisture from the coastal fog led to the concentration and 

weathering of the salt in this shaded part of the clast. A study of corroded cobbles in Death 

Valley, California, found that lithology was the most important factor influencing the morphology 

of pits, which were attributed to a combination of past dissolution, salt crystallization and heat- 

moisture expansion, and that desert varnish inhibited pit formation by reducing permeability and
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protecting the surface from dissolution (Butler and Mount, 1986).

Splitting is widespread and may occur either as the irregular breakdown of unconstrained 

debris or as ’the parallel stone cracking’ of partially buried clasts (Smith, 1988). An examination 

of splitting on stone pavements in Chile and California by Cooke (1970) showed that the clasts 

affected varied in lithology, size, shape and degree of burial, and that the orientation, spacing 

and number of splits also varied. Splitting has traditionally been attributed to insolation 

weathering, especially where partial immersion constrains expansion and contraction (Oilier, 

1963), and alternatively the formation of a rind of secondary limestone around the clast base 

may act as a constraint (Young, 1964), but it seems that the process of crack initiation remains 

unclear (Cooke etal., 1993). Clays and salts may exploit and widen cracks in a second stage 

of splitting (Cooke et a!., 1993), and these have been identified in cracks and may be aeolian 

(Smith, 1988). It has been shown that splitting can be produced by salt weathering (e.g. 

Peterson, 1979; Goudie and Watson, 1984) and experimental simulations have indicated that 

hydration acts at depth in slate and produces splitting, whilst crystallization acts at the surface 

(Sperling and Cooke, 1985; Fahey, 1986).

It is very difficult to measure weathering rate. Structures of a known age may give a rate of 

weathering over a specific time period (e.g. Mustoe, 1982, 1983; Dragovich, 1988; Pestrong,

1988) and monitoring is possible (e.g. Goudie and Watson, 1984; Mottershead, 1989) but such 

methods are generally limited to short periods of up to some 100 years, and extrapolation is 

restricted by technical problems (Viles and Trudgill, 1984) and by possible changes in the 

weathering rate over time. A rock varnish date on Ayers Rock has suggested that the process 

of scaling (a few cm thick) may operate at a minimum rate of 1 cm 10"̂  years (Dorn and 

Dragovich, 1990), and Matsukura and Matsuoka (1991) found an exponential rate of tafoni 

development on several tectonically uplifted platforms. The rate of weathering obtained in 

simulation experiments is very much dependent on the conditions used and the experimental 

design (McGreevy and Smith, 1982). Most studies have simply expressed weathering as the 

total percentage weight loss, but exponential and cumulative rates of breakdown have been
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noted in several cases (e.g. Goudie et al., 1979; Pye and Sperling, 1983; Davison, 1986; 

Goudie, 1986), whilst Smith and McGreevy (1988) suggest weathering may be limited at the 

surface until a threshold is reached where subsurface cracks have developed and scales begin 

to fall off.

METHODOLOGY 

Experimental design

At the onset of the study the simplifying assumption was made that long-term and extreme 

aridity in the Atacama Desert meant that climatic conditions had probably not changed 

significantly since the surfaces were created and that biological weathering might be ignored 

(except for local lichen growth). In addition the aims of this study required the assumption that 

salt weathering might be separated from other weathering processes. It was decided to focus 

on physical salt weathering because it is important in deserts and because chemical salt 

weathering is difficult to identify and has received little attention. Alluvial fans were chosen 

because they form an important component of desert surfaces, they have been extensively 

studied (Cooke at ai, 1993) and at the edge of salt pans they are ideally placed to examine 

salt distribution mechanisms. The alluvial fan environment is definable and various 

characteristics may thus be kept similar in examining the relationship between salts and 

surface weathering features, whilst fan segmentation means that the relative rate of weathering 

may be investigated.

Salts and weathering features constitute two of the components of the salt weathering system 

(Figure 1.1). The environment, salt and rock are interrelated factors which determine the type 

and rate of mechanical and chemical salt weathering processes and thus the weathering 

features produced. The relationship between the salt and the environment is of key importance 

in controlling whether salt weathering is possible and which salt processes may operate. This 

then determines the form, intensity and frequency of attack on the rock. The characteristics of
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the rock (chemical composition, texture) control its resistance, and thus determine the rate and 

form in which it responds to the salt attack, which in turn determines the type and intensity of 

weathering features produced.

The problem of inferring process from weathering form was approached by focusing on the 

spatial association between salts and weathering features. This was identified by keeping 

lithology as similar as possible whilst varying environmental conditions. The source and 

distribution of salts is controlled by the local environment so varying this factor meant that the 

salts should also vary, and therefore weathering features should differ accordingly.

The structure of the experimental design and thesis is shown in Figure 1.2. Three 

physiographic entities were sampled to represent the regional gradient of environments in 

Antofagasta Province. Each environment was sampled by means of a representative fan 

descending into the salt pan of a salar basin. Salt distribution models were defined and the 

relationship which might be expected between the salts and weathering features was examined 

(Theoretical background, below). On the basis of regional and local circumstances the pattern 

of salts and weathering features expected on each fan was identified (Chapter 2).

The fan environment was characterized by an examination of surface stability and microclimatic 

conditions (Chapter 3). The distribution of salt type and quantity was determined for each fan 

(Chapter 4), and the distribution of the type and intensity of weathering features was measured 

(Chapter 5). Distribution was determined with regard to changes downfan, and as controlled 

by differences in surface age.

The physical salt processes which might operate on each fan were inferred from the possible 

interaction of the salts and the environment, and the evidence for the operation of these 

processes was assessed by examining the relationship between the distribution of specific salts 

and weathering features within the context of the fan geomorphology (Chapter 6, Synthesis). 

The observed results were compared with the patterns expected in a comparison of the fans
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in order to identify the dominant salts and salt distribution mechanisms, and to clarify and 

assess the relationship between specific salts and specific weathering features so that any 

diagnostic relationship and controls on the rate of salt weathering might be inferred (Chapter 

6, Discussion).

Theoretical background 

Salt distribution models

The distribution of salts has been examined and reviewed by Cooke (1981), Goudie and Cooke 

(1984), Goudie (1985) and Cooke et al. (1993). Regional sources of salts in northern Chile 

consist of primary inputs from the ocean, volcanic activity and the breakdown of rock, and a 

secondary, cyclic input from past salt accumulations preserved in geological deposits. Long 

term aridity has permitted the preservation of such salt accumulations. Models for the 

distribution of salts on alluvial fans are given in Table 1.1 and these involve both the sources 

and the processes of transportation and deposition of the salts onto the fan. The redistribution 

of salts usually involves a movement downfan and from the surface to greater depths by 

moisture, and even off the fan altogether by moisture and wind. The movement of salts by 

moisture other than runoff usually results in the fractionation of salts according to ionic 

mobilities (Eghbal eta!., 1989).

The salt distribution models may be broadly divided into those that tend to affect the whole fan 

surface (weathering, ablation, salt cycle, camanchaca, volcanic) and those that usually result 

in greater accumulations in the distal fan (resurgence, wash, capillary migration, fan-salar 

interaction). Apart from the controversy over the origin and distribution of the nitrate deposits 

in northern Chile little attention has focused specifically on the origin of regional salt deposits. 

The salt distribution models are illustrated in a transect across northern Chile in Figure 1.3 and 

evidence for the regional importance of the models in the literature is considered below.

29



MODELS SOURCE OF SALT INPUT PROCESS

1 Weathering Rock Weathering

2 Ablation Snow Evaporation

3 Salt cycle Salars, geological Aeolian
deposits, dust transportation
(regional and local) and deposition

4 Camanchaca Pacific Ocean 
(upwelling?)

Coastal fog

5 Capillary Subsurface moisture Capillary
migration a) groundwater migration

(normal or geothermal)
b) salar water
c) precipitation 

and infiltration

(evaporation)

6  Resurgence Groundwater Resurgence
a) flows into the basin (and secondary
b) under the salar capillary
c) geothermal migration)

7 Wash a) precipitation on fan Surface flow,
b) precipitation in or debris flow.

outside the catchment 
so also from debris

mudflow

8  Volcanic emissions a) from outside basin
b) from inside basin 

or catchment

Eruption

9 Fan-saiar interaction a) present salar Capillary
zonation migration.

b) past lake levels resurgence.
c) palaeosalar deposits aeolian

Table 1.1 Salt distribution models.
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Weathering of Andean volcanic rocks is considered to be an important source of salts in many 

studies. The high content of soluble salts (mainly SO3 , Na, K) in the rhyolitic ignimbrites of the 

Altos de Pica Formation has been pointed out by Ericksen (1961) and the weathering of 

volcanic rocks is suggested to be one of several sources of the salts in the Salar Bellavista- 

Pintados by Vila (1976a). A volcanic origin is implicated for the borate and trace amounts of 

lithium present in the nitrate deposits (Ericksen, 1983) and for the important concentrations of 

lithium and potassium in the Salar de Atacama (CORFO, 1977a; Vila, 1975). The weathering 

of volcanic rocks is considered in some detail in CORFO (1977a), where Ca, Na, HCO3  and 

SiOg is related to the dissolution of plagioclase by COg, and the dissolution of amphiboles and 

pyroxene is also mentioned. High boron values are attributed to tourmaline and biotite 

weathering and to volcanic gases, and arsenic to the dissolution of metallic minerals. Sulphate 

seems to be related to weathering in hydrothermal areas (Vila, 1976a), to the oxidation of the 

sulphur often present in volcanic craters with fumaroles such as the Perro Muerto in the 

Cordon Puntas Negras (CORFO, 1977a; Gardeweg and Ramfrez, 1985), and to active 

volcanicity such as that affecting the Volcan Lascar (Heathcote, 1989). In some cases the 

weathering of local evaporitic deposits is considered to be an important source of salts 

(CORFO, 1977a; Chong, pers. comm. 1989). Direct volcanic emissions may be an important 

source of sulphate (Ericksen, 1983; Goudie and Cooke, 1984) and of widespread influence 

(Vila, 1976a; Ferraris and Di Biase, 1978).

The camanchaca is considered to be an important source of salts transported inland from the 

Pacific Ocean (Vila, 1976a) and this model has been invoked to explain the origin of the nitrate 

deposits (Ericksen, 1983; van Moort, 1985). Studies have confirmed that a considerable 

amount of saline moisture is involved in the camanchaca and that several millimetres of the 

soil surface may be affected (Wright and Urzüa, 1963; Ericksen, 1981). It seems that the 

nitrogen content of the waters off the Peru-Chile coast is the highest recorded in the world 

(Strickland et ai, 1969, in van Moort, 1985) and that the nutrient rich upwelling of these coastal 

waters may be a source of sulphate, apparently present at high excess concentrations in the 

fog (Schemenauer and Cereceda, 1992), and as seems to be the case in the Namib Desert
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(Goudie and Cooke, 1984; Watson, 1988; Armstrong, 1990). There may be a zonation of salts 

with increasing distance from the coast because it seems that halite is deposited first (van 

Moort, 1985).

The washing out associated with precipitation in the Andes during the Bolivian Winter means 

that it is unlikely to be a significant source of salts (CORFO, 1977a). On the other hand the 

high evaporation rates characteristic of the area mean that snow is ablated (Stoertz and 

Ericksen, 1974) and salts, especially sodium chloride (Selby and Wilson, 1971) may be 

concentrated and deposited in a way similar to that proposed by Wilson (1979) for the 

McMurdo region of Antarctica. Local and regional salts may be distributed by the wind cycle 

described by Cooke and Warren (1973), and this model has been used to explain gypsic crusts 

in southern Tunisia (Watson, 1985, 1988) and gypsic soils on alluvial fans in Wyoming, USA 

(Reheis, 1987). High winds are known to redistribute salts from salars in the Andes (CORFO, 

1977a) and it seems that an aeolian source plays an important part in explaining the origin and 

concentration of the nitrate deposits (Ericksen, 1983; van Moort, 1985).

Salts tend to precipitate where subterranean water is brought to the surface by resurgence and 

capiliary migration. In the Norte Grande groundwater is important and the general direction of 

flow is westwards from the recharge zone in the Andes. Infiltration in the High Andes leads to 

the emergence of springs at the edge of salars in the altiplano (Montti and Henriquez, 1970) 

and it feeds the aquifers of the Pre-Cordillera and the Central Valley. Resurgence in the Pre- 

Cordiliera is marked by the phreatophytes lining the eastern side of the Salar de Atacama 

(CORFO, 1977b) and in the Central Valley it is responsible for the occurrence of such salars 

as the Salar Bellavista-Pintados (Vila, 1976a) and the Salar del Carmen (Ericksen, 1981). Most 

of the nitrate fields in the region mark areas where salts have been concentrated by past 

resurgence and capillary migration (CORFO, 1977a), and according to Mueller (1968) these 

extraordinary concentrations of nitrates can be explained by the chemical fractionation of salts 

according to their solubility characteristics during capiilary migration on a regional scale.
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A study of groundwater chemistry in the Norte Grande (CORFO, 1977a) has suggested that 

oxidation of sulphur and dissolution of andesine are responsible for high sulphate-chloride and 

low magnesium-calcium ratios in the aquifers below the head fans on the eastern edge of the 

Salar de Atacama, whilst the change in ratios in the distal fan reflects the precipitation of 

gypsum upon resurgence and capillary migration. Aquifers in the Central Valley have relatively 

low salinity but high sulphate-chloride ratios (1 - 2  mg/l) which may reflect sulphur oxidation in 

Andean volcanoes, the dissolution of gypsum, and greater volcanic activity during the pluvial 

periods when most of the recharge of these aquifers probably occurred (CORFO, 1977a).

Salts in the salars are zoned according to their solubility characteristics (Eugster and Kelts, 

1983) and represent an immediate source of salts for alluvial fans. The horizontal distribution 

of salts has been mapped in many of the salars of northern Chile (Stoertz and Ericksen, 1974; 

Chapman etal., 1989) and it may locally be modified by differential tectonic movements (Vila,

1975) and the properties of inflowing discharge (Heathcote, 1989). Changes in the extent of 

the salar and the presence of past lakes may also have an important effect on fan deposits. 

Several salars in the altiplano are surrounded by prominent lake shorelines which interact with 

the distal part of bordering alluvial fans (Stoertz and Ericksen, 1974), and in the south east of 

the Salar de Atacama alluvial fans are underlain by ancient zones of evaporation of the salar 

(CORFO, 1977b).

Surface wash should promote the concentration of salts in channels and in the distal fan, but 

this is severely limited by the aridity of the region. Infiltration seems to predominate in the 

altiplano (Montti and Henrfquez, 1970) whilst mudflows are dominant on alluvial fans in the 

Llano de Paciencia as in most of the region (Ramirez and Gardeweg, 1982a). Evidence for 

recent fluvial erosion is conspicuously absent in many areas, giving the impression of 'erosional 

paralysis’ (Oberlander, 1989), and in fact the Rio Zapaleri is the only perennial river in the 

altiplano of Antofagasta Province and the Rio Loa is the only river to reach the sea between 

Iquique and Taltal.
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Expected weathering

An attempt is made to clarify the relationship between specific salts and salt processes and 

specific weathering features by examining firstly the control of lithology on the weathering 

features produced, and secondly how the interaction of salt and environment determines the 

characteristics of the attack processes, thus which salts and physical salt processes may be 

associated with specific weathering features.

The importance of lithology

Scant attention has been paid to the origin of weathering features apart from studies of tafoni 

and honeycomb weathering in large rock masses. The texture and structure of a rock 

determines which salts go where, and whether the salt processes can be activated there. It 

also acts together with the salt process to determine the types of features produced. 

Weathering features may be divided into those that affect the clast surface (granular 

disintegration, flaking, depressions) and those that occur at depth (cracking, splitting). There 

is also an important difference between the exposed top part of a clast and the underside, in 

contact with the ground surface (e.g. Wright and Urzua, 1963).

Granular disintegration is grainsize dependent at the scale of a hand specimen, which means 

that it mainly affects intermediate to coarse-grained rocks and possibly porphyritic rocks also. 

Since granular disintegration by salt is reported to be due to action at the grain/crystal interface 

(Smith, 1978) it probably involves a widespread area of pores being filled by salts without any 

specific concentration. The petrology (origin) of the rock is important in that it determines 

internal stress (Cooke etal., 1993) and the type of grain or crystal junctions, thus sedimentary 

rocks may be cemented whereas igneous rocks consist of interlocking crystals. This feature 

is often associated with coarse-grained igneous and metamorphic rocks (Cooke et a!., 1993).

Flaking seems to be independent of lithology. In a sandstone cemented by quartz overgrowths 

this feature is associated with a wetting front, the concentration of microcrystalline salt in pores
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and subparallel cracking along ’fracture chains’ (Smith etal., 1988). This may apply to igneous 

rocks also.

Depressions (pits, hollows, cavernous weathering) also seem to be independent of lithology, 

but associated with a selective action which may reinforce itself. In this way the salt process 

itself may act at points due to irregular salt distribution and wetting (e.g. Wright and Urzua, 

1963; Butler and Mount, 1986), or it may act uniformly over the surface but with greater 

intensity at points due to microtopography or structural and mineralogical weaknesses. It seems 

that depressions may be produced by a type of selective granular disintegration and/or flaking 

at the appropriate scale of the feature (as is invoked in tafoni and honeycomb weathering 

(Cooke et a!., 1993)). A problem remains in that the loosened debris must be removed 

somehow to leave a depression. It may be that chemical action is important for this feature 

(e.g. Butler and Mount, 1986; Smith, 1988).

Cracks are largely independent of lithology but probably associated with the structural 

properties of a rock. It is not clear how cracks are initiated, but once formed they represent a 

point of weakness which may be further exploited by salts and other processes. Splitting is 

an extreme form of cracking, where the split pieces may move apart by the accumulation and 

concentration of salt in the crack. A process of physical separation by the deepening of a 

vertical crack may also be involved, without the excessive accumulation of salts.

The effect of the sait weathering processes

The relationship between the type of salt present and the environment determines which salt 

weathering processes can operate, the magnitude and effectiveness of the pressure exerted, 

the frequency of action, and whether the availability of moisture is a limiting factor. The quantity 

of salt present determines whether this is a limiting factor, and given enough moisture should 

determine the intensity and widespread nature of the weathering made possible by the type 

of salt present and the environment (e.g. Chapman, 1980). The form of emplacement of the 

salt (water, wind, weathering), and the characteristics of the rock (specifically grain-size and
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structure) determine where the salt is present and concentrates in the rock. The position in the 

rock in turn determines which processes may act and influences the magnitude and frequency 

of this action. The intensity and direction of action determines the type of effect each process 

has on the rock.

Crystallization is the main process of salt emplacement by moisture. This means that it occurs 

where there is an input of salts in solution from an outside source, or where an input of 

moisture allows the movement of salts which are already there. Crystallization is possible 

anywhere the saline solution penetrates and where supersaturation by evaporation or a drop 

in temperature occurs. This means that it is not restricted to the near-surface area in the same 

way as the processes of thermal expansion and hydration.

The occurrence and frequency of this process depends on the availability of enough moisture 

for a solution to occur, and so it depends on the solubility and deliquescent properties of the 

salt. This means that where such moisture is infrequent and the salts are relatively insoluble, 

this process occurs in one direction and depends on an input of salts in solution for its 

continuation. In such a case the process might be one of general weakening if the salts are 

spread out or gradually accumulate, but it might also be a decisive force if there is 

concentration and growth in a specific direction.

The chlorides and nitrates are very soluble, as are also the magnesium sulphate, sodium 

sulphate and sodium carbonate salts. This means that given a source of sufficient moisture it 

may be possible for crystallization to occur repetitively. Halite also produces relatively the 

greatest crystallization pressure, but that of the lower hydrates of the other salts is also 

considerable. Calcium sulphate is relatively insoluble so crystallization is unlikely to occur 

repetitively, but the pressure produced is considerable, especially upon the crystallization of 

anhydrite. Calcite is also relatively insoluble.

Hydration is a secondary process which may occur once salt has crystallized out and which
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also depends on the availability of moisture. Hydration by relative humidity should be restricted 

to near surface pores or cracks which are in contact with the atmosphere, but when it results 

from precipitation events it might occur wherever the moisture is able to penetrate. Since 

evaporation is generally high this is probably also restricted to the near-surface area and at 

depth to cracks. How near the surface the salts have to be depends on the textural and 

structural properties of the rock.

The process of hydration is repetitive (Winkler and Wilhelm, 1972) and given appropriate 

temperature and relative humidity conditions it may occur frequently (daily) or it may follow 

sporadic precipitation events. The pressures produced by hydration may vary according to 

which hydrates are formed and with temperature. Since the process occurs in two directions 

the main action should be one of weakening, even though the pressures may vary according 

to the hydrate reactions.

Sodium sulphate, magnesium sulphate and sodium carbonate have various hydrates, the 

reactions involve considerable volumetric expansion and significant hydration pressure and is 

often possible daily (Sperling and Cooke, 1980). These salts are considered to be very 

effective (Goudie, 1985). The reaction gypsum-bassanite-anhydrite produces the greatest 

pressure, but the volumetric expansion is relatively low and complete hydration cannot occur 

daily, although the reaction gypsum-bassanite is fast (Sperling and Cooke, 1980). As 

experimental results seem to suggest that volumetric expansion may be a better indicator of 

weathering effectiveness than hydration pressure (Sperling and Cooke, 1980), the hydration 

of calcium sulphate may not be very effective. On the other hand calcium sulphate is relatively 

insoluble and so should be concentrated near the surface, which is the right place to be. 

Calcite and natratite do not have hydrates, and the hydration of halite to hydrohalite requires 

temperatures beiow 0°C.

Thermal expansion is a secondary process which may occur once the salt has been 

emplaced and which does not require moisture. It should mainly act at or near the clast surface
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since this is where thermal differentials are the greatest. This is a repetitive (daily) process of 

similar force, which occurs in two directions. This means that its action should be a general 

weakening of the rock fabric.

The thermal expansion of a given salt depends on the temperature range so the stress will 

vary. This is of secondary importance since the temperature range does not vary greatly 

throughout the year, and since it seems to be in doubt whether insolation weathering (whether 

of rock minerals or salts) is sufficient by itself to cause disintegration (Cooke et ai, 1993).

The nitrates and chlorides, specifically natratite, halite and sylvite, should be the most effective 

since they have the greatest coefficients of volume expansion between 2 0 - 1 0 0 °C (Cooke and 

Smalley, 1968), but these salts are also very soluble and may be deposited at a depth where 

the thermal differentials are reduced. The volume expansion of gypsum is less but it still 

exceeds that of many common rock minerals (Goudie, 1985), and the relative insolubility of this 

salt means that it might concentrate near the surface, whilst the coefficient of expansion of 

calcite is lower than that of granite (Cooke and Smalley, 1968).

Both hydration and thermal expansion probably act in a contributory mode, generally 

weakening the rock. The processes operate subsequent to salt emplacement, and if conditions 

remain the same the force produced by cycles of hydration-dehydration and thermal expansion- 

contraction should also remain similar. This means that definite weathering by these processes 

probably requires the input of salt to physically separate the grains, a change in conditions to 

increase the hydration or thermal expansion pressure, or a contribution by crystallization. If salt 

has accumulated in a specific area, this may be washed out and the weathered debris may 

thus be separated. If an input of salts in solution is involved crystallization will also occur as 

these are emplaced.

It follows that crystallization is always involved in emplacing the salts, unless they are of 

aeolian origin and fall into cracks (e.g. Smith, 1988). It may be that granular disintegration is
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possible after the emplacement of salts in the pores by crystallization, by purely thermal 

expansion or hydration since it is near the surface and dispersed. Flaking involves the 

concentration of salts below the surface so it may need more than one input of salts by 

crystallization for hydration and thermal expansion to be effective. Since depressions may 

involve both the above features the same applies. Crystallization is probably the most important 

process at depth in the rock and in forming cracks, since inputs of salt and its crystallization 

are required to propagate the crack. Where splitting occurs crystallization is probably also very 

important, and especially the accumulation of salts in the crack.
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CHAPTER 2 REGIONAL BACKGROUND

REGIONAL CIRCUMSTANCES 

Introduction and choice of region

The hyperarid part of the Atacama Desert is locally known as the Norte-Grande and it extends 

from the frontier with Peru (18°S) to Copiapo (27°S), the limit with the semi-arid Norte Chico. 

The region includes the Provinces of Tarapaca, Antofagasta and Atacama. Antofagasta 

Province was chosen because the basin and range structure is the most extensively developed 

in this, the widest part of Chile (about 400 km), and thus the distinct desert environments are 

the most suitable to see whether the salts and weathering features also vary across the east- 

west traverse. In addition logistical backup was available in this area.

Attention has focused on the geology and mineral deposits of the region, specifically copper, 

nitrate and more recently lithium. Where the origin and preservation of such deposits has been 

investigated insights have been gained on the geomorphology and palaeoenvironment of the 

region (e.g. Alpers and Brimhall, 1988; Ericksen, 1981; Stoertz and Ericksen, 1974), but 

specific work is scarce and it has tended to focus on the Pam pa del Tamarugal in Tarapaca 

Province and on the Norte Chico. Archaeological studies are concentrated in the Pre-Cordillera, 

the timing of the uplift of the Andes and evidence for glaciations have been a focus of attention, 

and several studies have examined the nature, origin and age of surfaces in the Central Valley. 

This work provides the basis for a short description of the regional environment to highlight the 

unusual features of this desert. The focus is on Antofagasta Province and on the differences 

across the regional transect.
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Environment 

Geology

The structure, rock type and topography of the Norte Grande is fundamentally controlled by the 

migration of the South American plate westwards over the eastward-moving Nazca plate 

(Cooke et al., 1993). The relief from the Andes (up to 7000 m a.s.l.) In the east to the offshore 

Peru-Chlle trench (up to 7600 m b.s.l.) In the west Is one of the greatest on earth (Galll-Ollvler, 

1969) and It dominates the region. A longitudinal fault system runs north-south and Imposes 

the basin and range topography which further differentiates the environments from east to west 

(Figure 2.1). A transverse system of vertical and strlke-sllp faults run east-west (Mortimer and 

Saric, 1975), and lineaments through the entire Chilean territory have been Identified by 

satellite photography (Chong, 1984).

The magmatic arc In northern Chile (between 22°S and 29°S) has migrated eastwards from 

a position near the present Pacific coast In the Jurassic to the Chlle-Argentlna and Chlie-Bollvla 

borders which are active today. There Is evidence that the most Intense deformation and both 

plutonic and volcanic activity also migrated eastwards (Rutland, 1971 ). Episodic, regional uplift 

seems to have occurred since the Eocene, but activity at the present position apparently began 

during the late Ollgocene (Alpers and Brimhall, 1988) when the principal morphostructural units 

evident today were Imposed onto the Palaeogene landscape by block tectonism: the Coastal 

Ranges, the Central Valley, the Pre-Cordlllera and the High Andes (Lahsen, 1982; Naranjo and 

Paskoff, 1985; Naranjo etal., 1988).

Accordingly outcrops of pre-Cenozolc deposits are essentially restricted to the Coastal Ranges 

and Pre-Cordlllera as can be seen In Figure 2.2 (Mortimer and Sane, 1975). The Palaeozoic 

basement consists of sedimentary deposits, slate and amphlbollte, cut by extensive granitic 

masses, whilst the Mesozoic rocks which underlie most of the region are composed of Intrusive 

and extrusive volcanlcs, and both continental and marine sedimentary deposits with evaporltes 

from Jurassic and Lower Cretaceous transgressions (Thomas, 1970). Tertiary and Quaternary
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volcanic deposits predominate in the High Andes and these consist essentially of thick 

accumulations of dacitic to rhyolitic ignimbrites dating from the late Miocene-Pliocene (Guest, 

1969), and andesitic to dacitic lavas produced by the central volcanism during the Pliocene- 

Pleistocene (Gardeweg and Ramfrez, 1985; Lahsen, 1982; Thorpe and Francis, 1979). There 

has been remarkably little historical volcanism given the great density of volcanoes, there are 

some 800 in northern Chile (Stoertz and Ericksen, 1974; Thorpe and Francis, 1979).

The uplift of the Andes, the regional block faulting and the volcanic activity during the Cenozoic 

have directly laid the foundations and fundamentally controlled the processes responsible for 

the topography of the region. Regional relief and basin and range topography have lead to the 

accumulation of thick sedimentary sequences in the endoreic basins which dominate 

Antofagasta Province (Figure 2.3). Volcanic extrusives intercalate with this infill of piedmont 

alluvial deposits, playa and lacustrine sediments, and a thickness of over 900 m is present in 

the Central Valley. General aridity since at least the late Eocene (Alpers and Brimhall, 1988) 

means that internal drainage has remained predominant and salar deposits are widespread 

(Stoertz and Ericksen, 1974; Chong, 1984).

In the Altiplano east of the Cordillera Occidental there are many small, tectonically and 

volcanically controlled endoreic basins which contain salars and lakes. Salars are formed 

where evaporation dominates discharge and their compositional and structural characteristics 

vary throughout the year, but where lakes exist in basins linked by underground drainage, 

salinity remains relatively constant and salt crusts are minor (Montti and Henrfquez, 1970; Vila, 

1975; Alonso and Vargas, 1988). Input is generally by infiltration through permeable surfaces 

such as alluvial fans and fractures to re-emerge as springs, and the Rfo Zapaleri which flows 

into the Salar de Tara is the only perennial river in this region (Montti and Henrfquez, 1970), 

Alluvial fans and ancient lake shorelines tend to be present on the eastern side of basins 

(Montti and Henrfquez, 1970; Stoertz and Ericksen, 1974; Ramirez, 1988). The aridity and 

volcanicity of the area determine the types of salt present in the salars and lakes. Thus the 

importance of chloride (especially NaCI) in lakes to the east of the Salar Aguas Calientes II is
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controlled by evaporation, whereas sulphates (especially sodium sulphate) and the trace 

elements of bor<m , lithium and arsenic are more important in the area of greater volcanicity 

to the west (Alonso and Vargas, 1988; Alonso and Orellana, 1982; Vila, 1975, 1976b).

The basins of the Pre-Cordillera are bound to the west by the upfaulted Cordillera Domeyko 

and consist essentially of the Salar de Atacama, Salar de Puntas Negras and the smaller Llano 

de Paciencia and Salar de Imilac. There is evidence that lakes occupied some of these basins 

in the past, but outflow from the Salar de Puntas Negras through the Salar de Imilac into the 

Salar de Atacama means that the lake in this, the largest basin would always have been saline 

(Lynch, 1986). Today the main drainage into the Salar de Atacama is from the Rfo San Pedro 

in the north and from subsurface water from the Andes along the eastern edge (Heathcote, 

1989; CORFO, 1977b). The local, evaporitic San Pedro Formation and the Tambores 

Formation indicate that continuous deposition has occurred in an environment similar to the 

present since the formation of the basin in the Oligocene (Flint, 1985; Ramfrez and Gardeweg, 

1982a). The present form of the Salar de Atacama and Llano de Paciencia seems to date from 

the late Tertiary (Pliocene) or early Pleistocene after the folding of the Cordillera de la Sal 

(Wilkes and Gorier, 1988), and there is evidence of westwards tectonic tilting and subsidence 

of the basins (Stoertz and Ericksen, 1974). The nucleus of the salar consists of a chloride zone 

surrounded by sulphate deposits with some carbonate (Ramfrez and Gardeweg, 1982b; 

Chapman etal., 1989) and the lithium and potassium content is unusually high for a continental 

deposit (Heathcote, 1989).

The Central Valley in Antofagasta Province is dominated by the Baquedano valley which drains 

southwest from Sierra Gorda to the Salar del Carmen and which marks the end of the Pampa 

del Tamarugal to the north. To the west the Central Valley is bound by the "Atacama fault 

zone" (Allen, 1965) and the Coastal Ranges. These consist of an uplifted, subdued, basin and 

range topography which is mantled by a hard surface layer of salt, aeolian fines and volcanic 

ash (Stoertz and Ericksen, 1974). To the west is a coastal escarpment which is evolving as an 

active marine cliff in the north, but is fronted by a wavecut platform of alluvial fans with marine

47



terraces further south (Mortimer and Saric, 1972; Paskoff, 1978).

Most of the sedimentary infill of the Central Valley dates from the period between the 

Oligocene and Miocene (Mortimer and Saric, 1975; Mortimer, 1980; Naranjo and Paskoff, 1980, 

1985), the time of Andean uplift, as it largely stopped with the climatic desiccation in the Middle 

Miocene (Mortimer, 1980; Alpers and Brimhall, 1988). The salars of Mar Muerto, Navidad and 

Carmen to the east of Antofagasta act as a regional base level of endoreic drainage from the 

Andes (Mortimer, 1980). The only river to reach the sea between Iquique and Taltal is the Rfo 

Loa, so much of the drainage takes the form of subsurface flow and in many areas such as 

the Salar del Carmen groundwater is close to the surface. In the past it seems that lakes 

occupied many of the basins of the Central Valley and the Gran Lago Soledad has been 

proposed to explain the halite deposits of the Salar Grande and the course of the Rfo Loa 

(Mortimer, 1980). Present sedimentation in the lowest parts of the Central Valley occurs with 

infrequent floods from the Andes, and salar crusts are being formed locally by evaporation of 

groundwater (Stoertz and Ericksen, 1974). The landscape is characterized by a strongly 

developed inherited relief (Oberlander, 1989) which seems to have been largely established 

before the close of the Miocene in this area (Mortimer, 1980). The presence of 3-15 Ma 

ashflows only a few meters below the surface suggests that erosion has indeed been limited 

(Naranjo, 1987; Naranjo and Gardeweg, pers. comm., 1989, 1990), thus accounting for the 

preservation of the controversial nitrate deposits and other rare minerals (van Moort, 1985; 

Ericksen, 1981,1983; Mueller, 1968), and for the role of salts in the formation of smooth slopes 

by lateral equiplanation and in producing patterned ground similar to that in permafrost areas 

(Oberlander, 1989).

Climate

The Norte Grande of Chile is generally considered to be the driest desert in the world (Miller,

1976) and it has various unusual characteristics, but meteorological stations and continuous, 

long term records are scarce (Chong, 1984). Specific interest is relatively recent and it has
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focused on the coastal fog as a source of water, on the effect of the El Nino phenomenon on 

contemporary climate, and on the consequences of aridity during the Cenozoic.

The primary cause of the present aridity is the cold Humboldt Current which flows from the 

Antarctic. This water is kept cold by the upwelling caused by the south to southwesterly winds 

of the quasi-permanent, subtropical South Pacific Anticyclone. This means that westerly 

airmasses pick up relatively little moisture and subsequently remain dry as they heat up over 

the land, thus severely limiting cloud formation and precipitation. A high altitude fog of 

compressed stratocumulus clouds (500-1000 m a.s.l.) results from the temperature inversion 

along the coast and this is locally known as the camanchaca (Schemenauer et al., 1988; R. 

Espejo, pers. comm., 1990). The relief of the region reinforces the hyperaridity and 

fundamentally controls the variations in climatic conditions which occur from east to west.

The Andean Cordillera creates a rainshadow by blocking precipitation from the moist air 

masses of the Amazon Basin and central Argentina, and it acts with the westward curvature 

of the Peruvian coastline north of Arica to help stabilize the South Pacific Anticyclone (Alpers 

and Brimhall, 1988). This means that the sporadic and brief episodes (0.5-4 hours) of torrential 

precipitation associated with the Bolivian Winter in the months of December to March are 

limited to the Altiplano area and to a lesser extent the Pre-Cordillera (Ramirez and Gardeweg, 

1982a). The Coastal Ranges also enhance aridity inland by blocking most of the fog to the 

west. This means that conditions on the coast are significantly different (Weischet, 1966), and 

this has led it to be classified as a ’desert climate with abundant clouds’ (Fuenzalida, 1967, in 

Bergoeing, 1979).

Precipitation increases with elevation in the east but values remain exceedingly low and the 

snowline at some 6000 m is one of the highest in the world (Stoertz and Ericksen, 1974). 

Some 100-400 mm precipitation p.a. falls in the Altiplano mainly as rain in the summer and 

snow in the winter (CORFO, 1977a; Heathcote, 1989). At a lower altitude, the Pre-Cordillera 

is at the edge of this region and some 25 mm p.a. falls essentially as rain during the summer
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(CORFO, 1977a). In the Central Valley and on the coast rainfall is low (0-10 mm) and 

extremely infrequent (every 5 to 20 years) (Vila, 1976a; Ericksen, 1981). The fog does not 

produce measurable precipitation but it leads to high relative humidity at night for 75% of the 

year (Chong, 1984; R. Espejo, pers. comm., 1990) and where it collides or is adsorbed it can 

be a source of effective moisture for the soil surface (Grenier, 1968; Ericksen, 1981). Studies 

into the camanchaca as a source of water for coastal settlements have collected some 10-18 

l.m'^.d ' near Antofagasta (Schemenauer et al., 1988).

The regional variations described above occur within a context of aridity which is characterised 

by extreme inter-annual variations in precipitation during the Bolivian Winter, Chilean Winter 

and El Nino disturbances. Precipitation during the Bolivian Winter apparently varies according 

to a 7 year cycle, decreasing from a maximum (such as in 1984-5; 18 mm and mudflows in the 

south east of the Salar de Atacama) to almost no precipitation (e.g. 1989-90) before the cycle 

begins again (C. Saez, L. Nunez, pars, comm., 1990; Montti and Henriquez, 1970). The 

infrequent precipitation in the Central Valley and coast often seems to occur during the Chilean 

Winter when the polar fronts move north, and it is accompanied by heavy snow falls in the 

Andes and high winds. Rain in Antofagasta (mean 2.8 mm p.a. between 1975-85, Dirreciôn 

Meteorologica de Chile) has been reported in the winters of 1952,1982,1987,1991 and 1992, 

with the greatest amount recorded historically (17 mm) associated with a catastrophic debris 

flow on 18 June 1991 (El Mercurio, La Tercera, El Pais, 19.06.91). Unusual and catastrophic 

weather patterns may also occur in years of an El Nino disturbance. These seem to occur 

every 7 years (Wells, 1990) when the southeasterly trade winds increase the strength of the 

South Equatorial Current and thus warm the waters offshore Ecuador and Peru. The last major 

event occurred in 1982-1983 when the increase in sea surface temperatures raised the height 

of the camanchaca, but little is specifically known of the effects on the Chilean coast (Fonseca, 

1990).

Relatively low mean annual temperatures characterize the Atacama Desert and fluctuations 

throughout the year are limited (Ericksen, 1981), but both vary from east to west, controlled by
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the regional relief. This means that there is a temperate influence on the region proximate to 

the coast (Chong, 1984) and that the daily and yearly temperature range increases with 

continentality and altitude eastwards (Ramirez and Gardeweg, 1982a), whilst mean 

temperatures are depressed by altitude in the High Andes (Montti and Henrfquez, 1970), called 

a 'high altitude steppe desert climate’ and 'high altitude tundra climate' by Fuenzalida (1967, 

in Bergoeing, 1979). High evaporation rates are promoted by low relative humidity and cloud 

cover, apart from the coastal area affected by the camanchaca at night, and by the dry winds 

which characterize the region (Montti and Henrfquez, 1970; Montgomery and Harshbarger, 

1985; C. Saez, pers. comm., 1990). Onshore, strong, westerly winds prevail during the day and 

easterly breezes blow from the Andes during the night (Ericksen, 1981; Grenier, 1968), but 

inland wind directions are more variable and material tends to be spread evenly over the desert 

surface whilst sand dunes are generally absent (Ericksen, 1983).

An important feature of the Atacama Desert is that aridity seems to have characterized the 

region for much of the Cenozoic. Studies of sedimentary rocks (e.g. San Pedro Formation) 

indicate that general aridity has prevailed since at least the late Eocene and this is supported 

by palaeoceanographic reconstructions of the southern Pacific Ocean in the Tertiary which 

suggest that the Humboldt Current or its ancestral equivalent has existed since the Middle 

Eocene (Alpers and Brimhall, 1988). In a review of available geologic, palaeoceanographic and 

palaeontologic data Alpers and Brimhall (1988) present evidence that hyperaridity has been 

dominant since the Middle Miocene, interrupted by minor pluvial activity, and they propose a 

mechanism for the onset of desiccation at this time.

The evidence for periodic pluvial activity during the Pliocene, Pleistocene and Quaternary 

includes the modification of pediments (Mortimer, 1980) and nitrate deposits (Ericksen, 1981 ) 

during Pleistocene glacial phases, limited glacial activity at elevations down to about 4200 m 

a.s.l. during the late Pleistocene (Hollingworth and Guest, 1967; Ramfrez, 1988) and 

archaeological sites associated with ancient lake shorelines of the late Pleistocene and 

Holocene (Lynch, 1986). The preservation of deposits such as the supergene enriched copper
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at La Escondida indicates that erosion of landforms below 4200 m has been limited since the 

Miocene and that such effects of episodic pluvial activity have not been important, especially 

in the southern part of the region (23°S - 26°S) (Alpers and Brimhall, 1988), but there is 

evidence for periodicity in salt and loess deposition and stripping, and for large scale solution 

and translocation of salts both in salars and on hillslopes (Oberlander, 1989).

Evidence from Peru suggests that the El Nino phenomenon dates from the Holocene at least 

(Wells, 1990), and past pluvial periods may have been due to exceptional advances of the 

South Polar Fronts (Paskoff, 1978) and changes in the temperature and intensity of an 

ancestral Humboldt Current (Tricart, 1963, in Alpers and Brimhall, 1988). On the basis of 

sedimentary biostratigraphy in the Pacific Ocean and marine fossils along the coast of Chile 

and Peru, Alpers and Brimhall (1988) suggest that the onset of climatic desiccation in the 

Middle Miocene was at least in part caused by an increase in upwelling and/or intensity of the 

Humboldt Current associated with the development of the Antarctic ice cap between 14 and 

13 Ma. This means that cold waters must have been transported along the coast by an 

ancestral Humboldt Current since the Middle Miocene, with upwelling controlled by global 

circulation patterns similar to the present and the Central Andes Cordillera elevated to at least 

2-3000 m a.s.l. to provide a rainshadow and stabilize the South Pacific Anticyclone.

Biogeography

The aridity of the region means that much of the desert is devoid of vegetation and the barren 

landscape differs considerably from most other deserts (Ericksen, 1981). Variations in the 

biogeography between east and west are largely controlled by differences in the local climate 

but watercourses and shallow groundwater act as a focus in all areas. It seems that vegetation 

was restricted in this way even during the pluvials since no Pleistocene fossil herbivore fauna 

has been found as in the rest of Chile (L. Nunez, pers. comm., 1990). The populations and 

activity of the microflora identified in the region are exceedingly low, comparable with the soils 

of Antarctica (Cameron at ai, 1965,1966, in Ericksen, 1981). Bacteria, actinomycetes, molds
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and algae have been identified, and these are capable of nitrogen fixation, nitrification, 

ammonification and sulpha^reduction (Ericksen, 1981).

Condensation from the camanchaca supports sparse cacti, small shrubs and lichen and these 

are generally found on the western slopes of the Coastal Ranges (Ferraris and Di Blase, 1978). 

These have been compared to the lomas of Peru (Grenier, 1968) but the fog condensate is 

less in this area of northern Chile (Ericksen, 1981 ). Further south near La Serena the relict 

Fray Jorge forest survives largely on fog condensate as do eucalyptus trees planted by miners 

at El Tofo (Schemenauer et al., 1988).

There is essentially no vegetation in the Central Valley apart from some shrubs and salt grass 

where there is occasional flooding by Andean discharge, in areas of shallow groundwater and 

in deep river valleys carrying exotic waters from the Andes. Large areas of shallow 

groundwater in the Pampa del Tamargual are reported to have been covered by the Tamarugo 

trees used for fuel in the early days of the nitrate industry (Ericksen, 1981). Where short, 

sporadic rainfall occurs during the Bolivian Winter ephemeral vegetation may develop.

Xerophitic shrubs and herbs are present in water courses and around lakes as precipitation 

increases with altitude from the Cordillera Domeyko eastwards into the High Andes (Ramfrez 

and Gardeweg, 1982b; Gardeweg and Ramirez, 1985). Green and red algae are also present 

in the lakes. Low temperatures restrict the vegetation in the High Andes to small shrubs.

Along the coast the fauna consists essentially of birds, which have produced extensive guano 

deposits, and the occasional fox and mink (Ferraris and Di Biase, 1978). Guanacos have been 

observed in the Cordillera Domeyko, as also butterflies after rainfall during the Bolivian Winter, 

but the presence of fauna is essentially restricted to the basins of the Pre-Cordillera and 

Andes. Around the Salar de Atacama are found foxes, wild donkeys, condors, wild ducks and 

also flamingos during the winter months (Ramfrez and Gardeweg, 1982b), whereas 

characteristic of the High Andes are the vicuna, chululu and viscacha, and the following birds:
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parina (flamingo), nandu (ostrich), gyayata (wild duck), perdiz (quail) and condor (Gardeweg 

and Ramirez, 1985).

THE SALARS AND ALLUVIAL FANS 

Introduction and choice of sites

A number of conditions limited and determined the choice of salar basins and alluvial fans for 

study. There are many salar basins along the transect, but alluvial fans were not present in all 

of them and many were inaccessible (in the Andes large areas are also out of bounds because 

military mines have drifted). The choice of alluvial fans and salars to represent the major 

entities of the region was subsequently dependent on the best compromise to maintain the 

lithology, size, gradient and aspect of the fans as similar as possible.

The salar basins studied are marked in Figure 2.4. The Central Valley is represented by the 

Salar de Navidad (Fan A) to the west of the transect, followed by the south eastern side of the 

Salar de Atacama (Fan B) to represent the Pre-Cordillera basin, and the Salar de Aguas 

Calientes Norte (Fan C) in the High Andes to the east. Originally a fourth site was chosen, the 

Salar Veronica, to represent the eastern part of the extensive Central Valley, but this site had 

to be abandoned due to restrictions of time and the remoteness of the area.

The general characteristics of each fan are given in Table 2.1 and a brief description of the 

salar basins follows. The expected distribution of salt and weathering is outlined for each fan 

to focus on the distinguishing features at each site.
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Figure 2.4 The distribution of salars in northern Chile and the sites studied marked as A 
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from Chong, 1984, Fig 1).
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FEATURES FAN A FAN B FAN C

Basin Salar de Navidad Salar de Atacama Salar de Aguas 
Calientes Norte

Fan location 23°46’S, 70®01’W 23®42’S. 68°05'W 23®08’S, 67®23’W

Aspect NNE W WSW

Approximate (km)
- length
- basal width

(aerial photographs)

1.75
1.80

1.80
0.85

1.75
1.60

Gradient (mean)
(fieldwork)

2.94® 2.75® 6.82®

Relief

from fan apex 
to: - fan base

- nearby hiiis
- source stream
- iocal high 

point
(topographic map)

m a.s.i.

750
650
970
1250
1527

relief
(m)

= 1 0 0  

= 2 2 0  

= 500 
= 777

m a.s.l.

2400
2315
2500
2850
3075

relief
(m)

= 115 
= 1 0 0  

= 450 
= 675

m a.s.l.

4250
4211
4800
5250
5370

relief
(m)

= 314 
= 550 
= 725 
= 845

Fan iithoiogy

(fieldwork)

quartzite, diorite, 
minor phyllite

aphanitic andésite, 
porphyritic andésite, 
ignimbrite, minor 
granodiorite

porphyritic andésite

Topographic maps 
(1:50,000)

Sierra del Tigre 
2330-7000 No 103 
Cerro Pija 
2345-7000 No 060 
Cerros de Cuevitas 
2330-6945 No 098 
Estaciôn Llanos 
2345-6945 No 053

Peine
2330-6800 No 1354

Salar de Tara 
2300-6715 No 0806

Geoiogicai maps 
(1:250,000)

Hoja Antofagasta 
No 30

Hoja Toconao 
No 54

Hoja R io  Zapaleri 
No 6 6

Table 2.1 A summary of fan characteristics with the maps used.
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The sites 

Salar de Navidad 

General characteristics

The Central Valley in the southern part of Antofagasta Province consists of several subentities 

associated with minor, faulted ranges, which act as the regional base level for drainage from 

the east. The Salar de Navidad is one of the westernmost of these, a basin trending east-west 

at an elevation of 600 m which is bound by the Sierra del Tigre to the north and the Cerro Pua 

to the south. The fan studied is shown in Figure 2.5.

The quebrada La Negra in the Coastal Ranges some 35 km to the west allows the 

camanchaca to penetrate inland and modify the 'normal desert climate’ (Fuenzalida, 1965, in 

Ferraris and Di Biase, 1978) by increasing the relative humidity at night. In this way the salar 

is similar to the Salar Bellavista-Pintados further north (20°31’S, 69°40’W) for which 

meteorological dataoic given by Vila (1976a) and Ericksen (1981 ). Precipitation is almost absent 

(0 -1 0 mm p.a.) and 70-80% of the year is cloudless, but fog is frequent at night. Mean annual 

relative humidity is 40% (extreme values reach 4%) and both seasonal and daily temperature 

fluctuations are great. The mean yearly temperature is 17°C, with a mean in February and 

June of 21.2°C and 12.9°C respectively, whilst the mean daily maximum and minimum 

throughout the year is 28°C and 6 °C and the daily range is the greatest in the winter. The 

evaporation index is high (1 -3 l./mVday, i.e. about 1 m^/mVp.a.) and enhanced by the onshore 

westerly wind which alternates with an easterly breeze at night and is channelled by the basin 

topography.

The relief is subdued and consists essentially of the heavily folded, partly altered marine 

sediments of the Palaeozoic Estratos del Salar de Navidad (quartzites, siltstones, fossiliferous 

slates) which have been intruded by Jurassic diorites and some Tertiary dacites and rhyolites 

(Ferraris and Di Biase, 1978). To the west of the basin are outcrops of the Jurassic andesitic 

lavas of the La Negra Formation and granitic intrusives, and Tertiary, terraced continental 

sediments separate the basin from the Salar Mar Muerto to the east. In the immediate
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Figure 2.5 The location of Fan A in the basin of the Salar de Navidad.
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Figure 2.5 The location of Fan A in the basin of the Salar de Navidad.
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hinterland of the fan the diorites seem to have been upfaulted relative to the Estratos del Salar 

de Navidad, and on the fan itself the predominant lithologies were quartzite, diorite and a little 

phyllite.

Lacustrine sediments have been mapped on the northern edge of the salar and Ferraris and 

Di Biase (1978) state that sulphates dominate the saline sediments, especially gypsum and 

anhydrite, whereas Chong reports that halite is the major constituent in four samples (>65%), 

with less than 7% gypsum and very little carbonate present.

Expected salts and weathering

Weathering and aeolian fines may contribute salts to the fan surface and capillary migration, 

resurgence, wash and fan-salar interactions may lead to salt concentrations at the base of the 

fan. It is unlikely that a volcanic source should explain the distribution of salts on the present 

fan surface.

Characteristic of this fan may be an input of oceanic salts from the camanchaca and this 

should mean an essentially even distribution of salts over the fan surface. As the salar lies to 

the north of the fan fines brought by the prevailing westerly wind must come from outside the 

basin, essentially from the area which includes the Coastal Ranges to the west. The extreme 

aridity of the Central Valley suggests that the processes concentrating salts at the bottom of 

the fan should not be important, so an even distribution of salts all over the fan should 

dominate. Concentrations of nitrate may be present since such deposits occur in this region.

This means that weathering should also be similar all over the fan surface, and any differences 

may be according to the segments. The lack of moisture suggests that the salt processes of 

thermal expansion and hydration may be dominant throughout the year. Halite would be the 

most effective in thermal expansion and the sulphates in hydration; both are present in sea 

salts. Moisture from the camanchaca may increase the effectiveness of hydration. Nitrates 

should also be effective in thermal expansion. This suggests that the general weakening of the
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rock might be the predominant action throughout the year and occasional crystallization should 

be very effective.

Salar de Atacama 

General characteristics

The Salar de Atacama is situated in the north-south trending Pre-Cordillera at an altitude of 

2300 m a.s.l. and it has an area of 3078 km ,̂ the largest salar in the Norte Grande (CORFO, 

1977b). In the north west the salar is separated from the Cordillera Domeyko by the Cordillera 

de la Sal and the Llano de la Paciencia. The Cordillera de los Andes and the altiplano rise to 

the east and represent the recharge zone for the rivers San Pedro and Vilama which flow into 

the north of the salar, and for the groundwater aquifers in the alluvial fans which line the 

eastern edge of the salar at some 2600 m a.s.l. (Heathcote, 1989; CORFO, 1977a). The fan 

studied is one of a number of coalescing fans which descend into the south eastern part of the 

salar near Peine and is shown in Figure 2.6.

The salar is below the 2500-3000 m a.s.l. limit of seasonal rainfall given by Ericksen (1981) 

and the climate is classified as ’normal desert’ (Ramirez and Gardeweg, 1982b). Precipitation 

in the salar is essentially short and sporadic during the summer with a mean of less than 25 

mm p.a. (CORFO, 1977a; Heathcote, 1989) which decreases to a maximum of 18 mm p.a. in 

the area of Peine (C. Saez, pers. comm., 1990), to 11 mm p.a. in the Llano de Paciencia 

(Ramirez and Gardeweg, 1982a) and almost none at all in the south west of the salar 

(Heathcote, 1989). Relative humidity is low (54.7% (Ide, 1978, in Ramfrez and Gardeweg, 

1982b)), and seasonal and daily temperature variations are great. The mean yearly 

temperature is 14.1°C (Ide, 1978, in Ramfrez and Gardeweg, 1982b), and in January and July
i^ J L  -VVvAJtVVVvUAvv /VVAA-Vv lA W L v W U

jjs  respectively 26°C and 1 °C, whilst the daily maximum and minimum throughout the year 

is 23.5°C and 5.1°C (CORFO, 1977b). Evaporation is high, given as 11.1 l./m  ̂(Ide, 1978, in 

Ramfrez and Gardeweg, 1982b) and 8-9 mm per day (CORFO, 1977b), and it is enhanced by 

the strong wind from the west and north west which blows from the mid afternoon to midnight 

at velocities which may reach 120 km/hr (Ramfrez and Gardeweg, 1982b).
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Figure 2.6 The location of Fan B in the basin of the Salar de Atacama.
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Figure 2.6 The location of Fan B in the basin of the Salar de Atacama.
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The potential relief from the volcanic peaks of the Cordillera del los Andes (5000-6000 m a.s.l.) 

is considerable and the fan emerges from a series of uplifted, north-south trending blocks 

which are especially well exposed in this area (CORFO, 1977b). Near the fan these consist 

essentially of andésites from the Jurassic Estratos de Cerros Negros and some outcrops of the 

Palaeozoic Peine (andésites, sandstones and lutites) and Cas (dacitic volcanics) formations, 

which are intruded by Cretaceous granodiorites in places. Continental sedimentary rocks of the 

Estratos de Quepe are exposed in the Cordon Mai Paso in the hinterland, and an extensive 

area is covered by the dacitic Ignimbrita Patao which filled quebradas as it flowed westwards 

in the Pliocene (3.1 ± 0.7 Ma) from its origin in the present Cordon Puntas Negras (Ramfrez 

and Gardeweg, 1982b). The predominance of andésite and ignimbrite on the fan surface 

reflects the presence of these in the immediate fan catchment.

Shorelines and diatom deposits indicate a past lake (Stoertz and Ericksen, 1974), probably 

saline (Lynch, 1986), and that tectonic tilting has occurred westwards. Saline silts, sands and 

clays are associated with the Rfo San Pedro in the north and the evaporites of the southern 

part essentially consist of sediments, carbonates, silicates and gypsum zoned around a major 

halite nucleus (Ide, 1978, in Heathcote, 1989). The salt deposit is over 500 m thick (CORFO, 

1977b) and it has been mapped by Ramirez and Gardeweg (1982b) and by Chapman et ai, 

(1989). The economically important concentrations of lithium (1.7 g/l) and potassium (4.4 g/l) 

are unusual and have been discussed by Heathcote (1989), and boric acid (H3 BO4 ) (4.4 g/l) 

is also present (Laborde, 1978, in Ramfrez and Gardeweg, 1982b).

Expected salts and weaOiering

Weathering and aeolian fines may contribute to salts on the fan surface, and salts of volcanic 

origin may also be present in the fan sediments. The relief and drainage from the Andes 

suggests that processes which result in the concentration of salts at the base of the fan should 

be important, thus resurgence, capillary migration, wash and fan-salar interaction. This means 

that weathering may be more intensive in the base of the fan and the clear segmentation 

suggests that there should be more weathering on the older segment.
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Chlorides and sulphates are predominant in the basin, and where the source of salts is in the 

Andes volcanic sulphates may be especially important. Thermal expansion, especially of the 

chlorides, may be important throughout the year, and some hydration may occur at night with 

the rise in relative humidity, whilst crystallization may be possible with the yearly precipitation. 

This suggests that a general weakening of the rock should be predominant and that when 

crystallization occurs it may be very effective.

Salar de Aguas Calientes Norte 

General characteristics

The Sa\ax de Agues CaAehles Uode \s one ot severaX se\ais wh\ch have termed \r\ the \ec\oe\c 

basins of the collapsed Pacana caldera (Gardeweg and Ramfrez, 1985). The basin trends 

north-south at 4350 m a.s.l. and it is delimited by the Cerros de Pacana to the west and the 

Cordon Quilapana to the east. There are three lakes occupying 3 km  ̂of the salar area of 17 

km  ̂ (Gardeweg and Ramfrez, 1985) and discharge is predominantly by evaporation (Alonso 

and Vargas, 1988), but geothermal springs feed the Laguna Negra and subsurface drainage 

seems to connect the salar to the Salar de Tara in the north east (fed by the Rfo Zapaleri), and 

the Salar Quisquiero to the south east. Alluvial fans and lake shorelines are well developed on 

the eastern side of the basin, and the fan studied is shown in Figure 2.7.

The climate is one of a high altitude desert (Gardeweg and Ramfrez, 1985) and maximum 

precipitation (during the summer and winter) affects elevations over 4000 m. There are no 

meteorological records for the area and although estimates differ greatly, it seems that 

Antofagasta Province receives less precipitation than the areas immediately to the north and 

south (Ericksen, 1981). Inter-annual variations are considerable, as is shown by the maximum 

of 211 mm p.a. and minimum of 6  mm p.a. at Ollagüe (21°15’S) where mean precipitation is 

82 mm p.a. (Montti and Henrfquez, 1970). An estimate of 180 mm p.a. is given for the region 

by Vila (1975), whilst a rainfall of 16-46 mm and over 2 0  cm snow p.a. was recorded, mainly 

during the summer and winter respectively, at El Laco between 1959-64 (Sanchez, 1965, in 

Gardeweg and Ramfrez, 1985). Temperatures are low with considerable seasonal and daily
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Figure 2.7 The location of Fan C in the basin of the Salar de Aguas Calientes Norte.
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Figure 2.7 The location of Fan C in the basin of the Salar de Aguas Calientes Norte.
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oscillations; the mear^jtemperature in December and July is respectively 16°C and -1 1°C at El 

Laco (Sanchez, 1965, in Gardeweg and Ramirez, 1985) whilst the mean yearly temperature 

during the day is 15°C and -10°C at night (Vila, 1975). Relative humidity is low and with a 

strong, dry wind from the west and north west the evaporation index is high, estimated at 500 

mm p.a. (Vila, 1975).

The relief of the Cordon Quilapana is considerable, the Cerro Losloyo reaching a height of 

5370 m, and it consists essentially of eroded stratovolcanoes from the Upper Miocene Conjunto 

de Volcanes I (hornblende and/or biotite andésites, pyroxene andésites, olivine basalts), whilst 

the Cerros de la Pacana consist of the dacitic Ignimbrita Atana (Pliocene). In the north of the 

basin is the Pliocene stratovolcano Huailitas which belongs to the Conjunto de Volcanes II 

(pyroxene, hornblende and biotite andésites and biotite and/or hornblende dacites) and overlies 

the ignimbrite. Porphyritic andésite predominated on the fan and rounded clasts on the lake 

shorelines included ignimbrite.

The well stratified, medium compact, lacustrine deposits which surround the salar consist 

essentially of white sandstone with ochre and travertine siltstones and layers of ostracod shells 

cemented by calcite (Gardeweg and Ramirez, 1985). The saline crust around the main lake 

and in the central-southern part of the salar consists of warm sulphates. There is also a 

saturated crust of sulphates and clayey silt which contains nuclei of a white salt close to the 

phreatic level (40-50 m) which is probably ulexite. Lithium and potassium are present in 

economic concentrations, respectively 196 mg/l and 894.3 mg/l based on three samples 

(CORFO, 1978, in Gardeweg and Ramirez, 1985).

Expected salts and weathering

The salts on the fan surface may originate from weathering and wind action, and a volcanic 

source may have contributed to the fan sediments. A source of salts from the ablation of snow 

may be a distinguishing feature in this area, and the fan gradient and precipitation regime 

suggest that there should be a concentration of salts in the distal fan from the processes of
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resurgence, capillary migration, wash and fan-salar interactions. This means that weathering 

should also be more intense in the distal fan.

The volcanic nature of the region and the predominance of sulphate in the salar suggest that 

this salt should be important in weathering. Other salts may come from the ablation of snow. 

Thermal expansion and some hydration is probably important throughout the year, but 

crystallization should be important in increasing the rate of weathering, especially during the 

periods of precipitation maxima. This suggests that the general weakening of the rock should 

be effectively complemented by periodic crystallization throughout the year. Frost weathering 

should also be important.

SAMPLING 

Sampling design

Ideally sampling should be within the segments of each fan, but this makes it difficult to identify 

the influence that position on the fan might have and to allow any inter-fan comparisons on a 

basis other than that of surface relative age. It was a problem to make these two objectives 

compatible.

In practice it proved too difficult to identify in the field the segments apparent on aerial 

photographs and satellite images for Fan A, and even for Fan C, so it was determined to 

sample according to transects across the head, mid and distal fan. Samples were taken every 

1 0 0  m so that variations due to different segments might be identified in sample analysis.

The sampling design is the result of a compromise between fan representation, each technique 

(number of samples needed) and time (number of samples possible). Limitations are also 

exerted by the specific requirements of some techniques. As a result of this the sampling 

design adopted may be presented in the form of three nested levels:

66



I) The main sampling framework consisted of the three transects representing the head, mid 

and distal fan, with sample sites every 100 m. Samples and measurements were taken for the 

determination of salts, clast weathering features, and stone pavement characteristics.

ii) Within this framework a subsampling design was adopted to represent fan segments and 

sections where a limited number of sites was required: in soil profile description, Portland tablet 

monitoring, and soil moisture sampling. A representative site for the fan was used for the 

optically stimulated thermoluminescence (OSTL) sample and for various temperature and 

moisture measurements of the air, ground surface and soil.

iii) The base zone of the fan was sampled additionally because salt zonation and accelerated 

weathering may occur in this transition zone between fan and salar. Three sites at intervals of 

150 m along three longitudinal transects to represent the mid and two lateral parts of the fan 

toe were sampled for salts and were monitored for weathering rate by Portland tablets. As far 

as possible it was ensured that the samples were taken parallel to each other.

The sampling design outlined above was used for both Fans A and B (Figure 2.8 and 2.9); on 

the first it was difficult to Identify the segments in the field, but on the latter the segments were 

very clear. A modification was required for Fan C to suit its morphology (the head and mid-fan 

sections are similar and the base is dissected by lake shorelines so this zone overlaps the 

distal fan), and since logistical constraints at this altitude meant that fewer samples could be 

taken. The head and mid-fan sections were represented by lateral transects but the distal fan 

was sampled by three longitudinal transects as the basal zone (Figure 2.10). Since this 

alteration represents the morphology of Fan C it should not impair inter-fan comparisons. Data 

presented in subsequent chapters refers to the sites as labelled in Figures 2.8-2.10, and 

samples taken at the surface (8 ), at depth (D) and from distinct soil profiles horizons (H) are 

appropriately differentiated.
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Figure 2.9 Sampling design and location of sample points on Fan B.
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Figure 2.10 Sampling design and location of sample points on Fan C.
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A reference line, fixed to the aerial photograph by a clearly identifiable point, was marked by 

painted stakes longitudinally across Fans A and B in order to be able to fix the transects across 

the head, mid and distal fan parts, and the sample points along these. This proved necessary 

owing to the small scale of the fans and the inadequacy of using landmarks as reference points 

for location purposes. It was possible to use the central quebrada as a reference line on Fan 

C.

Field and laboratory procedures

Along the transects forming the main sample framework, a quadrat was used to sample a 2500 

cm  ̂area at each site, avoiding the quebradas. A photograph was taken, the segment identified 

where possible and the gradient measured over 1 0  m with a clinometer.

Salts (Chapter 4)

At each site a sample of ca. 150 g was collected at the surface and at depth for salt 

determination (at 0.5-1.0 cm and at 10 cm depth respectively). The sample was taken from a 

random 100 cm  ̂ of the quadrat. A total of some 100 sites were sampled, and in addition 

samples were taken from the soil profiles. Problems with the definition of the analytical 

technique and a lack of time restricted salt determination to some 34 samples. The salts were 

determined by a combination of ionic analysis and X-ray diffraction.

Clast weathering (Chapter 5)

At each site a sample of 30 clasts was taken from the quadrat for the analysis of weathering 

features and intensity. Since a measurement technique had to be devised, the time constraints 

involved meant that the samples analyzed were restricted to those 26 samples at sites for 

which surface salt determinations had been made.
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The in situ disintegration of the larger clasts (>10 cm) was measured in a quadrat area of 25 

m̂ , so as to represent the main segments and sections of each fan. The proportion of clasts 

that were weathered and the number of pieces that they had broken into was recorded.

Tablets of Portland limestone were left out over a year to monitor the rate of weathering at 

sites representing the main segments and fan sections, and also in the basal zone. Portland 

stone was use for comparison with studies elsewhere. Three tablets were placed at each site 

and a stick used to mark the location. In the fan head tablets were placed on surrounding 

bedrock slopes such that the main aspects and rock types were represented. No clear bedrock 

face was found for a control site. The tablets were treated and weighed in London both before 

and after exposure.

Environment (Chapter 3)

At each site the stone pavement sampled by quadrat was described. The percentage pavement 

cover, sorting and any surface features were noted. A random 20% of the quadrat was 

described in more detail, with the density and position of clasts at the surface recorded, and 

any In situ weathering classified.

Soil profiles were described and sampled in each fan section for the main segments of Fans 

A and B. A sample for OSTL dating was taken from one soil pit on Fan A, and from one on 

each segment of Fan B. On Fan 0 only one pit was dug in the youngest sediment, the baby 

fan at the base of the main quebrada, since altitudinal constraints required that accessibility 

be an overriding factor, and since this site should maximize the chance of obtaining an OSTL 

date within the technique’s time limit.

Moisture samples were taken of the surface soil to represent the fan spatially (sections and 

segments) and temporally (morning and afternoon) where possible. These samples were 

analysed in Chile.
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Ambient relative humidity was recorded at the same time as air temperature (at 3 hour intervals 

for 1-3 days), and an experiment was set up to detect moisture which might have been 

deposited at the surface at night as dew or fog. This was done in order to suggest which salt 

weathering processes might operate.

The air temperature and that at various soil depths was monitored for 1 -3 days at intervals of 

3 hours at a representative site on each fan. A Ryan thermograph was buried to record soil 

temperature continuously for 75 days.
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CHAPTER 3 ENVIRONMENT

SEDIMENTARY ENVIRONMENT 

Sedlmentology of the fan

Alluvial fans are "deposits with surfaces that are segments of cones radiating downslope from 

points which are usually where streams leave mountains, but which may be some distance 

within the mountain valleys (e.g. Murata, 1966), or may lie within the piedmont plain" (Cooke 

and Warren, 1973, 174).

In their simplest form alluvial fans are unsegmented as they coalesce along the base of a 

mountain front, but more often they are composed of "several segments that have resulted 

from erosional and depositional changes over a period of time" (Cooke and Warren, 1973, 

175). This means that segments are not always synonymous with sedimentary units, as is 

shown by the illustration of three ways in which segments may be formed in Figure 3.1.

So segments reflect the geomorphological events that defined them and the age of the surface 

since they reflect the time of stability. This means that they may be identified by secondary 

features such as soil and stone pavement development, the degree of dissection and even 

vegetation patterns. For example, in a study of the Soda Mountains piedmont which flanks 

Silver Lake playa in the Mojave Desert, California, Wells et al. (1987) defined fan units by 

stratigraphie relations, geomorphic characteristics and soil development, given the basis of a 

similar lithology.

The fans studied are shown in Plates 3.1 to 3.4. The fan segments were initially identified in 

aerial photographs (Figures 2 . 8  to 2.10) and satellite images, and subsequently confirmed by 

the field observations, measurements and samples taken. There was a problem in identifying
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A segm ent defined by 
the deposition of a 
sed im entary unit

a) Deposition

A segm ent defined by erosion 
as a rem nant surface.

This is not necessarily  
a sed im entary  unit

b) Erosion

deposition of rew orked m aterial 
as a result of channel incision.

c) Erosion - deposition

Figure 3.1 Three ways in which a segment may be formed to show that a segment may 

not always represent a sedimentary unit also.
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Plate 3.1 A northeasterly view of Fan A from the apex to the Salar de Navidad and the 

Sierra del Tigre in the distance.

Plate 3.2 A view eastwards of Fan B from the edge of the Salar de A tacam a showing the 

salt efflorescence patches and fan segments.

76



Plate 3.3 The Salar de Aguas Calientes Norte and Cordôn Quilapana from the north west.

Plate 3.4 Fan C descends into the Salar de Aguas Calientes Norte interrupted by lake 

shorelines.
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segments in the field on Fan A so the sample points were later attributed to the correct 

segment.

Segmentation

All three fans are segmented, but in different ways. They are also entrenched at the apex and 

they have been dissected. On Fans A and B dissection has affected a large part of the fan 

surface, whilst on Fan C it has been mainly concentrated in the main quebrada that runs 

through the middle of the fan.

Fan A

On Fan A there is widespread dissection by distributaries from the main channel and from 

contributory channels originating in the surrounding hills to the east. There are also channels 

which have arisen on the fan itself from local runoff. This means that a large part of the fan 

consists of an abandoned surface, segment 1, whilst other parts of the fan have received 

sediment.

Deposition has occurred in and around the channels, and at the base of the fan. There is an 

irregular surface of deposition on the west side of the fan which seems to post-date segment 

1. This surface may be contemporaneous with the onset of dissection, although it seems to 

have provided the source material for further deposition downfan in some areas. The surface 

is identified by a darker shade on the aerial photograph and is termed segment 2. The area 

intermediate between the segments is referred to as segment la.

It was very difficult to differentiate the segments in the field and the sample sites representing 

segment 2 were judged on the basis of the aerial photograph, to be confirmed subsequently 

by analyses. The segments and dissection mapped from the aerial photograph (Figure 2.8) are 

shown in Figure 3.2.
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Figure 3.2  Geomorphological map of Fan A.
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Fan B

There has also been erosion on Fan B, but this has swept away a large part of the fan surface 

and left an upstanding, abandoned surface, segment 1. Large parts of the remnants of 

segment 1 have been affected by this dissection and they are therefore intermediate between 

the two segments. There are some gullies which arise on the segment itself from local 

precipitation. The apex is entrenched and the surface of segment 2 is characterized by shallow, 

braided channels with intermediate bars.

It is difficult to determine the southern edge of Fan B since the fans coalesce in this area, but 

the neighbouring fan to the south seems to have been affected by the same event as created 

segment 2. In the fan toe there is an area of salt efflorescence which is cut by channels 

leading from the fan itself. The greater dissection and apparent cover of sediment on this area 

of efflorescence on Fan B and its southern neighbour, as opposed to the fan to the north 

suggests that this is as a result of the event which formed segment 2.

The sites were classified in terms of segments in the field, and those intermediate between the 

two surfaces were generally allocated to segment 2. The samples at the edge of the fan were 

not used. The segments are shown in Figure 3.3.

Fan C

The segments on Fan C may also be differentiated as a consequence of erosion. There seems 

first to have been a general shift in deposition to the distal fan. The dissection of the main fan 

by the prominent central quebrada indicates that this part became largely abandoned, although 

some erosion seems to have occurred by the contributory channels which arise in the hillslopes 

on both sides of the fan. Thus deposition focused in the distal fan and dissection by the main 

quebrada resulted in the formation of a secondary fan (baby 1 ) at its foot.

Subsequently it seems that the distal fan area, which is delimited by the shorelines of a past 

lake, became abandoned since the secondary fan has been dissected itself and yet another

80



" " v —- Fan outline

Rounded ridge crest 

^  Stream channels 

• Sample point

Scale. 1 : 13.000

Salt efflorescence 

Possible
salt efflorescence 

Ignimbrite

Andésite

Segment 1

g g  Segm ent la

I j Segment 1b 

I • ;• Segm ent 2

F igure 3 .3  Geomorphological map of Fan B.
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secondary fan has formed at its own base (baby 2). This last secondary fan may have been 

formed underwater when a lake was present.

The fan therefore consists of an initially abandoned head and mid part, segment 1, followed 

by an abandoned distal area, segment 2, and the special secondary fan at the foot of the 

central quebrada, segment 3. The area of lake shorelines at the foot of the fan may be termed 

segment 4, and the second, secondary fan (baby 2) classified as segment 5. These are shown 

in Figure 3.4.

Desert Pavement

Desert pavements are "armored surfaces comprising intricate mosaics of angular or rounded 

particles, usually one or two stones thick, set on or in deposits of sand, silt or clay" (Cooke 

1970). Stone pavements develop on residual weathering mantles and on alluvium, they may 

cover up to several 100 ha., and thus they constitute a prominent landform in hot deserts. 

Sometimes the coarse particles are cemented together, and in places patterned ground may 

interrupt the pavement.

The problem of equifinality is indicated by the number of processes invoked to explain how 

desert pavements form. More than one of these processes may be involved at any one time 

and they often seem to invoive the development of a reg soil. The processes are as follows:

- Deflation

- Fluvial/creep erosion

- Upward migration of coarse particles by

a) wetting and drying

b) freeze-thaw

c) salt crystallization

- Mechanical weathering of surface clasts to produce secondary particles
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Figure 3.4 Geomorphological map of Fan C.
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- The 'surface born’ model

a) aeolian Input of fines and salts

b) weathering of surface clasts

Stone pavement formation has traditionally been attributed to deflation, but this process is 

considered to be relatively unimportant in the sites studied by Cooke (1970) in the Chilean and 

Californian deserts, where a strong wind may be counteracted by the "Staubhaut" or clay 

carapace common in the Atacama (Mortensen, 1927, in Cooke, 1970): Fluvial processes are 

certainly important (Sharon, 1962), whether by raindrop impact or running water, but as in the 

case of creep, particle concentration is only one of several consequences, others being the 

sorting, movement, addition or removal of particles (Cooke, 1970). It is also difficult to 

determine exactly how important these processes have been in the formation of a specific 

pavement.

The frequent occurrence of a gravel-free B horizon in the soil below a well-developed pavement 

has lead to the theory of the upward migration of particles. The wetting and drying of clays 

seems to be the most popular mechanism to explain such movement, but freeze-thaw and salt 

crystallization may be important in certain environments and at certain times in the past. Work 

undertaken both in the laboratory and in the field has shown that it is possible for such a 

process to operate, although the mechanical details are uncertain (Cooke, 1970).

More recently the importance of mechanical weathering of surface clasts has been emphasized 

in the formation of pavements, and an alternative theory to the upward migration of particles 

has been offered to explain the paucity of gravel in many B horizons which underlie such a 

surface (McFadden et ai, 1987). Cooke (1970) was the first to devote specific attention to the 

evolution of pavements by superficial weathering, where the processes of insolation, frost, salt 

and chemical weathering are discussed. Amit and Gerson (1986) included the evolution of 

stone pavements, as measured by mechanical weathering, as one of the properties of a reg 

soil which may be indicative of a deposit's relative age. Wells et a i (1987) place great
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importance on the role of mechanical weathering of surface clasts in pavement formation, a 

process which is enhanced by the presence of salts in the underlying soil.

For McFadden et al. (1987) mechanical weathering is one of two processes which they 

combine in a new theory of pavement origin and evolution, occurring strictly at the ground 

surface. On the basis of soil-stratigraphic and geochemical data from the Cima volcanic fields 

of the Mojave Desert, California, it is claimed that pavements are directly linked to the 

deposition and pedogenic alteration of an aeolian mantle, and to the mechanical weathering 

of the bedrock to form a rubble zone. Mechanical weathering of the bedrock produces clasts 

for the pavement, and this process is enhanced by the salt-rich nature of the aeolian fines 

which are deposited in fractures of the bedrock and which accumulate below the detached 

clasts, thus keeping them at the surface. At the same time, at topographic highs, clasts which 

have been detached by mechanical weathering are moved laterally by colluvial and alluvial 

processes to overlie the aeolian fines which have been deposited in adjacent depressions. This 

theory accounts for the gravel-free nature of the B horizon characteristically found beneath 

well-developed pavements. It is supported by the work of Amit and Gerson (1986) and Wells 

et al. (1987), which attributes a large role to the input of aeolian fines in the development of 

desert soils. It seems that moderate rates of aeolian deposition are critical for the maintenance 

of clasts at the surface, yet confidence in the hypothesis is such that it is suggested to be the 

form of evolution of desert pavements on piedmont alluvial-fans also (McFadden etal., 1987).

Clasts are often present on stable alluvial fan surfaces in the form of desert pavements, and 

the weathering of these clasts by salts is involved in several of the models for stone pavement 

development: "Long term intense salt splitting and granular disintegration, in conjunction with 

raindrop impact, sheetwash, and aeolian processes, resulted in the reduction of depositional 

relief and the formation of flat, interlocking pavements that become increasingly composed of 

resistant, fine-grained lithologies" (Wells etal., 1987,143). The desert pavement may therefore 

be viewed as at least in part a product of salt weathering and this means that its evolution may 

yield insights into the salt weathering process, its rate of operation, and the environment in
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which it has been taking place, besides the stability of the surface. So an examination of stone 

pavement form and development allows:

a) The characterization of the surface which forms the basis and context of weathering.

b) The identification and relative dating of fan segments.

c) Insights into the process and rate of salt weathering, and the environmental conditions 

prevailing.

Sampling procedure

The sampling procedure and the features described are based on the work of Cooke (1970), 

Amit and Gerson (1986) and Wells et al. (1987), to assess the degree of pavement 

development and thus surface age, and to evaluate the degree to which secondary particles 

produced by salt weathering make up the clast density. A field description of the pavement was 

supplemented by data from the analysis of clast morphology and weathering features (see 

Chapter 5). A 50 x 50 cm quadrat (after Amit & Gerson, 1986; Cooke, 1970) was used at each 

site to sample the desert pavement and clasts, and to accommodate a photographic record 

(Harvey, pers. comm., 1989).

The percentage pavement cover, clast spacing (proportion of carapace/surface grains) and the 

degree of sorting were estimated by field charts (Figures 1 and 2  in the Appendix). The 

presence of any bedforms was noted.

The more specific features of clast density and clast position on the ground surface (free lying, 

submerged by less or more than 50% by volume) were recorded for five 100 cm  ̂squares to 

make up a random 2 0 % of the quadrat. (Cooke (1970) used 25 cm  ̂squares to make up a 

random 10% of the sample). Only clasts >16 mm were considered (i.e. larger than the 

Wentworth size class of small cobbles). A scheme was devised to classify clasts which were 

weathered to such an extent that an in situ field description was required (for example, bread 

and butter splitting), but in the event no such weathering was observed in the 2 0 % of the
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quadrat sampled.

The features of the clast analysis which are specifically relevant to the characterization of 

desert pavements are as follows: mean particle size (I), the maximum diameter of the largest 

clast, particle shape and desert varnish cover.

Results

A summary table of the stone pavement indices is given for each fan in Tables 3.1 to 3.3 and 

a key for the measurements given in Table 3.4. The mean (x) and standard deviation (s) is 

shown for each site (as shown in Figures 2.8-2.10), and variations according to segments (S) 

and distance downfan (I, II, III) are also given. Fan sorting and bedforms are analysed in Table 

3.5. A summary of the stone pavement characteristics for each fan and its segments is given 

in Table 3.6 for ease of comparison. Any significant differences between segments at a 95% 

confidence interval according to the two-tailed Mann-Whitney test (Minitab Release 7.2 - 

standard version, 1989) are mentioned in the discussion below. On Fan C this test was used 

to identify any differences between the upper and distal fan (including the baby fan), whilst the 

Kruskal-Wallis test was used when the number of samples was sufficient for segment 3 to be 

included in the analysis. This was the case for clast density, stone, carapace and grain cover, 

and total pavement cover, but no significant differences were indicated.

The sites on Fan A are assigned to each segment on the basis of aerial photograph 

interpretation. On Fan B the sites in each segment are based on field observations, and the 

sites at the edges of the fan were omitted since coalescence is important in these areas. The 

sample in the quebrada was omitted in the analysis of Fan 0, and segments were based on 

a geomorphological interpretation of the aerial photographs, according to the changing loci of 

deposition.

The distribution of stone pavement cover, the carapace cover and the total pavement cover
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Table 3.1 a) A summary of the stone pavement indices for each site on Fan A.
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Table 3.1 b) A summary of the stone pavement indices according to the sections and segments of Fan A.
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0 30 70
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0 40 60
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CO
o
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70
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100
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45
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14 10 14
0 0 0
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6 6 6
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20 26 15
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90
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90
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80
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80
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90
70
60
60
80
80

Table 3.2 a) A summary of the stone pavement indices for each site on Fan B.
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Table 3.2 b) A summary of the stone pavement indices according to the sections and segments of Fan B.
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Table 3.3 a) A summary of the stone pavement indices for each site on Fan C.
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Table 3.3 b) A summary of the stone pavement indices according to the sections and segments of Fan C.



BedformSi

1  none
2  saltcrusts
3 mudcrusts
4 patterned ground
5 bumpy
6  elevated stones
7 grains

Sorting^ (Figure 2, Appendix)

1  very well sorted
2  well sorted
3 moderately sorted
4 poorly sorted
5 very poorly sorted

Clasts (size >16 mm; 30 clasts per sample)

- Shape: Cailleux’s flatness index: ((L+l)/2S)x100

- Size: intermediate axis (i)

- Rock varnish (after Wells etal., 1987)

Grade 1 : lithology is not obscured 
Grade 2 : lithology is obscured

Clast densltVs (100 cm )̂

Clast positions

- clasts lying freely on the surface (%)
- clasts buried by <50% by volume (%)
- clasts buried by >50% by volume (%)

Desert pavement cover, (Figure 1, Appendix)

- stone cover (%)
- carapace cover (%)
- grains (%)
- total cover of stones and carapace (%)

NOTES:

, based on 50 x 50 cm quadrat 
2  based on 2 0 % random sample of the quadrat

Table 3.4 A key for the stone pavement indices used in Tables 3.1 to 3.3.
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FW R FANC

0 0 0

0 3.3 5.9

16 0 17.7

36 6.7 41.2

vwypooiiy •ort«< 48 90 35.3

AEOFORMS PANA FW(C

68 100 70.6

s»K«ru»f» 0 0 29.4

mudcfum* 0 0 0

12 0 0

4 0 0

16 0 0

0 0 0

a) Percentage frequency analysis of sorting and bedform data for each fan.

SORTING
FA»* A F ^ C

A6a W W lim e S2 IM M Ê Ê Ê C S3

v*>rywfell«otud 0 0 0 0 0 0 0

mill 0 0 0 7 0 0 0

modwiA#(y#wW 21 17 0 0 0 17 67

po«rty torfMl 32 25 14 7 43 50 33

47 58 86 86 57 33 0

BOitmQ
FANA FANS FANC

A » AM S I ew SM C t Cll cm

i/êtymnttmàitfd 0 0 0 0 0 0 0 0 0

well wbited 0 0 0 0 0 14 0 0 0

(Mdetewly «oniid 33 0 27 0 0 0 0 0 33

pMffy m tM 50 30 20 14 14 0 50 40 44

Twry ppofly eorted 17 70 53 86 86 86 50 60 22

b) Percentage frequency of each sorting category according to segments and distance 
downfan.

BEDFORMS FANA A Si A S2 ''FANB%!::!y: FANG C Si 0 S2 C S3

Preaence 32 70 30 0 '':3i 20 60 20

c) Percentage of sites with bedforms and the proportion of these on each segment.

Table 3.5 Analysis of sorting and bedform characteristics.

95



fAHA AS1 AS2 liillili BS1 BS2 F A N C CS1 CS2 CS3

R e W s s 0 N 5 # 270 315 g g i N g 309 229 i n 168 194 168

c w t w 1.8 1.7 2.2 3.4 3.3 21 2.2 1.8 2.0

M a xU cm ï 8.6 3.3 4.3 iiiiiiiii 7.6 6.0 4.9 5.8 3.0 5.0

1 n OR 13 2 0 13 1 3 1 2 1 3

v$rtîî$ti n 0 ^ 0 0 # 0 2 0 0 26 24 31 24

iiiiiiiii 55 35 26 9 0 0 0 Q

nnnsftv , M  , ^ 4 5 6 5 # : # # # 3 3 3

FrfeBf%^ 13 11 7 9 4 2 7 6

6 u n W < 5 0 % m 76 79 87 73 87 84 87 94

Surfed >S(3%<%> # # # # 5 11 # # # # 6 16 ...  1 3 0 0

Storw<POverf%^ $6 52 62 iiïiiiiiiWI 84 74 83 83 81 85

CatacfeO»f%’i 33 40 22 KKiïlN 0 0 14 13 17 10

0 4 l l N @ 0 l 16 26 $ 4 4 7

ToW 92 83 r r 84 74 97 96 98 95

Table 3.6 A summary of stone pavement indices for each fan and its segments.
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(total stone and carapace cover) is mapped in Figures 3,5 to 3.7, shown in the appropriate 

section for each fan.

Discussion 

Fan A

Indices

Bedforms (as classified in Table 3.4) were noted at 32% of the sites, but 70% occurred on 

segment 1  and consisted essentially of patterned ground from polygons to elevated stones. 

The sorting was predominantly very poor to poor. This was especially marked on segment 2, 

since overall segment 1  had better sorting.

Clasts on segment 1 are significantly smaller than those on segment 2 (p=0.0243) and have 

a considerably greater surface area covered by rock varnish. When sample A9 on segment 2 

is excluded (atypical as it consists mainly of phyllite), these differences become even clearer 

and it seems that clasts on segment 1  are also flatter. On both segments virtually all the rock 

varnish is of a sufficient thickness to obscure clast lithology (Grade 2).

The density of clasts (>16 mm) is low, and on segment 1 it is significantly lower than on 

segment 2  (p=0.0419). On both fans the majority of clasts are partly buried, but there are 

slightly more clasts lying freely on the surface on segment 1  than on segment 2 .

The stone cover is significantly less on segment 1 (p=0.0500) but the carapace area is 

significantly and considerably greater (p=0.0026), so the total pavement cover is in fact 

significantly greater than on segment 2  (p=0.0123). The only sample site covered by grains 

rather than carapace (A5S) can be ignored as this was due to the road of the Escondida. The 

difference in mean total pavement cover for the two segments is not great (Table 3.6) but it is 

significant, and by plotting the spatial variation on the fan the segments as identified on the 

aerial photograph are approximated (Figure 3.5). This is even clearer when the carapace area 

is plotted. The stone cover is less clear, but a low value may indicate an area of relative
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Figure 3.5 Distribution of stone pavement cover on Fan A.



instability where the movement of sediment occurs when the opportunity arises.

Other work

Both segments have a highly developed pavement. The data of Wells etal. (1987) indicate that 

there is a general decrease in the mean and maximum size of particles with age (except for 

modern channels), and an increase in the rock varnish cover. The clast size on Fan A is 

smaller than that for the Late Pleistocene deposits of Wells et al. (1987), and the rock varnish 

cover approximates this category, although segment 2 has a little less. Both segments also fall 

into the category of highly developed pavements according to the indices of Am it and Gerson 

(1986), where the range of clasts sizes (L) is 2-5 cm, and pavement cover is 70%. Amit and 

Gerson (1986) do not define percentage cover nor do they mention how it was determined.

The density of clasts is much lower than that recorded by Cooke (1970) in California, and the 

carapace recorded there approximates that on segment 2  but is only half that on segment 1 . 

The majority of clasts are partly buried by less than 50% of their volume as Cooke (1970) 

found, but in California a greater proportion of clasts were lying freely on the surface, except 

for the head area of Fan A.

So although both segments indicate a highly developed pavement, there are significant 

differences between them which support the general identification of the segments from the 

aerial photograph. This also supports the fact that the darker shade of segment 2 on the aerial 

photograph is caused by a greater density of clasts. The greater age of segment 1  is indicated 

by all the indices apart from particle density. This should increase with the evolution of the 

pavement as weathering proceeds, and if it does not do so the extent to which this index can 

be used to indicate pavement evolution must be questioned. Segment 1 on Fan A supports the 

idea that there comes a point in the evolution of a pavement where an intrinsic threshold is 

crossed and the pavement begins to degrade (Amit, pers. comm., 1991). The increase in clast 

density and the development of a reg soil with pavement evolution results in a "plugging" of the 

surface (Amit etal., in press) and thus a reduction in infiltration, the promotion of surface runoff
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and the transportation of clasts from the stone pavement to local channels, which in turn 

become paved (Plate 3.5). In this case an examination of other indices such as rock varnish 

cover and soil development is critical since the pavement may appear less well developed than 

on another surface, yet it may in fact be older (Plate 3.6). The presence of carapace is also 

very important, since where clast density is low this may fulfil the protective role of the 

pavement. In this case stone and carapace cover together indicate that segment 1 has a better 

developed pavement than segment 2 .

Downfan changes

Bedforms are observed less frequently downfan and sorting seems to worsen, with the mid-fan 

the most poorly sorted. Clast form and size do not change much, but maximum clast size 

decreases and so does rock varnish in the distal fan (even excluding A9). The density and 

proportion of clasts lying freely on the surface decreases from the head fan to the mid-distal 

parts. Stone cover decreases a little from the head to the mid-distal fan, and since carapace 

actually increases in the mid-fan, the decrease in total pavement cover is greatest in the distal 

area.

These slight changes downfan make sense since dissection and redeposition has especially 

affected the mid and distal fan area. This suggests that the head fan is the most stable surface, 

and it may explain the greater quantities of salts and the greater weathering of the Portland 

tablets found in this area (Chapters 4 and 5). This means that alongside the segments the 

downfan component cannot be ignored.

On each segment these trends are only evident where the difference is marked, thus in the 

decrease in maximum particle size and clast density, and in the reduction of the proportion of 

clasts free on the surface. The decrease in stone cover and total pavement cover is also 

evident.
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Plate 3.5  Clasts have been moved from segment 1 to pave local channels.

Plate 3 .6  Greater clast density makes the stone pavem ent on segm ent 2 appear better 

developed than on segment 1.

101



Fan B

The surfaces of the two segments are very different, and reflect deposits of a fundamentally 

different nature and/or post depositional processes on the older segment 1 .

Indices

No bedforms were observed on this fan. The sorting was very poor (90% of sites) and hardly 

differed between the segments. The clasts on segment 1 are significantly flatter (p=0.0275), 

slightly larger and have a greater size range than those on segment 2 , and they have an 

important rock vamish cover. The rock varnish recorded for segment 2 is on clasts which most 

probably originated on segment 1 , so either segment 2  is too young for varnish to have formed 

or the environment is no longer conducive to its development.

Particle density is greater on segment 1 but there are fewer free lying clasts on the surface. 

On both segments the majority of clasts are submerged by less than 50% of their volume, but 

on segment 1 this proportion dominates to a greater extent. The stone cover is significantly 

greater on segment 1 (p=0.0440), but a greater area is covered by loose, sandy particles on 

segment 2. There is no carapace. The grains do not act in a protective capacity as a cover of 

carapace does, so these are not included as pavement cover. The total pavement cover is 

significantly greater on segment 1 (p=0.0440), but the cover on segment 2 is also high (76%).

Other work

All the indices apart from clast size indicate that the stone pavement on segment 1 is more 

developed than on segment 2. According to clast size the pavement on segment 1 is 

comparable to the early to middle Holocene deposits of Wells et al. (1987), and this is 

supported by the rock vamish cover. The clast size on segment 2 corresponds to their older 

deposits of the late Pleistocene to middle Holocene, but no rock varnish has formed on 

segment 2. According to the size classification of Amit and Gerson (1986) both segments fall 

into the category of medium pavement development, but in terms of pavement cover they are 

both highly developed. It seems then that clast size must be treated with care, especially when
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the deposits differ fundamentally as they seem to do here. This also applies to the use of the 

area of stone cover. Rock varnish and soil development (see Soil development below) definitely 

differentiate between the well-developed pavement on segment 1  and the younger surface 

forming segment 2 (Plate 3.7).

The greater clast density on segment 1 may be due to weathering or to the deposit being 

fundamentally different from segment 2. A greater proportion of clasts are buried by more than 

50% of their volume on segment 2 and this supports the less well-developed nature of the 

pavement here, with clasts set in a sandy matrix, as indicated by the greater cover of grains 

also recorded for this segment. The significantly flatter form of the clasts on segment 1 may 

be due to the high proportion of aphanitic andésite. It may be that the grain cover on segment 

1  is the result of weathering, even the weathering of ignimbrite.

So the segments are very different, but the data give mixed indications when looked at without 

the context of the geomorphological and soil profile evidence. Rock varnish is the best indicator 

but even here it is not quite clear cut since some clasts from segment 1  can be found on 

segment 2 . The problem of the visual definition of stone pavement cover recurs, because 

although the stone cover on segment 1  is significantly greater than that on segment 2 , this 

index suggests a highly developed pavement on the latter despite the absence of soil 

development. When plotted onto the fan the best stone pavement occurs on segment 1 and 

in the area at the margins and downfan of this segment (Figure 3.6). This reflects a greater 

quantity of clasts and in the latter case it may be due to proximity to the additional supply of 

clasts provided by segment 1. It may also reflect relatively less activity in these areas of 

segment 2. The photographs taken at each site could be used to help classify the pavement 

further, as also the proportion of rock vamish at each site could evaluate the degree that the 

original areas of segment 1  have been modified by the event creating segment 2 .

Downfan changes

There is a decrease in particle flatness, size and rock varnish cover downfan, but no change
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Plate 3 .7  a) Stone pavem ent on segm ent 1, Fan B.

Plate 3 .7  b) Stone pavem ent on segment 2, Fan B.
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Figure 3.6 Distribution of stone pavement cover on Fan B.
b) Total pavem ent cover and grain cover



in the mean clast density. The proportion of clasts lying freely on the surface increases 

downfan, as do those clasts buried by greater than 50% volume as opposed to those slightly 

buried. There is a slight decrease in the stone cover, and a slight increase in the grain cover 

downfan.

The influence of the segments is evident in these trends downfan, with segment 1 especially 

affecting the mid-fan figures and segment 2  accounting for those in the distal fan.

On segment 1 the trends mentioned above are evident. Stone cover actually increases slightly 

and the proportion of grain cover decrease downfan. The general trends are similar on segment 

2  but there is not much change in stone or grain cover.

Fan C

Indices

Bedforms are present as salt crusts essentially in the distal fan. The majority of sites on this 

fan record poor sorting (41%), but this improves from very poor sorting on the main fan 

(segment 1 ) to poor sorting in the distal fan (segment 2 ) and to moderate sorting on the baby 

fan (segment 3).

The characteristics of the baby fan are similar to those of the main fan. The distal fan differs, 

with clasts that are flatter, larger and have a greater rock vamish cover. The rock varnish cover 

does not obscure the clast lithology, so grade 1  only is present on this fan. Where the values 

for segments 1 and 3 differ slightly, it is the baby fan that has the lower values as would be 

expected. It seems therefore that the material in the baby fan derives from the main fan, and 

that the distal fan surface is more stable.

Particle density is low and the same on all three segments. The proportion of clasts lying freely 

on the surface increases from segment 1 to segment 3, as does the proportion buried by less 

than 50% volume. Those buried by more than 50% volume only occur in small numbers on
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segment 1. There is a lower proportion of stone cover on segment 1  than on segment 3, and 

a higher area of carapace cover. Segment 2 has the lowest stone cover of all and the greatest 

carapace cover. Grains form a small proportion of the pavement area, but there are more on 

the baby fan. When taking the total pavement cover as stone and carapace together, the distal 

fan has the best pavement, followed by segment 1 and then segment 3.

Other work

The clast size on this fan is smaller than the size recorded for the oldest, late Pleistocene 

deposit studied by Wells at al. (1987). This size would also be in the highly developed 

pavement category of Amit and Gerson (1986). Rock vamish is only present as grade 1 and 

therefore cannot be compared to the data of Wells at al. (1987). So clasts seem to be few, 

small, more spherical and with less varnish than on the other two fans. The distal fan seems 

to be the most stable, but the baby fan has also much salt and clast weathering (Chapters 4 

and 5).

When plotting the total pavement, it can be seen that this is most highly developed on the main 

fan edges and in the most distal fan (Figure 3.7). The area towards the centre is less well 

developed and the least is the area closest to the main quebrada. This is further emphasized 

by plotting the carapace cover, which extends the area with a relatively high proportion of 

carapace and restricts the area with none to the head fan and main quebrada.

Downfan changes

The downfan component is important on this fan and the differences between the segments 

largely reflect this. There is an increase in clast flatness and a significant decrease in clast size 

from the upper fan to the distal reaches (p=0.0497). Maximum clast size and the proportion of 

clasts buried by more than 50% volume decreases downfan, but rock varnish cover and the 

proportion of clasts free on the surface increases. Particle density remains the same. Stone 

cover generally decreases, with the mid-fan recording the lowest value, but the proportion of 

carapace and total pavement cover tends to increase with distance from the apex (Plate 3.8).
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Figure 3.7 Distribution of stone pavement cover on Fan C.
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Plate 3 .8  a) Stone pavem ent in the head area, main part of Fan C.

Plate 3 .8  b) Stone pavem ent with salt crusts in the distal part of Fan C.
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Within the distal zone there is a slight decrease in particle density towards the fan base, and 

an increase in the free lying particles and those buried by more than 50% volume. The stone 

cover varies, but carapace and total pavement cover increase towards the base.

In the shoreline area at the foot of the fan, particle density is very low and clasts are mainly 

buried by less than 50% of volume. The total pavement cover is extremely high since both 

stone and carapace provide a complete covering. There are no grains.

A Comparison and evaluation

Indices

There are no bedforms on Fan B and clast sorting is predominantly very poor. Bedforms are 

present on Fans A and Cat a similar level (31-32%), and on each fan they predominate on one 

segment, the more stable one. Sorting is mainly very poor on both fans, but it improves in the 

distal reaches of Fan 0.

Clasts are the most flat on segment 1 of Fan B, and the least flat on Fan C. Both segments 

of Fan A are similar (apart from the phyllite of A9S) and more flat than the particles on 

segment 2 of Fan B. Clast size is also greatest on segment 1 of Fan B. Clasts on Fan A are 

slightly smaller than those on Fan C, but maximum clast size is considerably greater in the 

head and mid fan of the latter.

Rock varnish (grade 2) is present on Fan A and on segment 1 of Fan B, but varnish cover is 

greater on the former. Within Fan A segment 1 has a greater rock varnish cover than segment 

2. Less well-developed rock varnish (grade 1 ) is present on all three segments of Fan C, and 

the clast area covered is similar to that of the thicker vamish on Fan B.

Clast density is greatest on Fan B (especially segment 1 ) and least on Fan C. On all three fans 

most clasts are buried by less than 50% volume, but this proportion is greatest on Fan C and 

segment 1 of Fan B. The proportion of clasts lying freely on the surface is greatest on Fan A.
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The lowest percentage of these clasts is found on Fan C, although the distal fan is comparable 

to segment 1, Fan B. Fan C has also the lowest proportion of clasts buried by a volume greater 

than 50%, whilst the greatest proportion is found on Fan B, segment 2. A similar percentage 

was recorded for segment 1 on Fan B and segment 1 on Fan A.

The stone cover is greatest on Fan C and on segment 1 of Fan B. There is the least stone 

cover on Fan A but the greatest proportion of carapace, especially on segment 1. Fan B has 

no carapace but a grain cover.

The total pavement on Fans A and C consists of both stone and carapace cover and it is the 

greatest on Fan C, followed by segment 1 on Fan A. Total pavement cover is similar on 

segment 2 of Fan A and segment 1 of Fan B, although the latter consists purely of a stone 

cover. The least pavement cover was on Fan B, segment 2, where there was also a higher 

proportion of grains. Surface grains were negligible on Fan A and formed a mean 5% of the 

cover on Fan C.

Of the three fans, it is Fan B that is the most different and has the greatest contrasts between 

its segments. On Fans A and C changes downfan are more evident, and this is especially the 

case on Fan C where the segments largely reflect this component. It seems that the head area 

of Fan A and the distal part of Fan C are the most stable respectively, whereas on Fan B it is 

definitely the older segment 1 which is the more stable.

Comments on indices

The presence of bedforms seems to denote stability on segment 1 of Fan A and in the distal 

part of Fan C. This may be due to the presence of a greater quantity of salts/clays in these 

areas, since a greater carapace cover is certainly characteristic. The lack of bedforms on 

segment 1 of Fan B may thus be due to a paucity of clay/salt, but it may also be due to an 

unfavourable environment (too infrequently wet) or to a surface age that is too young (unlikely).
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Rock varnish seems to offer a more direct link with age and stability, although a favourable 

environment is of course crucial. So pavement evolution should be reflected quite effectively 

by rock varnish in a given environment. In absolute terms the thickness and cover of rock 

vamish on clasts of Fan A indicate a considerable age for the surface of these deposits. 

Relatively segment 2 is younger than segment 1 and therefore the pavement on the latter 

should be more developed. A great age is also indicated for the surface of segment 1 on Fan 

B, whereas no vamish is visible on clasts of segment 2. Less thick rock varnish is present all 

over Fan C, which indicates that the deposit surfaces are of a similar age and that this age is 

relatively young or the environment is such that the rate of vamish formation is slow.

Sorting, clast size, form, density and position on the surface are taken by Cooke (1970), Amit 

and Gerson (1986) and Wells etal. (1987) to be indicators of stone pavement development, 

essentially because they reflect post depositional surface weathering. This must assume that 

the sedimentological characteristics of the original deposits are the same, since this exerts an 

important control on both the original clast properties that prevail and on the form that 

weathering takes. For this reason there is not a very good basis for comparing the fans 

according to these indices alone, and Fan B highlights the problems in comparing segments 

within one fan also. Segment 1 on Fan A reveals a different problem, the fact that the 

relationship between many of these indices and pavement evolution no longer holds once the 

threshold has been crossed at which degradation of the pavement occurs. So these indices 

cannot be used alone.

The use of the proportion of clasts lying freely on the surface to indicate surface weathering 

is suggested by Cooke (1970): "Generally, secondary particles appear to make up a larger 

proportion of the fragments lying freely on the surface than of the particles buried in fine 

material". Given the definition of stone pavements the majority of particles should be buried by 

less than 50% volume, and with time loose split fragments will probably become partly buried 

in this way also. If many particles are buried by more than 50% volume an excess of aeolian 

fines would be indicated according to the 'born at the surface’ theory for pavement formation,

112



or it may be that the pavement is not well developed.

The use of desert pavement cover as an indicator of the degree of pavement evolution and 

surface age is problematic since desert pavements have been characterized by the stone cover 

(Amit and Gerson (1986) actually do not say how they defined pavement cover) and since the 

relationship between stone density and pavement development is not straightforward. It seems 

that a carapace covering becomes very important towards the later stages of pavement 

evolution, and it also maintains the protective role of the stone pavement. So this should be 

included in an assessment of the degree of pavement cover of a surface to indicate the age 

and characteristics of a deposit. The deceptiveness of using stone cover to reflect pavement 

development is shown in another way by segment 2 of Fan B, where the clast cover is 

considerable but where there is no soil development.

Soil development

Amit and Gerson (1986, 59) have defined a reg soil as being "... a desert soil developed on 

a stable surface composed of sandy to coarse gravelly alluvium." Such soils are widespread 

and they form in a variety of arid climatic regimes (past and present) with the introduction of 

dust and salt. Reg soils are defined by typical horizons and properties whose development with 

time is relatively easy to identify and differentiate. The following are the typical horizons which 

define reg soils: an Ao desert pavement horizon, a vesicular silty or loamy Av horizon, and a 

distinct C horizon with added fines and salts. With maturity the most striking addition is an 

altered, reddened, gravel-free B horizon. According to Amit and Gerson (1986) gravel 

shattering by mechanical weathering in the C horizon and increasing soil profile thicknesses 

are also properties which appear and develop with maturity, and Birkeland and Gerson (1991) 

found that the development of a cemented salt horizon is a good indicator of age.

The observed association between stone pavements and a gravel-free B horizon in the soil
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below led to the characterization of arid soils and the explanation for the development of stone 

pavements by the upward migration of particles (e.g. Cooke, 1970). Since reg soils develop 

on stable surfaces they reflect time, climate and inputs. Amit and Gerson (1986) examined the 

rate of development of soil properties to determine the use of reg soils in relative-age dating 

of alluvial surfaces, and Wells etal. (1986) used the soil characteristics to infer the influence 

of climatic changes in the late Quaternary (desert pavements are included in the analysis). The 

introduction of aeolian fines and associated salts is considered important in influencing 

pedogenesis by continuously increasing profile thickness and resulting in horizontation (Harden 

et a/., 1991), and it may allow reg soils to form at rapid rates during 'pulses' or intervals of soil 

formation (Chadwick and Davis, 1990; Birkeland, 1990). It also influences desert pavement 

development by increasing superficial weathering on fans and hillslopes, and it influences 

runoff-infiltration relations since surface horizons rich in fines reduce infiltration.

The relationship between stone pavements and reg soils was first noted as an association and 

explained by the upward migration of particles. The relationship then became formalized as the 

stone pavement was included as the top Ao horizon of a typical reg soil, and the importance 

of an aeolian input of fines and salts into the B horizon was noted. McFadden et al. (1987) 

'operationalized' the relationship by arguing that an aeolian input of fines (silt, clay and salts) 

causes desert pavements to be born and maintained at the surface by firstly increasing the 

weathering of surface rocks and so providing a source of pavement clasts (wetting and drying 

of salts and clays), and secondly by slowly accumulating (deposition and pedogenic alteration) 

underneath the clasts so that soil develops below the evolving pavement.

According to this model the formation of an Av horizon and a reg soil is critical for pavement 

development (and does not require the upward migration of particles). There is enrichment in 

fine materials, some from weathering but mostly of an aeolian origin. Spherical vesicles are 

probably caused by the expansion of trapped air with the increase in temperatures after 

summer rain events (Evenari et al., 1974), and the columnar structure is attributed to the 

shrinking and swelling of clays in an increasingly clay-enriched Av horizon. These cracks make
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it easier for significant amounts of trapped aeolian fines to be transported down, as is shown 

by the ped coatings of silt and non-calcareous material. Infiltration through peds is slower and 

it is reflected by alterations and carbonate enrichment in the ped interior. Moderate accretion 

of aeolian fines into Av peds and then the drying of peds in the summer lead to their tops 

doming and the vertical displacement of overlying clasts. In the winter soil moisture is retained, 

the domes collapse and fresh fines on the ped walls and in cracks are incorporated into the 

Av horizon. With time the interiors of the Av horizon coalesce and form a continuous B horizon.

So the processes and mechanisms are given to support a theory which follows a suggestion 

by Mabbutt (1977, in McFadden etal., 1987) and is illustrated on the Cima volcanic field of the 

Mojave Desert, California, where it is thought that much of the accumulation of pedogenic 

carbonates and sulphates comes from deflation of Holocene, alkaline playas. The fact that 

pavements can form on bedrock is significant for their development on hills. McFadden at al. 

(1987, 507) state that "We hypothesize that stone pavements on alluvial fans of desert 

piedmonts have probably evolved in a manner similar to that proposed for the stone pavements 

in the Cima volcanic field". This is based on the similarity of alluvial fan soils to those on the 

Cima volcanic field. Since aeolian processes have significantly influenced the development of 

arid soils it seems that this is a more important source of fines than the chemical weathering 

of parent material, and since aeolian activity in the Quaternary has been episodic in the Mojave 

Desert, the Av and most B horizons probably reflect the increase which began in the latest 

Pleistocene and which has continued into the Holocene. This also means that the rate of 

accumulation has been slow enough not to bury the pavement, and therefore it seems that the 

removal of surface fines by aeolian or fluvial processes does not contribute much to pavement 

formation. In support of this fan hypothesis are cation-ratio dates of rock vamish which indicate 

that the clasts have been exposed continuously since surface abandonment, because younger 

dates should have been obtained if they had moved up by clast migration after a clay rich B 

horizon had been developed. Recent studies suggest that the rate of soil development may be 

linear or step-wise over relatively short time spans but exponential over millennia, due to a 

combination of external and intrinsic factors (Harden, 1990, Harden etal., 1991, Birkeland and
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Gerson, 1991).

Soil profiles in the present study were sampled as a complement to stone pavements to identify 

the fan surfaces, and to indicate their relative age and form of development. The environment 

and processes affecting the surface through time is recorded in the soil profile, so the vertical 

distribution of salts reflects the sources and mechanisms of salt distribution on the fan, and 

they also directly affect the weathering of surface clasts: "The presence of salts in soils 

accelerates mechanical weathering of surface clasts and this promotes the evolution of stone 

pavements" (Wells etaL, 1987, 143).

Sampling and measurements

The two most prominent segments on Fans A and B were sampled in the head, mid and distal 

fan. An additional soil pit was dug in the basal zone of efflorescence on Fan B. One soil pit 

representing the baby fan of Fan C was described. Limits induced by time, accessibility and 

the need to compromise with optically stimulated thermoluminescence sampling lie behind this 

single soil pit on Fan C (see Surface stability below).

The features generally considered in standard soil descriptions were adapted to the purposes 

of this study and to the arid environment being considered. The most important characteristics 

of soils in arid environments were identified from the work of Wells etal. (1987), McFadden et 

ai. (1987), Amit and Gerson (1986) and Cooke (1970), which all deal with the use of soils for 

the aims identified above. The site description, the depth and characteristics of horizon 

boundaries, the Munsell colour code and the soil moisture conditions at the time of sampling 

were recorded as is standard. Texture is an important characteristic, and was assessed by the 

field classification of Shaw (1928, in Soil Survey Staff, 1951), and by means of a record 

showing each grainsize category at half phi intervals from gravel (2 . 0 0  mm) to very fine sand 

(0.088 pm), for an estimate of the dominant texture by comparison. Peds, macropores and 

fissures were focused upon in a consideration of soil structure, and the consistence and
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cementation was determined for the dry soil. The characteristics of soil stoniness, salts, 

nodules, coatings and pans were considered in some detail where these were present.

In order to make the description as rigorous as possible, a series of charts and categories were 

used for those features which could not be directly measured, and these were based on the 

Soil Survey Field Handbook (Hodgson, 1974) and the Soil Survey Manual (Soil Survey Staff, 

1951). The classifications and charts used are presented in the key accompanying the results 

(Table 3.7 c) and in the Appendix (Figures 1 and 3).

A sample (150 g) was taken of each horizon identified in the soil profile description. Where 

there was no soil development a 50 g sample was taken at intervals of 10 cm depth, which 

was to be used for dating by the ion exchange method (see Surface stability below).

Results and discussion

A summary of the results is given in Table 3.7 (key in Table 3.7 c) and the soil profiles are 

described and discussed below.

On all three fans the horizon boundaries are sharp to abrupt (0.5-2.5 cm), and the form of the 

upper horizons tends to be smooth, whilst the form of those at a greater depth becomes wavy 

and even sometimes irregular. The water state is dry except for CSP1 horizon 3 which is 

moderately dry, and in the toe of Fan B horizons 3 and 4 are moist. The field determination of 

texture by the grainsize record was limited because the particles were mostly too fine, thus silt 

and clay. Stones were predominantly subangular to angular.

Fan A

All soil profiles on this fan exceeded the depth to which it was possible to dig a pit. It was 

aimed to reach a depth of 50-60 cm, but in some cases a hardpan occurred above this and it 

could not be breached. It seems that the C horizon was not reached, but in all cases an Ao,
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SEG W ENTt
A SP a Av 0-1 7.5YR6/4 2-4--2

1 1-6 1 1 4 7.5YR6/4 35 1 31 1 1-3+1 2+1-3-2 2 0 0 0
2 6-12 1 3 4 7.5YR6/4 35 1 31 3 2-3-4 1-4-3-2 2 0 0 0
3 12+

ASP 4 Av 0-0.5 7.5YR6/4 2-4- -2
1 0.5-2 1 1 4 7.5YR 6/4 0 0 0 3 1-3-3 0 0 -0 0 2 0 0 0
2 2-10 1 2 4 White 0 0 0 1 1-3-3 0 0 -0 0 1 0 0 0
3 10-18 2 2 4 7.5YR 7/4 50 1 31 1 1-3-3 2+1-3-2 3 2 0 0
4 18-35 1 2 4 7.5YR 7/4 30 1 32 1 1 -3^ 0 0 -0 0 2 0 0 0
5 35+ 4 5YR5Æ 2 1 0 1 3-3-3 0 0 -0 0 2 0 0 0

ASPÔ Av 0-0.5 7.5YR6/4 -4--1
1 0.5-9 1 1 4 7.5YR 6/4 50 1 0 3 1-3-3 0 0 -0 0 2 0 0 0
2 9-20 2 1 4 7.5YR 7/4 10 1 0 2 1-3-3 0 0 -0 0 1 0 0 0

3A 20-60 4 5YR4/4 30 1 0 1 1 -3^ 0 0 -0 0 1 0 0 0
38 4 White

A S P I Av 0-1 7.5YR6/4 2-4-1-1
1 1-7 2 1 4 7.5YR6/6 25 1 33 3 2-5-4 0 0 -0 0 2 0 0 0
2 7-15 1 2 4 2.5YR 3/6 40 1 33 3 3-3-4 0 0 -0 0 2 0 0 0
3 15-21 1 2 4 7.5YR 6/4 70 1 33 1 (W)-1 0 0 -0 0 0 0 0 0
4 21 + 1 3 4 White 50 1 33 0 00-1 0 0 -0 0 0 0 0

A s p a  ' " " " " " Av 0-1 7.5YR 6/4 -4--1
1 1-9 1 1 4 5YR5/4 30 1 32 2 1-3-3 0 0 -0 0 2 0 0 0
2 9-20 1 1 4 2.5YR4/6 5 1 0 2 1-3-3 0 0 -0 0 1 0 0 0

3A 20-28 2 2 4 White 0 0 0 1 1-00 0 0 -0 0 1 0 0 0
38 28-40 2 2 0 0 0 0 OOO 0 0 -0 0 0 0 0

40+ >70 0 0 00 -0 0 0 0 -0 2 0 0

ASP$ Av 0-1 7.5YR6/4 -4--1
1 1-5 1 1 4 7.5YR6/4 40 1 41 1 1-3-3 0 -0 0 0 1 0 0 0
2 5-18 1 2 4 5YR5/3 30 1 41 2 1-3+1 oooo 2 0 0 0
3 18-35 1 2 4 5YR5Æ 50 3 41 1 1 0 0 0 0 -0 0 0 0 0 0
4 35+ 4 White 70 2 41 1 1-00 0 0 -0 0 0 0 0 0

Table 3.7 a) A summary of soil profile descriptions for Fan A.



CO

SOIL
PROFILE

Horizon Deolh
(can)

Boundarv W mer 
f^stinct^ Fq im  state 
-ness

Golot*
(drift

Storiîness
Abund
>ance

Textum
cods

Structure
Pad
size
S haw
om de

Rssure
size
ûâttem
abundance

Consistence 
(dv>  Cteménï 

-atjon

Setts
<5âibqnsipçc 
tO%  Staqe

SEGMENT 1
BSP^ 0 0-0.5 1

1 0.5-8 1 1 4 5YR7/3 0 0 0 2 2-3-4 2 4 0 0 2 0 3 0
2 8-15 1 1 4 5YR7/3 30 1 31 2 1-3-3 0 0 -0 0 1 0 3 0
3 15-25 2 3 4 5YR 6/3 40 1 31 1 00-1 .5 0 0 0 -0 0 0 3 0
4 25+ 3

BSP4 ' 0 0-0.5 1
1 0.5-3 1 1 4 5YR 7/4 0 0 0 2 2-3-3 24-3-2 2 0 4 0
2 3-8 1 2 4 5YR6/4 15 1 31 2 1-3-3 OOOO 1 0 4 0
3 8-50+ 2 3 4 5YR6/2 40 1 31 1 1-3-3 OOOO 1 0 4 0
4 30-50 2 3

SEGhÆ NT2
BS P t NO SOIL 7.5YR6/2 20 1 1 1-00 0 0 -0 0 0 3 0

BSP3 NO SOIL 7.5YR6/2 35 0 4 0

Ë W NO SOIL 7.5YR6/2 35 1 1 0 0 OOOO 0 3 0

FAN TOE
Bspe 1 0-10 1 1 4 white 0 3 0 -5 24-3-3 3 4 0

2 10-22 1 1 4 5YR5/1 0 54-2-2 5 3 0 0
3 22-32 1 1 2 2.5YR 3/4 0 4 2 -34 4 0
4 32+ 1 1 2 2.5YR 4/4 0 5 2-2-4 4 0

FAN 'c " " ..........
BABY 2
CSPJ 1 0 1 1 4 5YR6/3 1 3-3-3 24-3-3 1 0 4 2 0

2 12 1 2 4 5YR6/3 1 &3-3 24-3-3 1 1 4
3 18 1 2 3 5YR5/4 1 1 4

NOTE: SP6 H3 and H4 - cxxisistency (moist) is friable and
macropores are cx»arse (3-5 mm), cylindrical, about 5% abundance.

SP6 H3 - nodules are cylindrical (2-5 mm), of salt and common (2-20%) 
and a coating of white, salt (1 + mm) occurs on a few macropores (<10%; 
and is prominent but discontinuous.

Table 3.7 b) A summary of soil profile descriptions for Fans B and C.



HORIZON BO UNDARY (Hodgson. 1974. 63-64) 

D is tinctiverw M  Form

W ATER STATE (Soil Survey Staff. 1951. 141)

1 sfiarp (0.5 cm)
2 abrupt (0.5-2.5 cm)
3 dear (2.6-6.0 cm)
4 gradual (6.0-13.0 cm)
5 diffuse (>13 cm)

1 smootfi
2 wavy
3 irregular
4 broken

STO NINESS (Hodgson. 1974. 25-27)

Size (>0.2 cm) Stiape (Hodgson. Figure 7)

very small 
small 
medium 
large
very large 
boulders

(0.2-0.6 cm) 
(0.6-2 cm) 
(2-6 cm) 
(6-20 cm) 
(20-60 cm) 
(>60 cm)

1 rounded
2 subrounded
3 subangular
4 angular
5 clay
+ 1-3 as spfwricity decreases

STRUCTURE (Hodgson 1974.3&42)

RED Size (Figure 3. Appendix) RED Sfiape (Figure 3. Appendix)

1 wet
2 moist
3 moderately dry
4 dry

TEXTURE (after Straw (1928) in Soil Survey Staff. 1951. 212) 

Code

1 sand
2 sandy loam
3 sih loam
4 clay loam

RED Grade

For shape 
2 
5 
3

Size:
2  medium (20-50mm) 
2 medium (2-5mm)
1 fine (< 10mm)
2 medium (10-20mm)
3 coarse (20-50mm)

FISSURE Size

1 very fine (<1 mm)
2 fine (1-3 mm)
3 medium (3-5 mm)
4 coarse (5-10 mm)
5 very coarse (>10 mm)

1 platy
2 prismatic and columnar
3 angular and subangular blocky 
5 granular

Rattern

1 single
2 connected
3 polygonal
4 vesicular

Abundance

0 none
1 few
2 medium
3 lots

1 apedal: single grain
2 apedal: massive
3 weakly developed
4 moderately developed
5 strongly developed

Development

CO NSISTENCE (DRY) (Soil Survey Staff. 1951. 233-234)

Strength

loose
soft
slightly hard 
hard
very hard 
extremely hard

0 none
1 poor
2 good
3 very good

(noncoherent)
(fragile, little pressure makes powder)
(weak, broken easily by thumb and forefinger)
(barely broken by fingers but easily broken by hand) 
(cannot be broken by fingers; hardly broken by hand) 
(impossble to break by hands)

Cem entation

1 weakly (brittle, hard, able to break by hand)
2 strongly (easüy broken by a hammer)
3 indurated (only broken by sharp blows of a  hammer)

SALTS (Hodgson. 1974. Table 12)

Carbonatea ^10%

0 < 0 .5 %
1 0 .5 -1 .0 %
2 1 .0 -5 .0%

3 5.0-10.0 %
4 > 1 0 %

Audible

faint, slight
- faint, moderate
- faint, distinct 
easily audible 
easily audible

Viaible
none
none
slight, individual grains 
more general
moderate effervescence (3mm bubbles) 
generally strong effervescence (7mm bubbles)

Stagea (Gile ef a/..1966)

1 thin, discontinuous pebble coating
2 continuous pebble coating, some interpebble fillings
3 many interpebble fillings
4 lamina horizon over plugged horizon

Table 3.7 c) The key for the notation used in a) and b).
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Av and various B horizons were present.

The desert pavement (Ao) has been described above (see Desert pavement). This is underlain 

by a vesicular (Av) horizon of 0.5-1 cm depth. The vesicles are fine (1-3 mm), they range from 

a few to medium abundance, and they are poorly to well developed. It is only in the head and 

mid fan area of segment 1  that the vesicles are well developed.

What may generally be called the B horizon varies considerably in terms of the number, depth 

and type of subhorizons, and especially with respect to the presence of salts. There is a 

general absence of clasts since the angular to subangular stones present are very small (0 .2 - 

0.6 cm), although abundance varies from none to 50% on segment 1 and reaches 70% in 

some horizons of segment 2. The texture is generally a silty to sandy loam in the upper 

horizons and becomes sandy with depth. On segment 1 and in the upper horizons of segment 

2  the structure generally consists of fine ( < 1 0  mm), angular to subangular blocky peds which 

are weakly developed. In the head area the peds are larger (10-50 mm) and well-developed 

on both segments, and on segment 2  the upper horizon had a prismatic and columnar 

structure. Fissures were absent in the B horizons of segment 2 , but very fine to fine vesicles 

were abundant and well-developed in the head area of segment 1 , and in one horizon at depth 

(10-18 cm) in the mid fan. Consistency (dry) was generally soft to slightly hard.

The depth of occurrence, concentration and consistence of the salt varies, ranging from 

dispersed or concentrated, loose, crystalline salt to salt hardpans. There is so much variability 

between each soil profile that it is difficult to discern a clear pattern to differentiate the 

segments, or any changes with distance downfan. One factor which prevails is the absence 

of carbonates on this fan (<0.5% by field hydrochloric acid test).

The soil profiles in the distal fan resemble each other in the sense that in each case horizon 

4 consists of loose, crystalline salt. On segment 1 the boundary between horizon 3 and 4 is 

diffuse and broken, and it occurs at 2 0  cm depth, whilst on segment 2  the boundary is sharp.

121



smooth, and occurs at a depth of 35 cm. The salt in the latter is mixed with about 70% of 

angular to blocky 0.6-6 cm clasts, and horizon 3 is sandy and apedal. No hardpan was reached 

in either case. The high concentration and convoluted upper boundary of the salt horizon on 

segment 1  and the better textural and structural development of the upper soil horizons 

suggests that this soil profile is more developed than that on segment 2  in the distal fan.

In the upper fan the salt horizon is reached at a lower depth, and the boundary is sharp but 

wavy to irregular in form. On segment 1 the salt horizon is reached at a depth of 12 cm and 

it consists of a strongly cemented saline matrix around clasts of 0.6-3 cm. It occurs below two 

other B horizons which are characterized by few, very small stones, a sandy to silty loam 

texture with well developed angular, blocky peds and many fine vesicles. The salt horizon 

occurs at the greater depth of 2 1  cm on segment 2 , and it consists of a loose, crystalline salt 

matrix with 50% clasts, and which is strongly cemented in places (Plate 3.9). Three B horizons 

occur above it, the upper two of which have few, very small clasts and consist of silty loam and 

well developed medium to coarse, columnar and blocky peds. The horizon immediately above 

the salt has more abundant (70%) but also very small stones, and an apedal texture.

In the mid-fan area a cemented salt horizon begins at a depth of 40 cm on both segments. On 

segment 1 this takes the form of a hardpan and it occurs below several other B horizons where 

salts also seems to dominate. The upper horizon is 1.5 cm thick and consists of a clast-free, 

silty loam with weakly developed, fine peds. Below this is a clast-free horizon of loose, 

crystalline salt. This is in turn underlain by a horizon strongly cemented by salt, with a 50% 

abundance of very small, angular clasts. The two other horizons which occur before the 

hardpan is reached consist of loose, crystalline salt, which coats weakly developed peds and 

occurs with sand and fine clasts. In the upper of these two horizons the salt is predominantly 

calcium sulphate (sample ASP4H3 has >49% CaSO ,̂ Chapter 4, Table 4.15) and the clasts 

occur in an abundance of 30%, whilst in the horizon immediately above the hardpan there are 

only 2 % fine clasts.
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Plate 3.9 Soil profile 1 in the head reaches of segment 2 , Fan 
A, shows the contrast between the upper pavement (Ao horizon) 
and the fine material and salt horizon below.

m

Plate 3.10 A trench dug by the Escondida Ltda some kilometres 
to the west of Fan A illustrates the extent to which salt is 
prevalent at depth in the area.



On segment 2  the salt horizon which begins at a depth of 40 cm is strongly cemented with over 

70% clasts. It lies below a horizon where loose, crystalline salt dominates over silt, and where 

there are no clasts but blocky peds of all sizes. The upper two horizons have relatively few fine 

clasts, and they consist of sandy loam with weakly developed, fine, angular and blocky peds.

So it can be said that the upper and mid fan are differentiated from the distal fan by the 

occurrence of a salt horizon cemented to varying degrees at the base of the profile. In the 

distal fan this horizon consists of loose, crystalline salt. The cemented salt horizon occurs at 

a relatively shallow depth in the head fan, and in the mid fan it is overlain by a variety of 

different horizons where salt is prominently present in various forms. This is especially so in 

the soil profile of segment 1. Overall it seems that the soil profiles on segment 1  are more 

complex and therefore with an older history of changes, but the presence of salt at depth 

seems to be prevalent on the fan and in this area (Plate 3.10).

Fan B

The segments are clearly differentiated since a soil profile has developed on segment 1 but 

not on segment 2. The sediment on segment 2 consists of a sandy matrix with 20-35% 

unsorted clasts of a variety of sizes (predominantly < 6  cm). The carbonate concentration 

ranged from 5% to over 10% according to the field hydrochloric acid test (Hodgson, 1974).

Carbonate is present at similar concentrations throughout the soil profiles on segment 1, but 

none of the carbonate stages of Gile et al. (1966) were observed. The top 0.5 cm of the soil 

profile consists of sand, and the first horizon is a sandy loam of 2.5-7.S cm thickness. This 

horizon is clast-free and it has weakly developed, medium sized (1 0 - 2 0  mm), angular to 

subangular blocky peds and a lot of well-developed, fine vesicles. It seems to be the Av 

horizon.

There is a second sandy loam horizon but this has 15-30% of fine clasts, weakly developed 

small blocky peds, and no vesicles. It also has a softer consistency. The third horizon is sandy
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and has 40% of fine clasts, in the head fan the structure is apedal, but in the mid fan there are 

weakly developed, fine blocky peds. These seem to be part of the B horizon.

In both head and mid fan the fourth horizon is a hardpan of indurated salt which includes some 

cemented fine (<10 mm) clasts. The field hydrochloric acid test indicated a carbonate content 

of 5% and the salts gypsum, anhydrite, bischofite and possibly calcite and carnallite were 

identified by XRD (sample BSP2H4, Chapter 4, Table 4.13). The fine clasts indicate that this 

is also part of the B horizon.

The two soil profiles on this segment are similar but in the mid fan the first horizon is less thick 

than in the upper fan and the third horizon is thicker.

The soil profile sampled on a patch of salt efflorescence in the fan toe was very interesting. No 

stones were present on the surface or in the profile. The upper horizon reached a depth of 10 

cm and was white and hard. The structure consisted of strongly developed, coarse (2-5 cm) 

angular and subangular, blocky peds, and a lot of fine, very well developed vesicular fissures. 

The carbonate content was over 10%.

No carbonate (<0.5%) was detected in the second horizon, a continuous salt hardpan 12 cm 

thick. There were a medium number of very coarse (>10 mm), well developed vesicular 

fissures, which resembled cavities. The dominant salt is gypsum according to XRD analysis 

(sample BSP6H2, Chapter 4, Table 4.13).

The third horizon was a moist clay loam of friable consistency. The moderately developed, 

blocky peds were of a medium size (1-2 cm). No fissures were present but there were 

macropores (5%), nodules (2 - 1 0 %) and coatings. The macropores were coarse (3-5 mm), 

cylindrical and a few (<1 0 %) had a discontinuous but prominent salt coating of at least 1  mm. 

The nodules were saline, cylindrical and 2-5 mm in size. It seems that the nodules result from 

the accumulation of the saline coating in the pores. The carbonate content of this horizon was
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over 1 0 %.

At 32 cm depth a fourth, moist horizon of clay began. This was also friable with over 1 0 % 

carbonate content. The structure consisted of moderately developed, medium sized (2-5 cm), 

prismatic and columnar peds, and some 5% of coarse, cylindrical macropores.

A fault results in the resurgence of groundwater from the Andes here, and this is responsible 

for the salt efflorescence at the surface. It seems that the hardpan of horizon 2 has formed 

from the capillary evaporation of the groundwater, since saline coatings of macropores and 

nodules were only observed in the upper parts of horizon 3.

Fan C

In the distal fan a soil pit encountered a hardpan of salt at a depth of only 15 cm and had to 

be abandoned. The soil profile described on baby fan 2 reached a depth of 50 cm before hitting 

a salt hardpan in horizon 4. This consisted of large clasts cemented in a gypsum matrix. 

Chlorides (halite, carnallite, bischofite) and calcite and dolomite were possibly also present 

(CSP1 hardpan. Chapter 4, Table 4.13).

The upper three horizons consisted predominantly of salt crystals with coarse sand and no 

stones. There was a carbonate content of over 10% throughout the profile. Consistence was 

soft to loose, and the upper two horizons were dry but the third was only moderately dry.

The upper two horizons had a weakly developed structure of coarse, blocky peds which 

consisted mainly of salt, and a lot of very well developed, fine, vesicular fissures. The third 

horizon was apedal with no fissures.

In the first horizon the carbonate and other salts were present as continuous pebble coatings 

and a lot of interpebble fillings (Stages 2-3). In the third horizon many stones (>50%) were 

coated by a white, prominent and continuous layer of salts less than 5 mm thick (Stage 2).
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Surface stability

Desert environments are renown for the difficulties involved with dating sediments from the 

Quaternary and beyond, and hence the use of desert pavement and soil development as 

relative age indicators. Dates for Quaternary and Holocene sediments are largely absent in 

northern Chile, although an exposed ash flow, at 1 -2 m depth in an alluvial fan of the Central 

Valley near Antofagasta, has yielded a potassium-argon date of 3 Ma (Naranjo, 1987). Several 

similar ash flows in the Norte Grande have given dates of 10-15 Ma (Gardeweg, pers. comm.,

1991), and in the Norte Chico Mortimer etal. (1971) used the radiocarbon and ion exchange 

method to date the principal terrace of the Rio Copiapo at about 1000 years. The dating of fan 

surface stability complements the relative relations obtained from desert pavement, soil and 

other geomorphological indicators, and may help to calibrate their age. In the context of the 

weathering system, an indication of the time that a surface has been stable and exposed is 

imperative to estimate the rate of salt weathering, and it is an essential basis for inter-fan 

comparisons in a regional context since relative dating methods are limited to the constant 

environment of each fan.

The following dating techniques were considered: rock varnish, ion exchange, radiocarbon 

dating, and optically stimulated thermoluminescence (OSTL). Samples were taken to determine 

the suitability and practicality of dating rock varnish by the SEM-EDAX method for cation 

exchange ratios (Harrington and Whitney, 1988). This technique is more widely available than 

the scraping-PIXE method of Dorn (1983). In the event difficulties in the field to satisfy the 

assumptions required (especially rock varnish stability; see Observations of other indicators 

below), and above all lack of time, prevented this dating to be undertaken. Similar 

considerations inhibited the use of the ion exchange method (Schufle and Brassell, 1969; 

Mortimer etal., 1971), although samples were taken, and a lack of suitable material restrained 

the use of radiocarbon dating by the method of Vita-Finzi (1983). In the case of QSTL there 

was a real opportunity because prevalent conditions of the Atacama Desert are particularly
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suited to its deployment, and because current investigations into the suitability of desert 

deposits other than sand dunes at the Archaeology Laboratory in Oxford offered an opportunity 

for analysis.

Optically stimulated thermoluminescence 

Background

OSTL is the optical dating of sediments by photostimulated luminescence (PSL). The principle 

is that sunlight "bleaches" and thus drains minerals of the electrons which have been acquired 

during geological times. In this way the time clock is set to zero. Upon burial the minerals 

become exposed to ionizing radiation from radioactive impurities in the sediment and this 

energy becomes trapped as electrons in defects in the crystal lattice. So the time of burial can 

be measured by the amount of energy accumulated in the minerals since exposure to 

bleaching set the time clock to zero. The accumulated energy is determined by evicting the 

electrons from the mineral traps by photons (as in phototransfer) and measuring the prompt 

luminescence, that is the light emitted by electrons that go immediately to a luminescence 

centre. Age may thus be calculated by measuring the sensitivity of a sample to acquiring 

radiation, by determining the annual dose of radioactivity a sample is exposed to whilst buried, 

and the actual radioactive content of the sample itself. The current age limit of the technique 

is approximately 230 0 0 0  years (Steve Stokes, pers. comm., 1989).

OSTL is one of several methods developed to measure trapped electron populations in a 

variety of materials, which arose from the measurement of thermoluminescence (TL) in baked 

clay by the photomultiplier. As the technique is based on a similar principle to TL dating it also 

shares its problems, and these centre on the stability of electron traps (Aitken, 1985):

a) there may be leakage from shallow traps,

b) anomalous fading is a condition where stability is less than that expected from kinetic 

considerations,

c) poor zero resetting means that deeper traps still maintain the geological signal,

d) spurious TL produced from sources other than nuclear radiation give age overestimates, and
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e) contamination in sample collection or preparation will affect results.

As in TL dating the "plateau test" overcomes these problems by determining the reliability of 

a sample. This test identifies the region of the glow-curve where electron traps are generally 

considered to be stable, which is where the TL glow-peak occurs at a minimum of 300°C.

An additional problem in sediments is that their natural TL consists of a zero-age 

thermoluminescence which was already included when the sediment was deposited besides 

the thermoluminescence acquired since deposition. This zero-age thermoluminescence makes 

the evaluation of the palaeodose of sediments complex. Experiments indicate that as bleaching 

proceeds the probability of the eviction of electrons decreases until an unbleachable residual 

is left. The time required to reach this stage depends on the intensity and spectrum of 

illumination, as also on the susceptibility to bleaching of the minerals present in the sample.

Three methods are available to evaluate whether all but the residual TL has been bleached and 

thus the zero-age set: the additive dose method, the regeneration method and the partial 

bleach method, but it is only the third method which can deal with a sample where this 

condition has not been satisfied. As opposed to measurement by phototransfer, it has been 

found that very low residual levels can be achieved in the optical dating of quartz by using a 

green light from a laser, which means the technique is particularly promising for young 

sediments (Aitken, 1985).

Work on optical dating was initiated in the USSR and focused on "glacial loess", but now 

sediments dated include "desert loess", sand dunes, ocean, lacustrine and fluvial sediments, 

and even dust incorporated within glaciers. The assumption that sunlight is dominant in 

resetting TL to zero has been found to be satisfactory so far, even though bleaching by 

weathering and glacial grinding have also been suggested. Studies have focused on quartz and 

feldspar, each with its own advantages and disadvantages: feldspar has a brighter TL, is
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bleached faster and thus may be better set to zero, but suffers from anomalous fading, 

whereas quartz is more plentiful but the response of old samples becomes non-linear.

Application to the Atacama Desert and to ailuviai fans

The suitability of the sample material and environment, and the age limit of 230,000 years 

restrict the use of OSTL dating. Quartz grains have been focused upon in developing the 

technique and in current research in Oxford, and its presence is assured by the fan lithologies. 

The nature of alluvial-fan sedimentation may be problematic in the case of deposits such as 

debris flows, since it is not guaranteed that the sample has been at the surface and exposed 

to the bleaching effect of sunshine before being buried by a subsequent deposit; so the date 

obtained might be geological. However, rapid and thorough bleaching is favoured by the high 

levels of solar radiation and by the characteristic, long-term hyperaridity of the region, which 

makes it probable that large intervals separate depositional events. The low mean slope angles 

(3°) which characterize all but Fan C are more suggestive of wash events than of debris flows, 

thus increasing the chances of sampling sediment which has been exposed to bleaching by 

the sun. In addition, the weathering of bedrock may be sufficient to reset sediment PSL to zero 

already before deposition and burial in the fan, and zero setting should occur for any aeolian 

material deposited on the fan surface and encorporated in a reg soil. The very low levels of 

moisture in the soil and the paucity of organic material are further advantages presented by 

the environment of the Atacama.

Within the fans there are difficulties in relating the age of different segments to each other: all 

the fans considered here have been built up and subsequently dissected, such that although 

the surfaces of the upstanding segments are the oldest, in terms of deposition, these same 

sediments are in fact the youngest (Figure 3.8). An additional problem is presented by the soil, 

since this is secondary and includes an input of aeolian fines.

The antiquity of the Atacama Desert means that the non-linearity of quartz PSL with age may 

be accentuated, and that it is likely that the range of the technique will be exceeded and dates
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a) Plan view of the fan

S eg m en t 1

S eg m en t 2

X  ' Soil pit in segm ent 1 

Soil pit in segm ent 2

(soil pits of equal depth)

b) Profile of transect A-B  

A

B

Figure 3.8 The surface of the upstanding segm ent 1 is the oldest (a) but a sam ple taken 

at the sam e depth on both segments will be stratigraphically younger on segm ent 1 (b).
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restricted to minima. In spite of this the guidance criteria outlined by Aitken (1985, 266) are 

satisfied, given the lack of dates and the great interest and potential presented by the region 

in terms of Quaternary geology and archaeology. This also means that the present accuracy 

level (5-10%) is acceptable. The suitability of the material and sites was discussed with Steve 

Stokes at Oxford.

Sampling

Sample design

The sites sampled were restricted to the more stable bar deposits and they are shown in Table 

3.8. The limited sample number, an attempt to keep within the age constraint of the technique, 

and the presence of salt horizons determined where and how many samples were taken on 

each fan.

ALLUVIAL FAN SOIL PROFILE LOCATION DETAILS

FANA SP 6 Distal fan - 55-60 cm
- moisture
- capsule

FAN B SP4 Segment 1 
Mid fan

- 50-55 cm
- moisture
- capsule

SP5 Segment 2 
Distal fan

- 50-55 cm

FANC SP1 Baby fan 2 
Fan toe

- 50-55 cm
- moisture
- capsule

Table 3.8 Location of samples taken for OSTL dating with details of sampling depth and 
whether a moisture sample was collected and a capsule buried.
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On Fan A only one sample was taken since it is probable that the age of the surface exceeds 

the range of the technique, since there was difficulty in identifying the segments in the field, 

and since salt horizons were widespread at depth. The most suitable sampling sites were 

provided by Fan B, where each of the two segments was represented. The youngest deposit 

evident was sampled on Fan C, to maximise the dating chances and since difficulties with 

altitude emphasized the need for ease of access.

Method of sample collection

At each site a steel tube was used to take a 250 g sample at 50-60 cm depth, beyond which 

there was a hardpan in most cases. The sample was immediately wrapped in aluminium foil, 

placed in two plastic sample bags and subsequently sealed by thick, brown tape in a black 

plastic bag of photographic quality. Cotton wool in the tube ends was used to keep loose 

material in place. Note was taken of the date and time of sampling, and the surface deposit 

and soil profile were described and photographed within the 30 cm radius specified. A moisture 

sample was taken, and a copper capsule was buried for a year at the point of sample 

collection, having previously been heated to the required 400°C to set zero time. A capsule 

was packed with the samples to record any radiation incurred during transportation.

In order to evaluate the resetting of ancient samples, a 300-500 g sample of the top few layers 

of grains was obtained by dragging the open mouth of a black plastic bag across the surface 

of the youngest segment on Fan B, which was considered to be the most suitable surface.

Results

The samples were analyzed by Steve Stokes at the Research Laboratory for Archaeology and 

History of Art in Oxford.

It was found that resetting is achieved within 1000-1500 years. The sample from Fan A was 

saturated so the date obtained for segment 1 is a minimum of > 230 000 years. It has not yet 

been possible to complete the analysis for the other samples.
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MICROCLIMATE

The distinctive features of the climate of the Atacama Desert and the local variations in 

conditions from east to west have been described in Chapter 2. The geological aridity of this 

desert means that a consideration of contemporary arid conditions is relevant, and it may 

provide a context for the great age of much of the desert surface.

For salt weathering the microclimate is of immediate importance: "The fundamental climatic 

properties of temperature and relative humidity vary very greatly, especially daily and at or near 

ground level where most salt weathering occurs" (Cooke etal., 1993). The focus on conditions 

at the ground surface level is recent in the literature since data for microclimatic conditions is 

not widely available, but it is very important (Figure 3.9). Daily fluctuations in conditions at this 

level are great, but it is especially the daily frequency of such cyclic variations which controls 

the damage induced by weathering. Soil temperature (20 cm depth) has been measured in the 

Punta Negra region for use in obsidian hydration dating, but it is expressed as an annual mean, 

ranging from 13.8°C to 9.5°C at 3020 and 3730 m a.s.l. respectively (Lynch and Stevenson,

1992).

The diurnal variation in temperature and relative humidity was measured on all three fans, as 

also temperature fluctuations at the ground surface and at various depths in the soil. The data 

(uc limited to a snapshot of microclimatic conditions since it was possible only to monitor one 

to three daily cycles, but it allows the differences between the weathering environments of the 

fans to be refined since no such data have been published for these areas. It was possible to 

extend soil temperature measurements over the three summer months of December to 

February by using a Ryan thermograph.

Relative humidity represents moisture held in the atmosphere and it may become accessible 

to the weathering system during the night through the camanchaca or dew. A small experiment 

was devised to see whether such moisture was deposited overnight on the ground surface, and
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Figure 3.9 Microclimatic conditions and the weathering environm ent at the ground surface.
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moisture samples of the soil surface were also taken. The daily cycle is important, but the 

number of days when such moisture may be available varies with the seasons.

Precipitation in the form of rainfall or snow is responsible for the input of relatively large 

quantities of water into the system at any one time, but such precipitation is inherently 

infrequent and sporadic in the Atacama, and it is also often highly localised. Seasonal and 

annual precipitation records are therefore required. Unfortunately the meteorological stations 

in northern Chile, which were set up in 1977, do not provide an integrated regional coverage 

and the data remains unprocessed in most cases.

Moisture may also reach the weathering system from groundwater below. This groundwater 

may be local, but it may also originate from precipitation elsewhere at some previous time. The 

moisture content of the soil may reflect such an input and samples were taken on all three 

fans.

Temperature

Methods and measurements

Temperature readings were taken eight times a day at one site on each fan, and 1-3 days were 

monitored. Air temperatures were recorded by a whirling psychrometer and wind observations 

were made. A pointed thermometer (FMW Strumenti, range -10 to +110°C) was used for 

measurements of the surface and upper soil at 0.2 cm, 2 cm and 5 cm depths. Precision 

analytical thermometers (range -15 to +110°C) were used for greater soil depths, and these 

were installed at 10 cm, 15 cm, and 20 cm. The thermometers were given two to three hours 

to settle before taking the first reading to minimize errors from incaving surface material, and 

subsequently readings were taken at three to four hour intervals. An attempt to use the pointed 

thermometer to measure the temperature of the top and underside of a sample of surface 

clasts failed, so ground surface values (0 . 2  cm) refer to the superficial soil only.
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Soil temperatures at 5-7 cm depths were monitored for 75 days by a Ryan thermograph 

continuously and at +/- 0.74°C accuracy. This is a portable, sturdy instrument which is available 

for hire and is generally used to monitor temperatures during fruit transportation. Measurements 

are taken by a bimetallic coil sensor which only responds to temperature change, and recorded 

on a pressure-sensitive chart (eliminating the risk of any ink drying out) which is powered by 

a quartz-controlled solid state motor run by long-life alkaline batteries. The thermograph is 

calibrated and tested pre- and post-use by Ryan Instruments. It is practical, accurate and 

reliable but the limited scale of -25 to 35°C means that it must be buried in the soil at a suitable 

depth (Plate 3.11). This a minor problem considering the absence of such data at the ground 

surface in these areas.

On Fan A, a burial depth of 5 cm was adequate, but on Fans B and C a depth of 7 cm was 

required. An additional Ryan was buried in the San Pedro meteorological station, also at 7 cm 

depth, in order to relate the data to air temperature and relative humidity.

Results and discussion

The observations were taken in late November and early December 1989 (i.e. summer). The 

detailed observations are given in Table 3.9 and a summary of temperature maxima, minima 

and range of fluctuations are shown in Table 3.10.

Air temperature

The daily air temperature on each fan is compared in Figure 3.10. Fan C has the greatest daily 

range but the lowest values, with a minimum below 0°C and a maximum of only 21.5°C. This 

reflects both increasing continentality and the high altitude of this fan. Fans A and B are quite 

similar but continentality, an increase in altitude and the absence of the afternoon westerly wind 

are reflected in the slightly greater temperature range on the latter. Both maximum and 

minimum values are respectively a little higher and lower on this fan.
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Plate 3.11 The Ryan thermograph is buried just below the surface, at 5 cm depth on Fan 

A.
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a) dATE
TIME

DRYT WETT RH% WIND
DIFTN

DEPTH cm 
9,2 2 5 to 15 20

FANA 
27 Nov

Z17
7.63

7.5
9.5

7
9

93.53
94.02

0
0

9 9 9 15 18 20

2 15.5 13.5 80.53 16 2 22 19 20 15 17 19
1225 26.5 18 43.56 13 3 41 35 40 24 22 20

15 26 16 34.69 16 4 39 35 38 29 25 22
10 22.5 15.5 47.99 16 5 29 28 30 30 27 23
21 15.5 13 75.89 16 4 16 12 19 26 26 24

.... 23.5 15 12 70.93 16 2 14 14 15 PI 24 24
26 Nov

4 10.5 9 82.80 0 10 12 11 18 20 22
6.63 9.5 7.5 76.40 0 8.5 9 9 16 19 21
9,17 15.5 10 49.49 3 1 25 23 22 16 17 20

12 29 15.5 22.15 16 1 47 42 43 24 21 20
15 23.5 16 46.03 13 5 36 34 36 30 26 22
16 21 15 52.92 13 6 26 26 28 30 28 24

21.17 15 12.5 75.49 13 2 15 16 18 26 26 25
M 135 115 7931 11 1 13 13 14 ?? ?3 ?4

29 NW
4 11.5 8.5 67.50 0 10 11 12 18 20 21
7 9 8 87.75 1 8.5 10 10 16 18 20
9 12 10 78.23 1 24 21 17 16 17 19

. 12 25.5 16 36.84 13 3 38 34 37 22 21 20
15,63 26 5 15 27.67 13 5 38 34 37 30 26 22

18
195

22
185

15.5
14.5

50.69 
65 41

13
13

6
5

27 28 30 30 27 24

IDec
9.25 15.5 10.5 53.75 5 1 28 22 21 15 17 19

_ 1 2 26 14.5 26.88 13 4 42 38 37 23 20 19
15,25 25.5 14.5 28.77 13 5 35 33 35 30 26 23

b)

NOTE: wind force
1 = ligfit breeze 4 = T-shirts flap
2 = light wind 5 = difficult to walk
3 = T-shirts cling 6 = very strong

wind direction: compass points clockwise from N 1 to NNW 16

DATE
TIME

DRYT WETT RH% WIND
DIRN FORCE

DEPTH cm 
0 2  2 5 10 15 20

FANS
S D ec

15J7 28 11 5.63 2
1783 27 5 13 1525 1 2

7D0O
033 17 5 4.96 1 2 17 17 18 29 29 29
$66 7 4 61.85 1 1 3 5 7 20 22 26

e 15.5 5 10.97 1 1 25 24 23 20 21 24
12l5 23 10.5 16.43 0 49 35 40 27 28 25

1966 28 10.5 3.65 0 52 43 49 35 30 26
203 21 7 3.86 0 22 22 24 34 32 30

23 25 18 12 49 22 1 2 17 17 20 30 29 30
8 D é d

6.03 11 7 56 61 13 0 8.5 9.5 11 22 23 26
9 3 5 19.5 7 8.51 13 1 33 27 28 22 24 26

1S,f7 29 13 1 50 41 46 34 29 27

C) p R y r  W ETT RH% WIND
DIR*N

WIND
FORCE 02 2 5 to 15 20

FANC
9Dec

12,75 19 8.5 19.61 0
14 19 6 4.28 0 60 38 45 19 12 11
15 21.5 7.5 5.10 0 43 34 40 21 13 12

17,42 15 3 -1.10 13 6 25 22 25 22 16 13
19 12.5 6 35.52 13 5 18 16 19 21 15 12

POTS, 7 1 S 3? 52 13 5 R 7 10 19 15 1?
lO D ec

2 -1 -3 63.38 0
6,25 -3.5 0 -9 -9 -8 5 9 9
8 3 5 2 -2 38.37 11 1 4.5 4 2 6 8 11

10,42 12.5 6.5 39.96 11 1 35 23 25 7 8 10
195 20 8 12.66 1 4 39 32 38 10 12 11

Table 3.9 A summary of recorded air temperature and relative humidity, wind direction and force, and soil temperature at various depths of a) Fan A, b) 
Fan B and c) Fan C.



a) MAXIMUM ̂rEMFERAR

AIR

m e rc i
aOkOGRTHfrnl

e  *  w  i s  a

F A N A
X

s

FA N B

FAN C

27.75
1.77

28

21.5

44 38.5 41.5 30 27.5 24.5 
4.24 4.95 2.12 0 0.71 0.71

52 43 49 35 32 30

60 38 45 22 16 13

b) MINIMUM TEMFERA1U

A(R

R E fC I
S O tU D E P T H Ion l

2 ^^0 n 15 20

FA N A
X 8.5 8.75 9 9 15.5 17 19.5
s 1.41 0.35 0 0 0.71 0 0.71

FA N B 7 3 5 7 20 21 24

FAN C -3.5 -9 -9 -8 5 8 9

c) TEMPERAI"UFERANGI

AIR

E r c i
SC«LDEP7H<cnE»1

Û 2  2  5  1C 55 20

FA N A

F A N B

FAN C

19.25

21

24

35.25 29.5 32.5 14.5 10.5 5 

49 38 42 15 11 6 

69 47 53 17 8 4

Table 3.10 The temperature maximum (a), minimum (b) and range (c) of the air and soi! 
at various depths on each fan.
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Figure 3.10 Daily air temperatures for each fan (Fan A is based on 27-29 Nov. and 1 Dec. 
1989, Fan B on 7 Dec. 1989 and Fan C on 9-10 Dec. 1989).
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The air temperature peaks at midday on Fan A because it is at this time that the westerly wind 

begins to blow strongly, which it continues to do until about 19.00 hours. On Fan B no strong 

wind was observed and the maximum temperature is reached after 15.00 hours. The maximum 

temperature was recorded at a similar time on Fan C since the strong westerly wind began at 

about 17.00 hours on this fan but continued until later than on Fan A (about 20.00 hours). 

Minimum daily temperatures occur just before sunrise on all three fans, between 06.00 and 

07.00 hours.

Soil temperature

The daily fluctuations in soil surface temperatures are much greater than those of the air, but 

they reflect in a clear way the differences between the fans revealed by the range of air 

temperatures (Figure 3.11). Fan C has by far the greatest surface temperature range, but both 

maximum and minimum temperatures are the most extreme. The difference between Fans A 

and B is considerable but not as great, and the increase in continentality and altitude from Fan 

A to Fan C is clear.

The range of temperature fluctuations decreases with a depth of 5 cm in the soil, but the 

pattern and differences between the fans shown in the surface and air temperature trends 

remain the same. There is an inversion between the temperatures at 2 and 5 cm depth on all 

three fans. Throughout the surface soil the lowest minimum temperatures were recorded on 

Fan C, but the greatest maximum temperature was only recorded for the soil surface on this 

fan. At 2  and 5 cm depth the highest maximums were on Fan B and the values for Fan C were 

similar, if a little higher, to those on Fan A.

The temperature characteristics of the soil at a depth of 10-20 cm are clearly very different 

from the upper soil. The temperature range decreases considerably with depth to a fluctuation 

of only 4-6°C at 20 cm depth. The differences between the fans are also less, and although 

Fan B still has a slightly greater range than Fan A at 15 to 20 cm. Fan C has the lowest 

temperature range.
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Figure 3.11 Variations in the soil temperature range with depth on a) Fan A, b) Fan B and c) Fan C.
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Figure 3.12 Daily soil temperatures on a) Fan A, b) Fan B and c) Fan C.



A time lag is evident at this depth since temperatures continue to drop slightly after sunrise and 

reach a general minimum at 09.00 hours (Figure 3.12). Maximum temperatures are generally 

reached later also. On Fan A and C temperatures peak at about 18.00 hours, whilst on Fan 

B they peak at about 20.00 hours. It seems that temperatures at a depth of 10 cm still feel the 

influence of the upper soil and air regime, whilst at 2 0  cm the time lag is exaggerated slightly.

Minimum temperatures begin to increase beyond a depth of 10 cm. In the lower soil the 

temperature minima on Fan C are above freezing but still the lowest of the three fans, as are 

the temperature maxima. Both maximum and minimum temperatures are greater on Fan B than 

on Fan A,

Ryan temperature

The measurements were taken during the summer from December 1989 to February 1990, 

which includes the Bolivian Winter. The maximum temperature on Fan B in February went off 

the top of the scale, so there are no measurements for this month. The mean daily maximum, 

minimum and range of temperature fluctuations is given for each month and for the summer 

as a whole in Table 3.11. The contrasts between the fans are depicted in Figure 3.13.

The temperature on Fan B is higher than that at San Pedro, both in terms of maximum and 

minimum temperatures, but the range is greater in San Pedro (differences are 0.5-1.5°C). It 

seems that temperatures increase slightly in January, but in San Pedro a decrease is then 

evident in February. This may be due to the rainy Bolivian Winter. The variations between the 

months are greater in the minimum than maximum temperatures.

Fan C has the greatest range of daily fluctuations over these three months, and it also has the 

lowest maximum and minimum temperatures. The range decreases from December to 

February, as do maximum temperatures, but the minima follow the same pattern as San Pedro, 

an increase in January followed by a decrease in February. Minimum temperatures are just 

above zero and the maximum approximates the minimum temperature on Fan B.
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SOIL
TEMPERATURE

Oâilv mtfi
S :

DaJvranoe 
X  9

FANA<5Cm>#::::::

Dec1989 14.44 1.07 35.11 1.45 20.67 1.54
Jan 1990 17.06 1.05 36.19 1.75 19.13 2.17
Feb 1990 16.60 0.88 36.33 1.35 19.73 1.57

Summer 16.00 1.58 35.82 1.66 19.82 1.96

FAN:

Dec 1989 21.13 0.80 37.22 0.41 16.09 0.72
Jan 1990 23.32 2.25 37.39 0.55 14.06 1.85
Feb 1990

Summer ^ 22.39 2.09 37.31 0.50 14.93 1.78

F A N C W

Dec 1989 3.18 1.30 26.23 1.20 23.05 1.49
Jan 1990 4.32 1.00 22.97 3.69 18.65 3.87
Feb 1990 2.33 1.21 18.71 3.10 16.38 4.12

Summer 3.42 1.42 22.73 4.14 19.31 4.31

S A N P E D m # # # # # !  

Dec 1989 19.05 0.80 36.60 0.49 17.57 0.74
Jan 1990 22.32 2.83 36.90 0.82 14.58 2.55
Feb 1990 20.23 1.76 35.86 1.52 15.64 2.14

Summer 20.79 2.54 36.51 1.11 15.71 2.40

a)

NOTE; * off the lop of scale

Table 3.11 The mean daily minimum, maximum and range of soil 
temperature for December to February 1989-1990 as recorded by the 
Ryan thermograph on each fan and in San Pedro de Atacama.

b)

Maximum

□  
Minimum

F A N A  F A N  B F A N  C  S A N  P E D R O
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Minimum

D J F  D J F  D J F  D J F  

Fan A Fan B Fan C  S a n  Pedr o

Figure 3.13 The temperature range recorded by the Ryan thermograph on 
each fan from December 1989 to February 1990 showing values a) for the 
summer and b) for each month.



The Ryan thermograph was buried at only 5 cm depth on Fan A and this means that the 

results are exaggerated. At 7 cm depth the maximum temperature would be lower and the 

minimum should be greater. In general the upper soil temperature characteristics are similar 

to those on Fan B, but the maximum temperature is not as high and the range seems to be 

slightly greater. There is an increase in temperature from December to February but a general 

decrease in the range, following an increase in minimum temperatures, which peak in January.

Moisture

Methods and measurements

Relative humidity was measured eight times a day on each fan with the whirling psycrometer, 

for 1-3 diurnal cycles to complement temperature data and documentary sources.

A small experiment was undertaken to trap and qualitatively record moisture precipitated at 

night to assess the input of fog or dew to the fan surface. Pilot experiments on the coast 

refined the procedure to the following: a 1  m̂  plastic sheet was spread out on the fan surface 

just before sunrise, water sensitive papers (Spraying Systems Co.) were placed beneath it, the 

edges were sealed with a cover of soil, and the whole left for 24 hours. The water sensitive 

papers (they respond to skin moisture) were positioned face up and down, on and just below 

the ground, with a control left outside the plastic. A small stick with a water sensitive paper 

stuck to it was placed in the centre so as to lift the plastic some 4 cm above the ground in 

order to provide a focus for condensation (Plate 3.12). The timing of the sheet emplacement 

ensured maximum deposition and minimum evaporation. Moisture sensitive papers were also 

fixed on the tops and undersides of a sample of 5 exposed clasts on the fan surface. Field 

observations accompanied the experiment, specifically with regard to the camanchaca (Plate 

3.13).
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Plate 3.12 The water sensitive papers were placed beneath the sealed plastic sheet, and 

one control was placed outside, to determ ine whether nocturnal moisture was deposited by 

the cam anchaca or dew.

Plate 3.13 The cam anchaca lies low over the Salar de Navldad at dawn with a view of the 

Sierra del Tigre rising above It.
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Soil moisture was determined gravimetrically by drying the samples at 105°C for 24 hours. 

Plastic sample bags were used in 1989 and the analysis begun within 24 hours to minimize 

moisture loss. Pilot samples were taken in the morning and afternoon on the coast, near Cobija 

(22°33’S, 70°15’W), to see if there was a decrease in the moisture content during the day. 

These samples were analysed in the laboratory of CODELCO Chile, Tocopilla. Afternoon 

samples were taken on Fan A to identify any changes downfan, and these were kindly 

analysed by the Geoscience Laboratory, University of the North.

In 1990 airtight containers were used to represent the spatial variation of moisture on Fan A 

in the morning and afternoon, and in the afternoon on Fans B and 0. Two additional samples 

were taken at Conchuela (22°18’S, 70°13’W) to represent the soil moisture on coastal fans. 

The samples for Fan B were kindly analysed by the laboratory of the Sociedad Chilena de Litio 

Ltda, Planta Salar de Atacama. The remaining samples were analysed by the Laboratorio 

Fisico de Suelo y Riego, Institute de Investigaciones Agropecuarias.

Boujoucos blocks were unsuitable for monitoring soil moisture due to problems associated with 

the low moisture and high salt content of the soils.

Results 

Relative humidity

Results are given in Table 3.9 with the temperature measurements and wind observations, and 

the fans are compared in Figure 3.14. The percentage relative humidity was calculated from 

the dry and wet bulb temperatures using the equation h = 1 0 0  e/ê , where h is relative 

humidity, e is vapour pressure and e, is saturation vapour pressure (Wilson, 1990). The value 

for e at air temperature t was obtained from the equation:

(ew -e) = z(t-tw)

where tw = wet-bulb temperature
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Figure 3.14 Daily relative humidity fluctuations as recorded on 
each fan (Fan A is based on 27-29 Nov. and 1 Dec. 1989, Fan 
B on 7 Dec. 1989 and Fan C on 9-10 Dec. 1989).
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Table 3.12 Mean monthly relative humidity as measured by the 
Sociedad Chilena de Litio Ltda in the Salar de Atacama (1983- 
1990).

Figure 3.15 Variations in relative humidity in the Salar de Atacama 
on a) a monthly basis and b) an annual basis (based on data from 
the Sociedad Chilena de Litio Ltda between 1983 and 1990).



t = dry-bulb temperature 

ew = the corresponding partial pressures for tw 

T = psychrometer constant (assuming the air 

speed past the bulbs exceeds 3 m/s and t is 

measured in °C, then it is 0.485 for e in 

mm Hg)

In addition, relative humidity records for 1983-1990 were obtained for the south-east of the 

Salar de Atacama from the Sociedad Chilena de Litio Ltda (Table 1, Appendix). The daily, 

morning, midday and afternoon measurements of relative humidity are summarized as monthly 

means in Table 3.12, and shown together with inter-annual variability in Figure 3.15.

Ground surface

Moisture deposition was recorded on the surface of Fan A, and the camanchaca was observed 

to reach inland to this fan. No surface moisture was recorded on Fans B and 0. On the latter 

it was impossible to wait the full 24 hours, but maximum evaporation would have occurred by 

the peak, mid-aftemoon temperatures. The papers fixed on top and base of the sample of 5 

clasts on each fan showed no evidence of moisture after one night. In the event some papers 

on Fan 0 were left for a year. These recorded the deposition of moisture at some time during 

that year.

The occurrence of the camanchaca seems to vary considerably as can be seen in Table 3.13. 

Surface moisture was recorded on 27 November 1989 on Fan A. The experiment was carried 

out on 7 and 10 December respectively for Fans B and C.
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DATE TIME OBSERVATIONS

26.11.89 08.00 - thick and receding

27.11.89 06.50 - none, sun rising
07.30 - entering over hills
07.50 - all over, except fan head area

28.11.89 07.00 - none, nor later

29.11.89 07.00 - low lying in valley, sun rising

Table 3.13 Field observations of the occurrence of the camanchaca.

Soil moisture

A summary of the various measurements taken is given in Table 3.14. Moming and evening 

soil moisture content on Fan A is shown in Figure 3.16 and a comparison between fans of 

afternoon moisture is given in Figure 3.17.

Discussion 

Relative humidity

The relative humidity was consistently the greatest on Fan A and the range of humidity 

fluctuation was the lowest. Maximum (8 6 %) and minimum (32%) daily relative humidity 

occurred at the same time as the lowest and highest daily temperatures respectively. After 

sunrise the maximum value dropped straight to the minimum in 5 hours, whilst after midday 

it gradually rose over 9 hours to reach and remain at 75% from 21.00 to 04.00 hours. It may 

be that the drop in air temperature due to the afternoon, westerly wind causes relative humidity 

to increase gradually until sunset, and the further drop in temperature then allows it to increase 

directly to 75%. Such a high value and the increase just before sunrise may be due to the 

camanchaca.
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FANA
Head fan 0.80 +
A1 1.41 1.21
A3 1.43 0.54
A4 1.35 0,82
X 1.40 0.86
s 0.03 0.27

Mid fan 1.40 4-
A23 0.84 0.63

Distal fan 1.40 +
A14 1.57 0.96
A12 1.02 0.80
X 1.30 0.88
s 0.28 0.08

Fan toe 1.40 +
A27 2.75

Extras
A1/2
(wet patch) 
A4/2
(5cm depth)

0.89

2.11

NOTES:
* 30 Nov 1990,6.30-7.30 hours 
** 14 Nov 1990,12.15-15.50 hours 
+ 20 Nov 1989,18.30-19.50 hours

b) Sample Humicfitv%
(a m )

HunnkJtv% 
(pm ) *

FANB 
Mid fan
Segment 1 BSP4 0.007
Segment 2 BSP3 0.003
X 0.005
s 0 002
Fan toe 
near PHI 0.090
BSP6 surface 0.790
X 0.44
R 035
Extras 
BSP6 H3 26.530
BSP6 H4 25.380

FANG

Mid fan 0.59 **
Distal fan 1.93 **
Shorelines 5.46 **

COA^Ia L FANS

Cobija mid fan 1.7 + 1.6 ++
2.2 +

Conchuela
Mid fan 0.47 .
Baby fan 1.55 .

I II III
Distance downfan
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Figure 3.16 Variation between soil moisture in tfie morning and 
afternoon on Fan A (November 1990).

NOTES: * 20 Nov 1990,13.00-15.00 hours
•* 23 Nov 1990,18.50-19.30 hours 
+ 13 Nov 1989,8.00 hours 
++ 12 Nov, 1989,17.30 hours 
. 31 Nov 1990,13.00-13^5 hours

Table 3.14 Soil moisture content as measured a) on Fan A and b) on Fan 
B, Fan C and the coast.
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Figure 3.17 A comparison of downfan variations in afternoon soil 
moisture between fans.



The range of relative humidities was the greatest on Fan C. The maximum (63%) occurred at 

0 2 . 0 0  hours instead of just before sunrise as on the other two fans, but these two values may 

be unreliable since the air temperature was below zero. The minimum relative humidity was 

extremely low (4%) and occurred at the same time as maximum air temperature at 14.00-15.00 

hours. After this the humidity rose once again and this may be due to the late afternoon 

westerly wind.

The values on Fan B are distinctive. The maximum (62%) is similar to that on Fan C but it 

occurs just before sunrise. Subsequently there is a very sharp drop to 11-16% and then further 

to 4% at 16.00 hours, when the temperature is the greatest. The relative humidity remains at 

this level until 2 1 . 0 0  hours, unlike the other two fans, and this may be due to the absence of 

the westerly wind. A value of 49% was recorded at 23.00 hours, and it seems that the 5% at 

midnight is incorrect. It is interesting that the shape of the curves for Fans B and C are similar, 

although the changes on the former are less gradual. The measurements taken by the 

Sociedad Chilena de Litio at their plant in the Salar de Atacama near Fan B shows that 

morning relative humidities have dropped considerably by midday, and then drop further in the 

afternoon. The decrease from moming to afternoon is about 50%.

The relative humidities discussed above and recorded in the field on 7 December 1989 are 

lower than mean December values based on the 1983-1990 data, and they are also lower than 

the mean for December 1989. But the means for December 1987 are similar to the values 

recorded in the field, and this suggests that these are not excessively low. There is significant 

inter-annual variation, as shown in Figure 3.15 b), and it is probable that such variations occur 

within each month also. The maximum recorded on Fan B during the night cannot be 

corroborated by this data, since it is restricted to daily changes in relative humidity, but a 

similar value was recorded as a maximum on Fan 0.

It seems that October to December are the months of lowest daily relative humidity during the 

year (Figure 3.15 a). The two peaks in relative humidity represent the Bolivian Winter from
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January to March, and the Chilean Winter of May-July. Relative humidity is greater during the 

Bolivian Winter, and a low in April separates this episode from the Chilean Winter. It is the 

morning relative humidity which varies the most, and during the driest months the daily low 

seems largely to have been reached by midday.

As mentioned previously, there are important annual variations. It is said that the severity of 

the Bolivian Winter follows a seven year cycle, with the last years the driest (see Chapter 2, 

Climate). Such a cycle seems to be evident in Figure 3.15 b), where the cycle begins in 1983 

and reaches a low in the seventh year, 1989, before the mean relative humidity begins to 

increase again for another cycle. Apparently this cycle was first detected in the discharge 

records of a hydro-electric power station in the area, and the region was suffering drought 

during the fieldwork period.

Surface moisture

It is expected that moisture from the camanchaca or dew or both would be deposited during 

the relatively low temperatures and high relative humidities at night and that evaporation would 

proceed rapidly with the rising sun. This is supported by the negative results obtained when 

the plastic was placed at midday, and the positive ones when it was placed before sunrise in 

the pilot study on the coast. This indicates that the source of moisture is external to the 

groundsurface system, and that contact takes place by an open cycle, governed by the daily 

fluctuations in relative humidity and temperatures, which vary also on a yearly scale. The 

diurnal operation of the cycle is illustrated in Figure 3.18, with the principles of the plastic sheet 

experiment shown within the natural context.

Where surface moisture was detected, the pattern of reaction shown by the water sensitive 

papers according to where they were placed suggests moisture quantity. The absence of 

reaction on the control paper (except Fan A once) which is in direct contact with the 

atmosphere, or on those related to the sample of 5 clasts suggests that low levels are 

precipitated and/or that the moisture is not precipitated but adsorbed by surface materials, such
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Atmosphere
a) Camanchaca
b) Dew

I I ADSORPTION

Fan

a) at night moisture is deposited by the camanchaca or dew 
on the ground surface.

Atmosphere

Fan

b) with sunrise the moisture rejoins the 
atmosphere by evaporation

Atmosphere

Condensation

Fan
1 m2 plastic sheet

c) the plastic sheet placed just before sunrise captures the 
moisture which condenses.

Figure 3.18 An illustration of the proposed open cycle governing the deposition of moisture 
on the ground surface.
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as by hygroscopy. Low levels are indicated by the absence cf a reaction from the water 

sensitive papers placed on and just below the surface under the plastic sheet, and the 

necessity of creating a point of maximum condensation in the uplifted centre of the plastic 

sheet to record moisture on the paper. The occurrence of hygroscopic moisture adsorption at 

the ground surface has been remarked upon by Mueller (1968) in relation to the nitrate 

deposits of northern Chile, and also by Wright and Urzùa (1963) and Ericksen (1981).

Field observations at dawn on 30 November 1990 confirm that the camanchaca is a definite 

source of moisture on Fan A, but that its availability depends on whether it can be trapped. 

Physical collision with electricity pylons causes the droplets to liquify and form puddles at the 

foot of the pylons. Some salt nodules were obviously moist so it seems that concentrations of 

hygroscopic salts also capture the moisture successfully. If physical collision is necessary then 

it would seem to be restricted to the surrounding hills and the ground surface where there are 

vertical obstacles in the form of microtopography. This is a source of moisture which may 

account for the patterned ground evident and for the creep on the hillslopes. It also means that 

moisture is available only for a limited time, and that when there is moisture the temperature 

is low and may inhibit weathering.

Soii moisture

There seems to be no increase in soil moisture on Fan A with distance down the main fan in 

the morning, but there is an increase in the fan toe, and also with depth (5 cm) in the head fan 

(Table 3.14 a). The patch in the head fan which seemed wet was less moist than the average. 

There was a decrease in moisture in the afternoon for all samples (Figure 3.16). The moming 

and afternoon samples were taken on different days but this should not have made any 

difference if these samples are assumed to be representative. Samples should have been 

taken on more days to test and confirm this assumption, however it does seem logical that 

there is a decrease in moisture during the day, and it has been shown that moisture from either 

the camanchaca or dewfall is deposited during the night. The moisture content determined in 

1989 is similar to that using airtight containers a year later in the head fan, but in the mid and
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distal fan a greater percentage was recorded In 1989.

The moisture content in the mid section of Fan B was negligible, but it increased in the fan toe 

(Table 3.14 b). It seems that there is less moisture on segment 2 in the mid fan, and in the fan 

toe there is considerable variation between the wash area and the patch of salt efflorescence. 

In the salt patch there was an increase to some 25% moisture content with depth, and this 

seems to reflect a groundwater source.

On Fan C there was a clear increase in soil moisture content downfan, with 5.5% measured 

in the shoreline area of the fan toe. This probably indicates the influence of groundwater.

The increase observed on the coast is due to proximity to the ocean and the reach of sea 

spray.

The levels of surface soil moisture may be compared for the fans in the afternoon, as shown 

in Figure 3.17, In general surface soil moisture is very low on all the fans; it is below 1% apart 

from the distal and toe areas of Fan C (1.9% and 5.5% respectively) and the toe area on the 

coast (1.6 %). So the shoreline area of Fan C is the only part to have a significant moisture 

content.

Within the 1% moisture recorded for the rest of the fans there are differences. The mid section 

of Fan A recorded less moisture than the rest of the fan, but the content was similar to that 

measured in the head of Fan C, in the mid fan area on the coast and in the toe of Fan B. The 

latter fan has negligible moisture except for in this toe area.

It seems that excluding the area reached by sea spray, the moisture content on the coast 

(Conchuela) is lower than that on Fan A in the afternoon. Fan B seems to be the driest of all, 

with the moisture in the toe area originating from resurgence of groundwater at a fault line. 

Surface moisture at a point of such resurgence is still low, being similar to the moisture values
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for Fan A. The head of Fan C has a lower moisture content than Fan A, but the distal and 

shoreline area probably reflect the presence of groundwater.

OBSERVATIONS OF OTHER INDICATORS 

Lichen

The presence of lichen indicates moisture and so contributes to information about the present 

and past environment. Given that lichen exist on Fan A this indicates that the moisture is 

obtained from the camanchaca or dew, since this fan lies within the isohyet of < 1 0  mm p.a. 

(Mueller, 1968) in the hyperarid Central Valley where often there is no precipitation for many 

years. Lichen were not observed on Fans B and 0, where precipitation is said to average some 

20 and 100-400 mm p.a. respectively (Chapter 2), so it indicates that they only need a little 

amount of moisture but relatively frequently. On the coast it is estimated that the camanchaca 

occurs 75% of the year. On the other hand no other form of plant life was observed on Fan A, 

whereas there were a couple of small, dried up plants in the stream channels of the head and 

mid area of Fan B, and bushy, reed-like plants grew on the salt efflorescence patches at the 

fan base. On Fan C only coarse, low grasses were observed at the break of slope between 

hills and the fan sediments at the head fan, and a few were in the main quebrada.

On Fan A the lichen were largely restricted to the hills, where they occurred on clasts and salt 

nodules (Plate 3.14). Stone pavement and clast analysis did not pick up lichen presence, but 

they were observed on the large boulders scattered in the head fan area, where they were 

destroying the rock varnish (Plate 3.15). This suggests that there is a greater or more regular 

source of moisture on the hills from the camanchaca (and dew?) than on the fan itself, or that 

the hills are a more stable environment given the generally hostile environment and probably 

slow rate of growth of the lichen. The large boulders present relief in the already higher head 

area of the fan and so may also afford more access to moisture, possibly by being relatively 

cooler at night, and stability is promoted by their larger surface area and size.
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Plate 3.14 Lichen are present on clasts and sait nodules on the hills delimiting the western 

edge of Fan A.

Plate 3.15 Lichen seem to be destroying the rock varnish of this boulder in the head area  
of Fan A.
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So the presence of lichen indicates that the moisture source from the camanchaca and/or dew 

is real, sufficient and frequent enough for these organisms to survive. It also indicates that the 

surfaces on the hillslopes and large boulders are stable and have probably been so for a long 

time. The fact that the lichen are destroying the rock varnish on many large boulders indicates 

that past conditions of rock varnish formation were stable also, but more arid, too arid for 

lichen, and therefore suggest that the camanchaca did not reach this far inland, was less 

frequent or did not occur on the coast at such a time. It seems that the controls on lichen rate 

of growth must be the relative significance of moisture and time, with low moisture conditions 

requiring much time and vice versa.

Rock varnish

Rock varnish is a black to orange coloured, thin veneer (10-5000 pm) of iron, manganese 

oxides and hydroxides, clay minerals and trace elements. Its origin is subaerial but 

controversial: one model is based on physiochemical inputs and one is based on biological 

inputs (Dorn and Oberlander, 1981). Dorn and Dragovich’s (1990) theoretical model of varnish 

growth classifies the Atacama Desert as being hyperarid with slow varnish deposition (as 

opposed to erosion), a slow rate of varnish development and little competition from other rock 

surface organisms (Figure 3.19). If mean annual precipitation is taken as the measure of 

aridity, one would expect an increasing rate of varnish development from Fan A to the Andes 

and an increase in competition from other rock surface organisms. At a certain point in semi- 

arid conditions the competition of other rock surface organisms becomes so great that the 

vamish is eroded. It seems that the varnish on Fan C is suffering some erosion, but by 

abrasion and weathering, not surface organisms. No erosion was evident on Fan B, and on 

Fan A erosion was caused by lichen, against model predictions. This is because the 

camanchaca is a source of moisture which may only be available by direct capture, and 

therefore does not reduce the hyperaridity in terms of precipitation and geomorphological
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Figure 3.19 A theoretical model of rock varnish growth shows that slow varnishing 
characterizes the hyperarid Atacama Desert but competition from rock surface organisms 
can completely inhibit varnish development when the environment becomes too moist as in 
parts of Australia (after Dorn and Dragovich, 1990).
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processes. It may also be that these lichen are especially resilient and require no more than 

the limited moisture available.

Rock varnish may be used to date surfaces in a variety of ways: its darkness and thickness 

can be used in relative-age dating, but a more refined method for this is the cation-ratio 

technique with a cation-leaching curve, and absolute dates may be produced by radiocarbon 

dating of the basal 10% of vamish. It may be used as an indicator of palaeoenvironments by 

looking at the stable carbon 13 isotope, by the use of microchemical laminations and by 

micromorphological stratigraphy.

There are several assumptions underlying the use of rock vamish as an age and 

palaeoenvironmental indicator. The time lag between deposition and rock vamish initiation 

makes any date a minimum one. The surface is assumed to have been stable in terms of the 

magnesium sink, the rock and desert varnish. Anomalies in environments and microsites are 

avoided in sampling and in analysis, and further assumptions apply specifically to cation-ratio 

and radiocarbon dating of the rock varnish, and these require further research.

The advantages for using this feature are that it is easy and inexpensive, the desert is a 

problem environment with regards to dating, it offers several signals and it has not been done 

in Chile. The problems associated with its use include the unresolved nature of its origin, thus 

underlying fundamental principles are uncertain, and the difficulty in ensuring sampling sites 

in this area where salt weathering is minimal. Also it would be difficult to calibrate the leaching 

curve with absolute dates in North Chile.

Rock varnish was not used for cation-ratio dating (see Surface stability above) but it formed 

a part of the stone pavement analysis to relatively date the fan surfaces (see Desert 

pavements above), and it was considered as a factor which might influence clast weathering 

(see Chapter 5, Clast features).
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CHAPTER 4 SALTS

One aim of this study was to determine the type and amount of salt present on the fans. A 

great variety of salts have been identified in the salars of northern Chile (Chong, 1984), but 

only the major groups believed to be present and of importance in weathering will be focused 

upon here: sulphates, chlorides, carbonates and nitrates. This may be justified since borates, 

iodates and chromâtes are present in relatively small quantities (Ericksen, 1981).

The analysis of salts is difficult, and for this reason there is no standard method for the 

determination of salts (Amit, pers. comm., 1991). Technological developments have widened 

the options but the problems persist, and a variety of methods are often necessary. There are 

two problems in this case. Firstly the nature of the sample means that the salts must be 

separated from the sediment without being altered or destroyed, and secondly the expression 

of the results must be as salt minerals, since it is the characteristics of these which are 

important in weathering.

A variety of analytical techniques are available but they all have certain disadvantages, so it 

is often necessary to use a combination of several approaches. Salts may be identified under 

the microscope by their crystallography, but this is difficult since "taxonomic" knowledge is 

required and in addition the crystallography is not straightforward. Alternatively salts may be 

identified by X-ray diffraction (XRD) but this requires a very small sample (some 10 mg) and 

it is not accurate for a quantitative analysis. Ionic analysis identifies the chemical constituents 

in terms of type and quantity but not the salts themselves, and the SEM/EDAX identifies the 

salt mineral present but at the scale of a crystal on a grain.

The methodology adopted here approached the salts on two fronts. This consisted firstly of an 

ionic analysis of the soluble salts by the flame photometer, atomic absorption 

spectrophotometer (AAS) and ion chromatograph (1C), and the determination of the relatively
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insoluble carbonates by the Leco carbon-sulphur determinator. Secondly the salt minerals 

present were indicated by the XRD, and the aim was to use this to calculate the quantities of 

salt minerals present from the ionic analysis.

Since there is no established method for the extraction of the soluble salts from a sedimentary 

sample for the analysis of the salts, nor is there a standard approach to salt determination, 

controls were built into the method to check its effectiveness and accuracy. This is shown in 

Figure 4.1.

SEDIMENTARY SAMPLES 

Choice of subsamples

There is no standard method of analysis so it was decided to initially look at a pilot set of 

samples to give an indication of the types and concentrations of salts to be expected and thus 

to define the procedure. The intention had been to follow this up with more samples, but those 

analysed proved sufficient in identifying the characteristics of the salts and their distributions 

on each fan.

A total of 36 samples was chosen to give an indication of salt characteristics and distribution 

on the surface of the fans, and the range of concentrations to be accommodated in the 

analysis. Two to three surface samples were selected in the head, mid and distal parts of each 

fan, besides a variety of samples to represent very high/low saline contents and specific 

subsample groups.

Sample splitting

The techniques used to determine salt content required a subsample of a few grams from the
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Figure 4.1 An Illustration of the different techniques used to determine the type and quantity of salt present (the dashed lines show inbuilt checks on the 
methods used).



original 300 g of sediment. The necessity for such a small subsample meant that ensuring 

representativeness was very important, and it also meant that larger particles would take up 

a disproportionate weight of the subsample for chemical analysis. So the >2 mm fraction was 

separated out and the results are given for the material finer than this fraction.

The original sample of ca. 300 g was first hand-quartered (Pettijohn, 1931, in Krumbein and 

Pettijohn, 1938) to give a working sample and a backup from opposite quarters. It was 

necessary to use this method before moving onto a mechanical splitter because the larger 

particle sizes would block any such device and result in unrepresentativeness. A 2 mm sieve 

was subsequently used to separate this fraction from the working sample, with trapped peds 

crushed by vigorous brushing, and a mortar and pestle used for salt concretions where 

necessary - the breaking of individual grains was minimized by avoiding a grinding or abrasive 

action (Ingram, 1971), and by only crushing the material retained by the sieve. The mechanical 

crushing of the coarse fraction was not considered necessary, since it is salt within the 

sediment and adhering to particles which is of primary interest.

The <2 mm fraction of the working sample was further subdivided by means of a rotary splitter, 

shown to be superior in relative accuracy to the Jones riffler by Krumbein & Pettijohn (1938). 

In the present case the choice was supported by the need to process a large number of 

samples, and the need for such small ultimate subsamples. A steady rate of sediment input 

was ensured as far as possible and rotation speed maintained constant. To obtain the 

representative 1 0  g, from which the required subsamples would be drawn, it was necessary 

to split the working sample twice, and in each case the same, opposite two compartments of 

the rotary splitter were used to form the subsamples. The loss of fines as dust adhering to 

paper and containers used in the splitting process were kept to a minimum by shaking and 

brushing at each stage; the losses recorded of 0 .1 -0 .2 % are inevitable and acceptable.

The samples of Fan A were characterized by the presence of abundant peds which broke 

easily with brushing of the sieve. It was important to brush the containers with the samples of
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Fan B since there was much fine material. Very small organic particles were observed in two 

samples of this fan. Salt cemented concretions and peds in Fan C sediment required crushing 

with the mortar and pestle, and abundant fines were also noted. The hammer was required 

where there was much salt present, such as in certain soil horizons and salt pan samples. In 

fact the sample from Fan C salt pan was moist, and so was first dried for 4 hours at 105°C.

SALT DETERMINATION 

Ionic analysis 

Extraction of soluble salts 

Method

The extraction of the soluble salts from the sample of sediment is not straightforward because 

the salts must not be altered or destroyed, and so dispersal reagents cannot be used (Ingram, 

1971). The method used to wash out the salts has been used successfully for similar analyses 

in the Department of Geological Sciences, UCL, and the stirring time was decided on the basis 

of this experience (Tony Osborne, pars, comm., 1990). Several samples were washed an extra 

one to two times to control the effectiveness of the procedure.

Salinity is expressed as a proportion of sample dry weight, which means that ideally all 

samples should be dried before analysis. Where the moisture content is below 2%, however, 

mathematical corrections are acceptable, so it was decided to determine moisture as 

percentage weight loss of a separate 1  g subsample to complement the chemical analysis; the 

aim was to minimize handling of the sediment and the difficulties involved in maintaining the 

sample moisture-free whilst in storage. Weight loss was measured to three decimal places, 

subsequent to heating at 105°C for two hours. Where the moisture content was greater than 

2 %, the procedure was repeated for the 1  g subsample to be used immediately in the chemical 

analysis.

Nearly all surface samples had a moisture content below 2% (Table 4.1). A high salt content
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seems to be reflected in the higher values and this is especially noticeable for those samples 

at depth and near the salt pan. The moisture content of surface samples corresponds well with 

the results obtained within 24 hours of sampling in Chile (see Chapter 3, Moisture).

FANA % Moisture FAN B % Moisture FAN C % Moisture

A1S 3.617 821S 0.218 Cl 6 8 0.659
A3S 1.197 BSP1S 0.312 Cl 78 0.695
A4S 0.966 B23S 0.239 Cl 8 8 0.733
A20S 0.967 B13S 0.500 Cl 28 0 . 1 1 2

A23S 1.287 BSP3S 0.301 Cl 48 1.032
A25S 0.841 B15S 0.263 C58 1.971
A9S 0.902 B4S 0.094 C78 2.804
A12S 1.250 B5S 0.285 Cl 08 3.372
AI 43 1.044 B7S 0.460

A27S 3.240 B20D 0.421 C11D 3.046
ASP4H3 9.091 B13D 0.885 Cpan 4.561
A30D 2.067 B27S 0 . 0 0 0

Table 4.1 The sample moisture content (%).

Subsequently subsamples of 1 g were weighed out to 5 decimal places, and 40-50 ml of 

deionised water added. The samples were stirred magnetically physically to separate the salts 

from the soil particles for two 8  hour days at 500 rev/m in, thus spending a total of 48 hours in 

contact with water. Subsequently the magnet was rinsed, removed, and the sample transferred 

into a centrifuge tube. It was important to use the minimum amount of water in washing out and 

in bringing all the samples to the same level since it was aimed to make the final solution up 

to 100 ml. Centrifuging for 10 minutes at 3000 rev/min x 1000 proved adequate to obtain a 

clear solution, which was then filtered through 2.5 pm using a glass rod to avoid loss of sample 

and thus misrepresentation. Some 10 ml of distilled water were added to the 0.5-1.0 ml of 

solution adhering to the solid, and this was centrifuged again and included in the filtering, to 

reduce this error to an acceptable level. Upon filtering, the solution was made up to 100 ml in
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a volumetric flask, thoroughly shaken and bottled in two labelled 30 ml flasks, using the spare 

40 ml to wash out the flasks first.

Control

Method

The successful extraction of the soluble salts is fundamental to inferences made from the 

results obtained. Past work indicated that this method works but to quantify the success of 

extraction, several samples were washed a second time, some also a third time (where a high 

salt content was expected), and the solutions were analysed for cations and anions. It was 

assumed that sediment lost in filtering did not warrant the drying and reweighing of the sample 

before further washing, and consequently results are restricted to estimates.

The samples washed a second time received an additional 16 hours of stirring, and a total of 

84 to 348 hours of further contact with water. Those samples washed yet another, third time, 

received yet an additional 16 hours of stirring and a further 60 hours in contact with water.

Results and discussion

The results are given in Table 4.2.

Since calcium sulphate is the least soluble of the salts considered, it can be used as a 

standard to indicate the success of the method. Theoretically the second and third washes 

should have no or small quantities of ions. If ions remain it indicates that the washing out has 

not been entirely successful, and this may be for several reasons:

1 There is so much salt that the first wash became saturated.

2 It may be due to the effect of different ions upon each other as they go into solution.

3 It may be due to contamination.

4 The analytical technique may involve inaccuracies.

5 An ion which has not been measured is present.
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A14S 0.09 0 0 8 0.08 0.02 0.05 0.10 0.03 0.00 0.37
0.02 22.22 0.04 50.00 0.02 25.00 0.03 150 00 0.00 0.00 0.02 20.00 0.01 33.33 0.01 - 0.02 5.41

A3S 0.20 0.09 0.18 0.08 0.05 0.28 0.15 0.00 0.70
0.02 10.00 0.03 33.33 0.02 11.11 0.02 25.00 0.01 20.00 0.01 3.57 0.00 0.00 0.01 - 0.02 2.86

A30D 0.34 0.07 1.74 0.12 0.10 0.54 0.32 0.00 3.77
WËShz 0.02 58 8 0.01 14.29 0.02 1.15 0.01 8.33 0.02 20 00 0.01 1.85 0.00 0.00 0.00 0.00 0.02 0.53

0.03 8.82 0.01 14.29 0.01 0.57 0.01 8.33 0.03 30.00 0.02 3.70 0.04 12.50 0.00 0.00 0.04 1.06

ASP4Ætô 0.04 0 0 2 5.25 0.08 0.52 0.13 0.00 0.00 12.98
w a sh a 0.05 125.00 0.00 0.00 5.01 95.43 0.00 0.00 0.09 17.31 0.03 23.08 0.00 0.00 0.00 0.00 12.48 96.15
w ash3 0.02 50.00 0.00 0.00 4 2 2 80.38 0.01 12.50 0.00 0.00 0.02 15.38 0.13 - 0.00 0.00 10.25 78.97

8ÔP3S 0.02 0.01 0.11 0.00 0.00 0.01 0.00 0.00 0.01
wash 2 0.01 50.00 0 0 0 0.00 0.11 100.00 0.00 0.00 0.00 0.00 0.02 200.00 0.01 - 0.00 0.00 0.01 100.00

8 4 6 0.02 0.01 0.11 0.00 0.01 0.00 0.00 0.00 0.01
wash a 0.01 50.00 0.00 0.00 0.12 109.09 0.00 0.00 0.00 0.00 0.01 - 0.06 - 0.05 - 0.06 600.00

e ta s 0.01 0.00 0.10 0.00 0.00 0.02 0.02 0.00 0.07
wash 2 0.00 0.00 0.00 0.00 0.10 100.00 0.00 0.00 0.00 0.00 0.04 200.00 0.01 50.00 0.01 - 0.02 28.57

CSS 0.04 0.02 2.87 0.01 0.13 0.05 0.00 0.00 6.68
wash 2 0.01 25.00 0.00 0.00 0.21 7.32 0.00 0.00 0.00 0.00 0.04 80.00 0.02 - 0.01 - 0.11 1.65

C l i o 0.03 001 3.80 0.01 0.00 0.04 0.00 0.00 9.61
wash 2 0.04 133.33 0.00 0.00 0.68 17.89 0.00 0.00 0.00 0.00 0.02 50.00 0.01 - 0.00 0.00 1.46 15.19
wash 3 0.01 33.33 0.00 0.00 0.14 3.68 0.00 0.00 0.00 0.00 0.01 25.00 0.03 - 0.00 0.00 0.02 0.21

Coan 3.67 0.13 6.55 0.07 0.00 3.15 0.00 0.00 14.76
wash 2 0.16 4.36 0.00 0.00 5.26 80.31 0.03 42.86 0.01 _ 0.04 1.27 0.00 - 0.00 0.00 12.59 85.30
w a s h â .......... 0.04 1.09 0.00 .0.00 . 4.11 6275 0.01 1429 0.04 - 0 02 063 00 6 - 0.00 0.00 9 51 64.43

Table 4.2 Results for the ionic analysis of the additional control' washes of selective samples (%) are related as a percentage of the original result for each 
sample.



All samples were treated and analysed in the same way. Results are extremely mixed, with 

some samples well washed out and others where a high percentage of ions remain. Ionic 

balances are poor overall, except in the case of the second and third wash of samples ASP4 

and Cpan (Table 4.3). The latter suggest that the method works and that problems should be 

limited to specific samples or ions. There is no clear pattern which would indicate any of 

explanations 2-5.

It is evident that three samples (ASP4, Cpan, 011D) had so much salt that more than one 

wash was required due to saturation of the water. It seems also that it is where low values of 

salts are present (generally <0 .1 %) that the quantities of ions remaining in the second and third 

wash form a considerable proportion of the original value, and sometimes even a value that 

is higher than the original.

Overall 95-99.8% of sulphate has been washed out of samples where sulphate is greater than 

0.1% and where saturation is not a problem. This would indicate that the method is successful 

in extracting the soluble salts for these samples and that the other ions should also have been 

washed out. It also suggests that for samples with low levels of salts the problem is one of 

precision (the flame photometer is not very effective at <200 ppm but the AAS should be 

satisfactory). This is supported by the sulphate values obtained by the carbon-sulphur 

determinator, which are generally higher by a considerable percentage (Table 4.4), but which 

again is quite misleading since it represents a difference of less than 1 % sulphate overall 

(except 014, CIO). This is quite good considering that two totally different techniques were 

used, and that the 1C required a preparatory step for the extraction of the soluble salts.

Accuracy at very low quantities (<0.1 %) seems to be beyond the range of the method since 

a large percentage of ions remain in subsequent washes. This may be due to the salts not all 

having been washed out, or due to analytical errors or contamination which would have a big 

effect at such low quantities. Such a limit to the method is clearly apparent in A30S where 

neither second nor third washes were necessary but where both gave results of 0-0.04% of

170



S a rw k W a d i Total Total Wfferenoe Différence
%

A14S 2 0.00 0.00 -0.00 -77.58
A3S 2 0.00 0.00 -0.00 -81.36
A30D 2 0.00 0.00 -0.00 -74.07

3 0.00 0.00 -0.00 -37.16
AS P 4H 3 2 0.25 0.26 0.01 2.93

3 0?1 02 2 0.00 1.55
BSP3S 2 0.01 0.00 -0.01 -85.46
FUR ? 0 01 00 0 -0 00 -63.71
C12S 2 0.01 0.00 -0.00 -66.00
C5S 2 0.01 0.00 -0.01 -68.03
C11D 2 0.04 0.03 -0.00 -12.03

3 0.01 0.00 -0.01 -83.78
C pan 2 0.27 0.26 -0.01 -3.22

3 021 Q2Û -0 01 -4 39

Table 4.3 The ionic balances for the additional ’control’ washes are given: the total cations 
and anions and the percentage imbalance.

Sulphate %
l i l l l i l

IJIfference
Fan Difference %  

X e

FANA 0.48 0 3 0
A1S 9.00 9.92 0.92 10.23
A3S 0.70 1.09 0.39 55.04
A4S 0.59 0.92 0.34 57.81
A20S 0.56 0.88 0.32 56.60
A23S 1.69 2.10 0.41 24.59
A25S 0.73 1.09 0.36 48.84
A9S 0.61 0.94 0.33 54.39
A12S 0.33 0.68 0.35 108.29
A14S 0.37 0.58 0.22 58.96
ASP4ÆI3 12.98 12.02 -0.97 -7.44
A30D 3.77 4.94 1.16 30.81
FAN 8 0.0? 0.16
B21S 0.01 0.01 0.00 48.30
BSP1S 0.02 0.03 0.01 73.97
B23S 0.01 0.01 -0.00 -34.96
B13S 0.06 0.11 0.05 78.23
BSP3S 0.01 0.01 0.00 9.47
BISS 0.02 0.01 -0.02 -67.30
B4S 0.01 -0.00 -0.01 -105.12
B5S 0.06 0.12 0.06 90.52
B20D 0.02 0.05 0.03 131.74
B13D 1.22 0.72 -0.50 -40.71
B27S 0 0 5 01 2 0 0 7 136 65

C16S 1.46 1.00 -0.47 -31.77
0,82 1.08

C17S 0.86 0.99 0.13 14.58
C18S 1.04 1.27 0.24 22.70
C12S 0.07 0.28 0.21 326.03
C14S 1.46 3.41 1.95 133.57
C5S 6.68 6.17 -0.51 -7.63
C7S 9.71 9.68 -0.03 -0.35
CIOS 9.96 13.01 3.04 30.55
C11D 9.61 11.84 2.23 23.20
Cpan 14 7fi 14.72 . . .  _ .-Û.Q4 _ ^26 ,,

NOTE: fan means exclude tfiese samples

Table 4.4 A comparison of sulphate results by the ion chromatograph (1C) and the carbon- 
sulphur determinator (ignition).
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ions present, and where the values in the third wash were often higher than in the second 

wash. It is also evident in the poor ionic balances obtained for the samples with such low 

values. So in such cases the high percentage of ions which seems not to have been extracted 

is misleading, and it is more meaningful to examine the actual quantity of ions which are 

involved (Table 4.5). All the samples except those with large quantities of salts (C11D wash 

1, Cpan, ASP4/H3) revealed an average salt content of 273 ppm or 0.03% (s=127 ppm or 

0 .0 1 %) after a second or third wash, and this is very low indeed (at such quantities the flame 

photometer is not reliable).

So by using the <0.1 % cut off point it may be said that the soluble salts have been successfully 

extracted from all samples apart from those with saturation problems. Sample C5S has 0.2% 

calcium in the second wash, but since SO4  is negligible both in quantity and as a proportion 

of the original, it was decided to ignore this on the basis of evidence from the XRD that the Ca 

is predominantly part of CaSO^, and since it makes only a slight difference to result. In addition 

the original value is less than that for the samples Cpan and ASP4/H3 so the calcium should 

have been washed out, and the value for sulphate in this sample is confirmed by the carbon- 

sulphur determinator. The samples of Fan B and C12S have originally very low quantities, and 

it may be that the method is not good at physically extracting all the salt, for instance if it is 

stuck between grains, but this does not alter the fact that very low levels are present as the 

results from the carbon-sulphur determinator are similar.

The samples affected by supersaturation experience this only really with Ca and SO4, and in 

the case of Cl ID  the soluble salts are successfully washed out by a second wash, whereas 

Cpan and ASP4H3 require more washes. The ionic balances are good for the last two and the 

values for the carbon-sulphur determinator are similar and indicate that the machine was also 

saturated. The fact that ASP4H3 (13%) and Cpan (15%) differ by 2% by both techniques 

indicates that there is not one firm cut off point for supersaturation. The salts from these 

washes were included to produce the final results of Ca and SO4  content and these are most 

probably still minimum values for these two samples.
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CO

C O N T F O B
Samote

Na% K% N03% m m m m rnm m  
% < .

FA N A 0 0 2  0.01

A t4 S 2 0.02 0.04 0.02 0.03 0.02 0.01 0.02 0.02 0.01
(exaüong A S P ^t

A 33 2 0.02 0.03 0.02 0.02 0.01 0.00 0.02 0.02 0.01

A30D 2 0.02 0.01 0.02 0.01 0.01 0.00 0.02 0.01 0.01
3 0.03 * 0.01 0.01 0.01 0.02 * 0.04 0.04 * 0.02 0.01

A S P 4 m 2 0.05 * 0.00 5.01 0.00 0.03 0.00 12.48
3 0.02 0.00 4.22 0.01 * 0.02 0.13 10.25 0.04 0.05 **

FAN8 0.03 0.0$

BSP3S 2 0.01 0.00 0.11 0.00 0.02 * 0.01 0.01 0.02 0.03

: | | | | | | | | | | 2 0.01 0.00 0.12 ' 0.00 0.01 * 0.06 • 0.06 * 0.03 0.04

FAHC

C12S 2 0.00 0.00 0.10 0.00 0.04 * 0.01 0.02 0.02 0.03

CSS 2 0.01 0.00 0.21 0.00 0.04 0.02 • 0.11 0.05 0.07

OllD 2 0.04 * 0.00 0.68 0.00 0.02 0.01 1.46
0.01 0.00 0.14 0.00 0.01 0.03 0.02 0.03 0.04

Cûaft 0.16 0.00 5.26 0.03 0.04 0.00 12.59
0.04 0.00 4.11 0.01 0.02 0.06 9.51 0.02 0.02 **

OVERALL 0.03  0,0$

NOTES: * values greater than original sample
** mean and standard deviation exclude Ca and 804

Table 4.5 The quantity of ions in the ’control’ washes as percentages at two decimal places. The mean (x) and standard deviation (s) is given for each 
sample, for each fan and overall.



Samples Cpan and ASP4H3 are special in that they represent obvious accumulations of salts 

in the field. These give an idea of the values at which further washes are required. Sample 

0 1 1 D has also a high concentration of salts but requires only one further wash and therefore 

may be a more reliable guide to the values which may indicate minimum values after one wash 

(Ca 3.8%, SO4  9.6%). From this it may be seen that all the surface samples should have had 

their salts successfully washed out except for A1, C7, CIO, which have values for both Ca and 

SO4  close to C1 1 D (+/- 0.5% and 0.4% respectively). Since observation did not indicate such 

great salt accumulations as for Cpan, ASP4H3 or even Cl 1D, and since the values do not 

approximate so much the supersaturation levels of the first two, it would seem reasonable to 

suggest that the true values might be approximated by adding the 0.7% Ca and 1.4% SO4  

obtained in the second wash of C11D to these samples. Here it will simply be noted that the 

original figures are minimums, probably underestimated by <1% and <1.5% respectively. In any 

case the figures are so high that it does not make any real difference.

In conclusion it seems that the extraction of the soluble salts has been good for the general 

range of salts present (which is very wide and thus has inherent problems). The precision is 

not great since low values are unreliable (<0 . 1  %) and since very high concentrations of salts 

entail saturation problems, but the method is more than adequate for good approximations and 

for the relative evaluation of the soluble salts present.

Analysis of soluble salts 

Method

The great range and variety of ionic concentrations in the samples made it difficult to determine 

the standards and dilutions required. Cations were analysed by the flame photometer and the 

atomic absorption spectrophotometer (AAS), and the anions by the ion chromatograph (1C). 

Fan B, sample Cl 28 and most of the control washes required a separate low set of standards 

for most of the ionic analysis. Results are given as parts per million (ppm) and percentage (%) 

of subsample weight.
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The flame photometer is generally considered to be the most reliable and efficient technique 

for the determination of potassium and sodium (below 100-200 ppm results are unreliable). The 

results were calibrated to the standard regression equations. Calcium and magnesium were 

measured by the AAS (this is sensitive even at low concentrations, especially for Mg). Sample 

preparation involved the addition of lanthanum chloride and potassium solutions at 1 0 % of the 

total volume in order to suppress interference by sodium and potassium. The standard for 

calcium was prepared to cover a 5-20 ppm range with magnesium at 1-5 ppm. A variety of 

dilutions was necessary, besides a lower set of standards for Fan B (Ca 0.5-5 ppm. Mg 0.5-2 

ppm).

The ion chromatograph was used to determine the anions fluoride, chloride, nitrate, phosphate 

and sulphate. Bromine was included in the analysis but was not detected. Two sets of 

standards were used to accommodate the wide range of values present within individual 

samples: one set consisted of F 1 ppm. Cl 5 ppm, NO3 10 ppm, SO4  20 ppm, PO4  5 ppm, B 

1  ppm (run at a sensitivity of 30 pS), and the other, of the same consistency, was made up at 

one tenth of the concentration (run at 3 |iS sensitivity).

Ionic charge balance calculations were made for each sample to determine the accuracy of the 

analysis. These were very mixed, ranging from very good balances to clearly inadequate ones 

(Table 4.6). Since no clear pattem emerged throughout the analysis to explain the poor 

balances, it would seem that the analysis itself is not at fault but something more specific. The 

samples of Fan B and Cl 28 had an imbalance of considerably more than 50% in general. 

These samples all have a low ionic content, which means that accuracy is inherently more 

difficult and errors are magnified. Both cation and anion totals are below 100 ppm. Two 

samples in Fan B support this explanation since they have a balance below 50% and a greater 

quantity of ions, which in fact lie in the lower range for the samples of Fans A and C (sample 

B27S has a balance of 44% (<200 ppm) and sample B13D has a reasonably good balance of 

20% and higher ionic totals (<300 ppm)).
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âamûtô Total
caëona

Total
anions..............

cmaranoa
...... % .............

EXMepance
Ca2%

A1S 1254.91 1905.05 650.14 34.13 6.43
A3S 266.93 248.73 -18.20 -6.82
A4S 399.09 381.28 -17.81 -4.46
A20S 268.11 256.09 -12.02 ^.48
A23S 388.24 463.06 74.83 16.16 -5.62
A25S 259.50 253.55 -5.96 -2.30
A9S 264.68 250.81 -13.87 -5.24
A12S 286.46 270.05 -16.41 -5.73
A14S 121.87 110.07 -11.80 -9.68

ASP4/H3 2713.74 2742.53 28.79 1.05
A30D 799.41 989.67 190.27 19.23 -12.29

B21S 52.83 3.65 ^9.18 -93.10
BSP1S 55.31 6.24 -49.07 -88.72
B23S 43.31 3.40 -39.91 -92.15
B13S 100.02 16.55 -83.47 -83.46
BSP3S 70.31 4.32 -65.98 -93.85
B15S 54.06 15.44 -38.62 -71.44
B4S 69.27 3.89 -65.38 -94.38
B5S 63.72 21.50 -42.22 -66.27

B20D 59.03 12.82 -46.21 -78.28
B13D 328.37 261.61 -66.76 -20.33
B27S 170.76 95.35 -75.41 ^4.16

C16S 239.08 311.36 72.28 23.21 -6.08
C17S 144.91 184.54 39.63 21.48 -11.09
C18S 197.10 225.31 28.21 12.52 -19.84
C12S 57.00 21.49 -35.50 -62.29
C14S 317.43 310.19 -7.24 -2.28
C5S 956.99 1406.08 449.09 31.94 ■4.30
C7S 1463.51 2051.39 587.87 28.66 -7.40
CIOS 1510.02 2094.31 584.29 27.90 -1.99

C11D 1300.39 2014.32 713.93 35.44 4.66
Cpan 4689.88 3962.17 -727.71 -15.52 -20.21

Table 4.6 Ionic charge balances (difference %) for the results of the ionic analysis and 
where a second calcium measurement was made (difference Ca2 %).
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The cations were measured a second time for a selection of samples to check the analytical 

techniques. Sodium and potassium were remeasured for the samples of Fans A and C where 

the ionic balance was greater than 10%, and for a selection of Fan B samples (Table 4.7 a) 

and b)). The results were once again varied, and differed only by an overall mean of 2 0 0  ppm 

(s=320 ppm) for sodium (with Cpan it becomes 680 ppm, s=2030 ppm) and 110 ppm for 

potassium (s=150 ppm). These could not explain the ionic imbalances.

The same samples of Fan A and 0 also underwent a second measurement for calcium and 

magnesium (this was done at the same time as the original measurements for Fan B and 012S 

were taken, since these samples required a lower set of standards). The results are shown in 

Table 4.7 c) and d). The magnesium results varied but differed by a mean of only 100 ppm 

(s=100 ppm). The second measurement of calcium was a mean 49% greater (s=5.4) than the 

original value (excluding Cpan). As shown by the improved ionic balances (Table 4.6), this is 

important in explaining the originally high ionic imbalances in these samples, and so this 

second value for calcium was taken as the correct one where the ionic balance exceeded 1 0 % 

on Fans A and C.

When lanthanum chloride is omitted in sample preparation the calcium values are 

underestimated by about 50%, since the calcium combines with sulphate and is not detected 

by the flame. It is possible that lanthanum chloride was omitted in the original analysis of these 

samples. The implications are that Fan B and C12S values are correct since these were 

analysed at the same time as the second measurements were taken for the selected samples 

of Fan A and C. It also implies that the other samples of Fan A and C are underestimates. It 

seems strange, however,that the lanthanum chloride should have been omitted when the 

potassium solution seems to have been included, as suggested by the similar magnesium 

original and second results. Also the ionic balances do not suggest that anything is seriously 

wrong with these other samples.

Rosen and Warren (1990) determined charge balances for published chemical analyses of the
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a) Sâmdô Na Na2 Difkmnoe 0(H@*ence% b) Samote K
ppmfwwAvl %

K2
nnm (wAwl %

OftferiÈnce

FANA
AÏS 1413.57 0.14 861.73 0.09 551.84 39.04

FAN A
A1S 662.12 0.07 662.12 0.07 0.00 0.00

A23S 1264.04 0.13 844.24 0.08 419.80 33.21 A23S 801.56 0.08 471.13 0.05 330.43 41.22
A12S 2468.41 0.25 3564.99 0.36 1096.58 44.42 A12S 991.12 0.10 1490.72 0.15 499.60 50.41
A14S 927.32 0.09 719.12 0.07 208.19 22.45 A14S 799 60 0.08 435.54 0.04 364.06 45.53
A30D 3361.19 0.34 1942.89 0.19 1418.30 42.20 A30D 71024 007 71024 007 000 000
FANS
B21S* 82.79 0.01 107.88 0.01 25.09 30.30

FANB : 
B21S* 104.89 0.01 100.61 0.01 4.27 4.08

B13S* 488.14 0.05 322.14 0.03 166.00 34.01 B13S* 327.44 0.03 159.04 0.02 168.41 51.43
B5S*
B20D*

316.19
121.76

0.03
0.01

238.93
105.33

0.02
0.01

77.26
16.42

24.43
13.49

B5S*
B20D*

111.05
161.09

0.01
0.02 69.40 0.01 91.68 56.92

B13D 234 01 0 02 1RS 00 0 0 2 4fl 11 PO.Sfi Rl3n IQS 96 0 09 00 SQ 001 104 67 58 60
FAN C)
C16S 216.68 0.02 177.71 0.02 38.97 17.99

FANG
C16S 136.37 0.01 2.20 0.00 134.17 98.39

CITS 176.27 0.02 140.45 0.01 35.82 20.32 C17S 69.73 0.01 39.69 0.00 30.05 43.09
C18S 409.10 0.04 280.40 0.03 128.70 31.46 C18S 177.65 0.02 95.95 0.01 81.71 45.99
C12S* 70.60 0.01 64.83 0.01 5.77 8.18 C12S* 1.40 0.00 0.00 0.00 1.40 100.00
C5S 431.56 0.04 269.68 0.03 161.88 37.51 C5S 173.06 0.02 69.85 0.01 103.21 59.64
C7S 339.44 0.03 247.84 0.02 91.61 26.99 C7S 0.00 0.00 0.00 0.00 0.00 0.00
CIOS 483.72 0.05 349.19 0.03 134.53 27.81 CIOS 0.00 0.00 0.00 0.00 0.00 0.00
C11D 294.38 0.03 199.13 0.02 95.25 32.36 C11D 58.97 0.01 58.97 0.01 0.00 0.00
Coan 36660.49 397 27290.33 2.73 9370.17 25.53 & S 0  .. _ 1312.04 Q.13 1312.04 9.13 0.00 ., 0.09

c) Samote Cô
comfwwi %

Ca2
oom %

Differsoc©
d )

SSBTWte Mq
fiomfwAvl ÏÊM Ê

Mq2
oomfwWl %

OiffetBfK» CMW nw#

FANA
A1S 22888.37 2.29 33442.86 3.34 10554.49 46.11

FANA
A1S 390.00 0.04 243.75 0.02 146.25 37.50

A23S 4232.75 0.42 6280.85 0.63 2048.10 48.39 A23S 1228.86 0.12 1274.38 0.13 45.51 3.70
A12S
A14S

924.49
832.35

0.09
0.08

1369.79
1210.70

0.14
0.12

445.30
378.34

48.17
45.45

A12S
A14S

1306.87
236.77

0.13
0.02 268.50 0.03 31.73 13.40

A30n 10804 04 1 OR 17383 05 1 74 6570 01 60 89 A30n 1152 53 0 12 1056 48 n i l 06 Od 83 3
FANG
C16S 4391.13 0.44 6240.03 0.62 1848.90 42.11

FANG
C16S 80.39 0.01 35.17 0.00 45.22 56.25

C17S 2634.70 0.26 3887.73 0.39 1253.03 47.56 C17S 45.26 0.00 38.12 0.00 7.15 15.79
C18S 3377.99 0.34 5057.47 0.51 1679.48 49.72 C18S 71.37 0.01 47.58 0.00 23.79 33.33
C5S 18433.82 1.84 28680.29 2.87 10246.46 55.59 C5S 147.08 0.01 98.05 0.01 49.03 33.33
C7S 28176.80 2.82 43210.89 4.32 15034.09 53.36 C7S 484.97 0.05 145.49 0.01 339.48 70.00
CIOS 29617.34 2.96 42155.35 4.22 12538.01 42.33 CIOS 98.72 0.01 246.81 0.02 148.09 150.00
C11D 25602.54 2.56 38005.66 3.80 12403.12 48.44 C11D 72.39 0.01 168.91 0.02 96.52 133.33

60032.87 6.00 65544.08 6.55 5511.21 91 8 .Cwn. . m . i i  . 0,07 . 639.69 0,06 98.41 13.33

Table 4.7 The second measurement for sodium (a), potassium (b), calcium (c) and magnesium (d) is given and expressed as a percentage of the original 
result (difference %).



groundwater in the Bristol Dry Lake, California, and found that charge imbalances of up to 20% 

indicate that these are not very accurate but adequate for some important conclusions to be 

drawn. The results here seem to support this. The errors of the ionic analysis are restricted to 

this level, and further added must be the inaccuracies arising from the washing out procedure. 

This indicates that absolute accuracy in the ionic analysis is not necessary since there are 

already inbuilt errors.

Results for the ionic analysis

Results are given as parts per million (ppm) and percentage (%) of the sample weight in 

Tables 4.8 to 4.10, and the mean and standard deviation for each fan section (I, II, III) is also 

shown. Variations between fans and within fans are illustrated in Figures 4.2 and 4.3.

Analysis of carbonates 

Method

The Leco OS 125 carbon-sulphur determinator was used to measure the total carbon in the 

samples. It was assumed that the organic carbon present would be negligible. This assumption 

was tested on three samples representing each fan by determining the organic carbon after 

the inorganic fraction had been removed by acid treatment. This method was preferred to the 

removal of the organic carbon by loss on ignition, since the temperatures required are very 

close to the 750°C limit beyond which inorganic carbon is also lost.

The dried sample was used where the moisture content was greater than 2 %. Three blanks 

were run to detect any carbon in the crucibles.

The method determines the quantity of ’insoluble’, inorganic carbonate present. This may be 

assumed to be predominantly calcium carbonate, since this was detected in the field 

hydrochloric acid test, and in the XRD analysis (see XRD analysis below). Since sodium 

carbonate is soluble, the sodium cation should have been detected in the ionic analysis, and 

the presence of this salt should be indicated by an imbalance in the ionic totals, with the
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Samofe Na
..oom .tw M . ###0 K

o o m W # ). .
Ca

. # # #
Ma
ppmiyftW

Cl
oomAwM # # #

N0$
b o m W M

P 04
ixtftiM/m % ....

s e x
ponlWAA %

A IS 1413.57 0.14 662.12 007 33442.86 334 390.00 0.04 974.04 0 . 1 0 198.90 0 . 0 2 0 . 0 0 0 . 0 0 89971.53 9.00
1997.76 0 . 2 0 852.78 0.09 1817.62 0.18 818.66 0.08 2751.28 0.28 1539 8 6 0.15 0 . 0 0 0 . 0 0 7026.82 0.70

A4S
(i

5782.47 0.58 859.85 0.09 1449.24 0.14 646.73 0.06 7962.77 0.80 2175.27 0 . 2 2 0 . 0 0 0 . 0 0 5850.76 0.59

2724.67 0.27 727.95 0.07 1516.63 0.15 670.64 0.07 4039.93 0.40 1530.85 0.15 0 . 0 0 0 . 0 0 5644.72 0.56
Am 1264.04 0.13 801.56 0.08 6280.85 0.63 1228.86 0 . 1 2 2622.58 0.26 2363 6 6 0.24 0 . 0 0 0 . 0 0 16851.09 1.69
A25S
lit

1561.19 0.16 917.42 0.09 1986.98 0 . 2 0 836.09 008 2489.14 0.25 1952.23 0 . 2 0 0 . 0 0 0 . 0 0 7293.16 0.73

m 2512.04 0.25 696.30 0.07 1731.42 0.17 620.65 0.06 3258.92 0.33 1961.46 0 . 2 0 0 . 0 0 0 . 0 0 6113.92 0.61
A 1 2 8 2468.41 0.25 991.12 0 . 1 0 924.49 0.09 1306.87 0.13 4903.18 0.49 3963.20 0.40 0 . 0 0 0 . 0 0 3264.27 0.33
A14S 927.32 0.09 799.60 0.06 832.35 0.08 236.77 0 . 0 2 1015.42 0 . 1 0 301.70 0.03 0 . 0 0 0 . 0 0 3677.00 0.37

ASP4/H3 434.38 0.04 216.17 0 . 0 2 144851 28 14.49 772.28 0.08 1332.19 0.13 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 357086.66 35.71
A3ÛD 3361.19 0.34 710.24 0.07 17383.95 1.74 1152.53 0 . 1 2 5384.22 0.54 3202.11 0.32 0 . 0 0 0 . 0 0 37745.27 3.77

3064.60 0.31 791.58 0.08 12236.57 1 . 2 2 618.46 0.06 3896.03 0.39 1304.68 0.13 0 . 0 0 0 . 0 0 34283.04 3.43
k 1936.57 0.19 91.59 0 . 0 1 14995.86 1.50 176.13 0 . 0 2 2965.74 0.30 823.81 0.08 0 . 0 0 0 . 0 0 39380.64 3.94

1849.97 0.18 815.65 0.08 3261.49 0.33 911.86 0.09 3050.55 0.31 1948 92 0.19 0 . 0 0 0 . 0 0 9929.66 0.99
U 630.29 0.06 77.99 0 . 0 1 2143.63 0 . 2 2 234.11 0 . 0 2 701.71 0.07 340.00 0.03 0 . 0 0 0 . 0 0 4940.25 0.49

m 1969.26 0 . 2 0 829.01 0.08 1162.75 0 . 1 2 721.43 0.07 3059.17 0.31 2075.45 0 . 2 1 0 . 0 0 0 . 0 0 4351.73 0.44
iite 736.98 0.07 122.14 0 . 0 1 403.86 0.04 442.64 0.04 1593.44 0.16 1496.97 0.15 0 . 0 0 0 . 0 0 1257.40 0.13

0 0
o

NOTE: The second Ca values have been inserted where appropriate.
The second and third wash results have been added to the Ca and S04 results of ASP4H3.

Table 4.8 Results of the ionic analysis on Fan A (ppm and % of sample weight).



Samo)9 Na
oomtvwwi

K
DomWAA %

Ca
oaafw M

mmmm
ùomfwM % oomAwM iiiiii N03

ûûmfwM. %
P04
aomfwiW %

S04
am * M M %

mmmm
BâiS 82.79 0 . 0 1 104.89 0 . 0 1 880.05 0.09 30.93 0 . 0 0 58.37 0 . 0 1 1 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 95.29 0 . 0 1

BSP1S. 111.13 0 . 0 1 60.83 0 . 0 1 925.97 0.09 31.90 0 . 0 0 79.26 0 . 0 1 9.18 0 . 0 0 13.53 0 . 0 0 185.10 0 . 0 2

Bass
11
B ias

111.87 0 . 0 1 173.83 0 . 0 2 530.83 0.05 90.60 0 . 0 1 58.60 0 . 0 1 0.98 0 . 0 0 0 . 0 0 0 . 0 0 83.22 0 . 0 1

488.14 0.05 327.44 003 1261.20 0.13 89.45 0 . 0 1 105.35 0 . 0 1 9.44 0 . 0 0 0 . 0 0 0 . 0 0 644.51 0.06
BSP3S 172.69 0 . 0 2 134.06 0 . 0 1 1109.33 0 . 1 1 47.42 0 . 0 0 58.78 0 . 0 1 1.98 0 . 0 0 0 . 0 0 0 . 0 0 126.44 0 . 0 1

B iss
lit
B4S

103.18 0 . 0 1 71.92 0 . 0 1 846.24 0.08 65.85 0 . 0 1 312.06 0.03 114.99 0 . 0 1 43.25 0 . 0 0 229.99 0 . 0 2

160.36 0 . 0 2 122.27 0 . 0 1 1124.18 0 . 1 1 36.04 0 . 0 0 49.68 0 . 0 0 2.92 0 . 0 0 0 . 0 0 0 . 0 0 117.39 0 . 0 1

WÊmm
ExM&

316.19 0.03 111.05 0 . 0 1 883.40 0.09 36.00 0 . 0 0 190.69 0 . 0 2 196.04 0 . 0 2 78.81 0 . 0 1 622.17 0.06

BaOD 121.76 0 . 0 1 161.09 0 . 0 2 931.35 0.09 37.02 0 0 0 250.37 0.03 98.88 0 . 0 1 35.07 0 . 0 0 2 0 0 . 2 0 0 0 2

613D 234.01 0 . 0 2 195.26 0 . 0 2 6149.33 0.61 69.71 0 . 0 1 222.07 0 . 0 2 84.65 0 . 0 1 0 . 0 0 0 . 0 0 12191.62 1 . 2 2

827S 2626.55 0.26 157.93 0 . 0 2 951.33 0 . 1 0 60.17 0 . 0 1 2893.14 0.29 190.55 0 . 0 2 68.77 0 . 0 1 517.21 0.05

1% 101.93 0 . 0 1 113.18 0 . 0 1 778.95 0.08 51.14 0 . 0 1 65.41 0 0 1 3.72 0 . 0 0 4.51 0 . 0 0 1 2 1 . 2 0 0 . 0 1

l8 13.54 0 . 0 0 46.50 0 . 0 0 176.45 0 . 0 2 27.91 0 . 0 0 9.79 0 . 0 0 3.86 0 . 0 0 6.38 0 . 0 0 45.45 0 . 0 0

254.67 0.03 177.81 0 0 2 1072.26 0 . 1 1 67.57 0 . 0 1 158.73 0 . 0 2 42.14 0 . 0 0 14.42 0 . 0 0 333.65 0.03
U . . 167.51 0 . 0 2 108.81 0 . 0 1 171.43 0 . 0 2 17.20 0 . 0 0 110.07 0 . 0 1 51.61 0 . 0 1 20.39 0 . 0 0 223.84 0 . 0 2

illx 238.27 0 . 0 2 116.66 0 . 0 1 1003.79 0 . 1 0 36.02 0 . 0 0 120.19 0 . 0 1 99.48 0 . 0 1 39.40 0 . 0 0 369.78 0.04
llt& 77.91 0 . 0 1 5.61 0 . 0 0 120.39 0 . 0 1 0 . 0 2 0 . 0 0 70.50 0 . 0 1 96.56 0 . 0 1 39.40 0 . 0 0 356.93 0.03

0 0

Table 4.9 Results of the ionic analysis on Fan B (ppm and % of sample weight).



Oamde Na
... # # #

K
ûûmfwAwî.. % ..........

Ca
wmiwrn..

Mq
.. oomtwM .

Ci
.oom fwM i p i i i

NOS
PPritW#* . %

P04
oomMAA

304
a m  M M %

1
C16S 216.68 0 . 0 2 136.37 0 . 0 1 6240.03 0.62 80.39 0 . 0 1 225.08 0 . 0 2 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 14640.95 1.46
CITS
II.
C18S

176.27 0 . 0 2 69.73 0 . 0 1 3887.73 0.39 45.26 0 . 0 0 178.66 0 . 0 2 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 8616.38 0 . 8 6

409.10 0.04 177.65 0 . 0 2 5057.47 0.51 71.37 0 . 0 1 314.96 0.03 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 10388.99 1.04
C12S 70.60 0 . 0 1 1.40 0 . 0 0 1049.94 0 . 1 0 16.95 0 0 0 191.63 0 . 0 2 150.19 0 . 0 2 0 . 0 0 0 . 0 0 656.33 0.07
C14S
II*
CSS

206.49 0 . 0 2 136.41 0 . 0 1 6066.14 0.61 2 0 . 1 0 0 . 0 0 206.06 0 . 0 2 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 14610.51 1.46

431.56 0.04 173.06 0 . 0 2 28680.29 2.87 147.00 0 . 0 1 522.13 0.05 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 66785.85 6 . 6 8

C7S 339.44 0.03 0 . 0 0 0 . 0 0 43210.89 4.32 484.97 0.05 1002.92 0 . 1 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 97110.54 9.71
CIOS 483.72 0.05 0 . 0 0 0 . 0 0 42155.35 4.22 98.72 0 . 0 1 661.45 0.07 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 99632.74 9.96
Baas 
Cl ID 294.38 0.03 58.97 0 . 0 1 44757.39 4.48 72.39 0 . 0 1 448.83 0.04 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 110659.44 11.07
Cûâri 36660.49 3.67 1312.04 0.13 159234.73 15.92 738.11 0.07 31522.18 3.15 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 368530.48 36.85

IX 196.47 0 . 0 2 103.05 0 . 0 1 5063.88 0.51 62.82 0 . 0 1 201.87 0 . 0 2 0 , 0 0 0 . 0 0 0 . 0 0 0 . 0 0 11628.66 1.16
l9 2 0 . 2 1 0 . 0 0 33.32 0 . 0 0 1176.15 0 . 1 1 17.56 0 . 0 0 23.21 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 3012.29 0.30

llx 228.73 0 . 0 2 105.16 0 . 0 1 4057.85 0.41 36.14 0 . 0 0 237.55 0 . 0 2 50.06 0 . 0 1 0 . 0 0 0 . 0 0 8551.94 0 . 8 6

Hx 139.08 0 . 0 1 75.27 0 . 0 1 2166.41 0 . 2 2 24.94 0 . 0 0 55.06 0 . 0 1 70.80 0 . 0 1 0 . 0 0 0 . 0 0 5842.99 0.58

Il6t 418.24 0.04 57.69 0 . 0 1 38015.51 3.80 243.59 0 . 0 2 728.83 0.07 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 87843.04 8.78
\\h 59.65 0 . 0 1 81.58 0 . 0 1 6615.05 0 . 6 6 171.82 0 . 0 2 201.98 0 . 0 2 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 14925.25 1.49

s

NOTE: The second Ca values have been inserted where appropriate.
The second and third wash results have been added to the Ca and S04 results of Cl ID  and Cpan.

Table 4.10 Results of the ionic analysis on Fan C (ppm and % of sample weight).
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Figure 4.2 A comparison of the ionic content of samples in each section of Fan A (a), Fan B (b) and Fan C (c).
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sodium total not accounted for completely by the anions measured.

Results and discussion

The blanks produced negligible results but the values were subtracted from the results obtained 

for each sample. The carbon content was converted to carbonate and expressed as a 

percentage of the original sample weight. Where necessary the sample moisture was 

accounted for. Results are given in Table 4.11 and variations within and between fans are 

shown in Figure 4.4.

It was found that the assumption that organic carbon is negligible was not valid, and this 

means that the carbonate results are maximum values.

Organic carbon is present on all three fans at 0.03%. This could be chance, but if not, then it 

would seem to indicate that organic content is fairly constant on the three sites. This would 

mean that overall the carbonate is overestimated by a constant value of about 0.15% 

carbonate content, and that the relative differences between the results do reflect variations 

in carbonate content. But it cannot be assumed that the organic carbon content of the one 

sample tested for each fan is representative of all the samples.

On Fan A it seems that there is very little carbonate. This is supported by the field hydrochloric 

acid test which indicated levels of <0.5% for the soil profiles. On the main fan surface levels 

are very similar at a mean of 0.155% (s=0.020), except for AIS. The organic carbon is 87% 

of the sample tested so the carbonate is in fact only ca. 0.02%. More carbonate was recorded 

for sample AIS, the fan toe, and at depth: an average of 0.506% (s=0.176) which means ca. 

0.37% if the organic carbon is accounted for. These values are consistently very low, so the 

determination of the organic carbon in all the samples by acid treatment was deemed 

unnecessary.

On Fan B carbonate is present at significant quantities, but the organic carbon determined
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F A N A ToW  Cart>onate% F A N S Totat Ca»t)onal»% FA N O Totel O artxxia te%

1
A IS
A3S
A4S
11
A20S
A23S
A25S
111
A99
A12S
A14S
Exims
A27S
ASP4/H3

0.146 0.729 
0.031 0.154 
0.031 0.156

0.037 0.187 
0.025 0.127 
0.032 0.163

0.031 0.156 
0.034 0.169 
0.025 0.128

0.105 0.524 
0.093 0.465 
0  061 0 304

BSP1S

r
BSPâS
B m
tit
B4S
BS3

Extras
B20Ü
B lâ b

0.172 0.861 
0.273 1.369 
0.061 0.307

0.314 1.577 
0.157 0.787 
0.201 1.007

0.265 1.326 
0.215 1.077 
0.210 1.049

0.430 2.158 
0.292 1.472 
0 523 2 614

C16S
C17S

II
C18S
C l2 S
01 4 $
lit
OSS
0 7 $
CIOS
Extras
C U D
Cpan

0.243 1.222 
0.055 0.277

0.116 0.584 
0.240 1.201 
0.899 4.541

0.944 4.814 
1.060 5.299 
1.190 5.949

1.010 5.049 
0.100 0.498

ORGANIC ORGANIC ORGANIC
A3S 0.027 0.033 C16S 0.030

A3S minus 0.020 B21S minus 0.695 0 1 6 8  m inus 1.065
nm anici . . . . amamiA A m an k

X  s X  s X s
AI 0.347 0.271 Bl 0.846 0.434 Ot 0.750 0.473
A ll 0.159 0.024 B it 1.124 0.333 Oil 2.108 1.739
A ll 0.151 0.017 m 1.151 0.124 Ota 5.354 0.465

Table 4.11 The carbonate content (%) is given as the total carbon and the mean and 

standard deviation for each fan section shown. The true carbonate content of samples A3S, 

B 21S and C 16S  is given by subtracting the organic carbon.
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Figure 4.4 Variations in carbonates are shown within each fan and between the fans.
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represented 19% of the total carbon and cannot be ignored. If this is constant then the 

carbonate is overestimated by a value of about 0.15%, and the relative differences between 

samples are still valid. Since it is unlikely that there is much more organic carbon present and 

an error of 0.15% is similar to that obtained in washing out the soluble salts, it was decided 

that it was unnecessary to determine the organic carbon content of all the samples.

There seems to be a slight increase with distance from the apex of Fan B (0.85-1.15%) and 

this becomes more marked at the fan toe (2.61%). With depth there seems to be a slight 

increase if any, and individual samples vary considerably but not in a clear pattem according 

to segments (x=1.04%, s=0.373). The greatest value on the main fan is B13S (1.58%), and this 

does not change with depth.

On Fan C the organic carbon also forms a proportion of the total carbon that cannot be ignored 

(12%). The same reasoning applies as for Fan B.

The increase downfan is marked (0.75-5.35%), with especially high concentrations in the distal 

fan. There seems to be a pattem of lower values on the north side of the fan, which is 

especially marked in the head and mid fan sections. No particular increase of carbonate with 

depth is indicated, the edge of the salt pan here does not seem to contain much carbonate 

relative to the fan (0.5%), and the carbonate in the quebrada, C12S, does not follow the pattem 

evident with the other ions of very low amounts in relation to the rest of the fan surface.

The head section of Fan C has a mean (and standard deviation) comparable to the head of 

Fan B, and the values of the upper and mid areas of Fan C to the north of the quebrada are 

comparable to the lower figures on Fan B.
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XRD analysis

A comprehensive treatment of the theory of XRD analysis may be found in the classic text of 

Klug and Alexander (1974). Not much has been published on the use of XRD for the 

identification of salts, and most work seems to focus on the clay minerals.

Since the purpose of the analysis is to identify the salt minerals present, the soil complicates 

matters by producing the peaks of its constituents and making mineral identification more 

difficult. To dissolve the salts out and then make them recrystallize encounters two problems, 

in that the insoluble material remains in the soil sample, and it is not guaranteed that the same 

salts will recrystallize as were present in the original, nor in the same quantity (this influences 

the size of peaks, thus whether the mineral is detected as a major, minor, trace constituent or 

not at all). An attempt was made to overcome this by analysing one untreated sample, and 

then the same, washed sample. The aim was to remove most of the soluble salts so that the 

peaks which were not produced by salts could be identified on the unwashed sample, and thus 

the salt peaks determined more easily. The sample was ground to help the salts to dissolve 

out. The purpose was not to eliminate all small clasts, nor is it likely that salts would be present 

inside the clasts since they are so small and in any case the XRD does not penetrate at depth.

Two surface samples were selected for each fan to try the washing approach outlined above 

(12 samples in total). The samples were chosen on the basis of the concentrations of ions 

present such that the widest variety of ions would be detected. Other samples of high salt 

concentrations were analysed to indicate salts present in the soil, on the hillslopes, in the salt 

pans, and in clast cracks ( 8  samples). The number of samples was limited by the time involved 

in the analysis and in the interpretation of the peaks. Several additional samples were later 

analysed for the presence of specific salts, essentially calcium sulphate, calcite and natron.

The common evaporite minerals (from Reading, 1986) were selected and a list compiled of the 

minerals most likely to occur in the bedrock lithologies (from geological maps and notes of the
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sample sites) to help the qualitative interpretation of the XRD traces. The washing technique 

did not especially help peak identification and it was not possible to assign mineral names to 

all the peaks. Another problem was that many peaks overlapped, so it was not always possible 

to be certain about the presence of some minerals. This affected especially the non-evaporite 

minerals, and occasionally evaporites present in minor quantities. Interpretation proved 

extremely time consuming and provided a further constraint on the use of the technique in 

analysing samples where pure salt is not involved.

Method

Soluble salts were washed out by the following procedure: after grinding the samples, 75 ml 

of distilled water was added, and the whole stirred for 3 hours (350 rev/min). Centrifuging for 

5 min (3000 rev/min) allowed the solutes to be removed. The second step involved the addition 

of a further 75 ml of deionised water, ovemight stirring (200 rev/min), followed by centrifuging 

and the removal of the solutes, and the drying of the samples by the addition of acetone to 

speed evaporation on a hot plate for 2 hours at 50-75°C.

Subsequently a small proportion of each sample was taken and crushed in an agate pestle and 

mortar until fragments passed a 72-mesh sieve. Fragments were mounted in a standard 

sample holder using the back-packing method. It was decided to use a compact sample since 

the wax used to fix smears to a slide may affect the salt.

Samples were kindly analysed and interpreted by Steve Mirons (Department of Geology, 

Birkbeck College). The conditions of the machine used are as follows: a Philips PW 1710 

diffractometer using Ni-filtered Cu Ka radiation, 40 KV, 30 mA, scanning through 2-50°0 at

0.5°20 per minute; slits of 0.5° divergence, 0 . 2  mm receiving, and 0.5° scatter. Chart speed 

1°20 =10 mm on paper. Ratemeter 5x10  ̂c.p.s at time constant 5. Where necessary a <2 pm 

fraction was prepared to induce preferred orientation of the clay minerals. Samples AIS, 

ASP4/H3, C7S, Cl ID were heated at 550°C for one hour to identify the 10Â peak of halloysite.
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and then rerun since this peak collapses after heating.

Results

The salts detected are listed in Table 4.12 with their chemical formulae. The salts identified on 

each fan are summarized in Table 4.13 and the non-evaporitic material present is shown in 

Table 4.14. The overlapping of many peaks meant that many constituents could not be 

identified with the certainty desirable.

Fan A

General

The salt pan contains gypsum, halite and calcite. It is possible that polyhalite and sylvite are 

also present.

The salt horizon of ASP4 consists of calcium sulphate as both gypsum and anhydrite. The 

chloride carnallite was tentatively identified. The salt in crystalline and powder form below the 

surface on a nearby hillslope consists of gypsum and anhydrite.

The concentration of salt breaking up a quartzite boulder just below the surface consists 

essentially of calcium sulphate. This is present as gypsum (abundant), and possibly also as 

anhydrite. Polyhalite may be there too.

Surface samples

The surface sample in the head fan, AIS, consists of gypsum. In the mid fan gypsum was 

identified but as a minor constituent. Tentatively present are also anhydrite, halite and dolomite.

Fan B

General

There is abundant gypsum on the hills by the upper fan. There may also be lesser leonardite.
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SULPHATES

Gypsum
Anhydrite
Polyhalite
Leonardite
Langbeinite

CaS0 4 .2 H2 0

CaSO^
2 CaSO4 .MgSO4 .K2 SO4 .2 H2 O
MgS04.4Hg0
2 MgS0 4 .KS0 4

CHLORIDES

Halite NaCI
Carnallite MgCI2 .KCI.6 H2 O
Sylvite KCI
Bischofite MgCl2 .6 H2 0

CARBONATES

Dolomite CaCOg.MgCOa
Calcite CaCOg
Natron Na2 CO3 .1 0 H2 O
Huntite Mg3 Ca(C0 3 ) 4

NITRATES

Natratite NaN0 3

Nitre KNO3

Table 4.12 The salts identified by XRD analysis and their chemical formulae.
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The contact between andésite and ignimbrite bedrock in the source area consists of gypsum 

and possibly polyhalite.

The hardpan of soil profile BSP1 and the exposed salt horizon on the edge of segment 1  both 

consist essentially of gypsum and anhydrite, and bischofite, carnallite and calcite may also be 

present. The top salt horizon in soil profile BSP6 , where resurgence of groundwater occurs in 

the fan toe, consists of abundant gypsum.

Calcium sulphate as anhydrite and possibly gypsum was identified in the crack of a split clast 

set on the edge of segment 1 but sylvite may also be present.

Surface samples

Present on the surface of segment 1 (B13S) are leonardite, halite and calcite. No calcium 

sulphate was detected.

In the fan toe anhydrite and calcite were identified.

Fan C

General

The salt pan contains gypsum and halite. It is possible that polyhalite and huntite are also 

present.

In the distal fan gypsum, the chlorides, carnallite and sylvite, and the carbonate, natron, were

identified at depth. Langbeinite and natratite are tentatively present.

The hardpan of soil profile CSP1  consists of gypsum and possibly the chlorides halite,

carnallite, bischofite, and the carbonates calcite and dolomite.

The salt concentration breaking up a boulder at 016 consists of gypsum. Polyhalite may also
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be present. The salt in the crack of a clast was identified as gypsum.

Surface samples

In the distal fan calcium sulphate is present as gypsum, and possibly also as anhydrite. The 

chlorides camallite and bischofite were also identified. It is possible that the carbonate, natron, 

and the nitrates, natratite and nitre, are also present.

Discussion 

Fan A

The salt pan may be a source of gypsum, halite and calcite, and possibly also polyhalite and 

sylvite.

It seems that calcium sulphate is dominant, especially where salt concentrates. This implies 

that there is a segregation mechanism, which is evident in salt horizons in the soil, under 

specific boulders, and on the surface of segment 1 in the head area (it may mean that A1S 

forms part of the surrounding relief rather than the fan).

The calcium sulphate occurs predominantly in the form of gypsum, but often anhydrite is also 

present. Polyhalite has been tentatively identified under the quartzite boulder and in the salt 

pan.

Of the chlorides halite is only definitely present in the salt pan, and tentatively so on the fan 

surface. Camallite and sylvite may be present in the soil and in the salt pan respectively.

Calcite was definitely identified in the salt pan, but the only other carbonate possibly present 

on the surface is dolomite.

Fan B

Calcium sulphate is dominant where salts are concentrated, and this also implies segregation.
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Gypsum was present in the contact between andésite and ignmibrite bedrock, and the hilltops 

of the head area and soil hardpans on segment 1  and in the fan toe consist essentially of 

gypsum and anhydrite. Some leonardite may occur too.

On the fan surface calcium sulphate does not seem so dominant and neither does gypsum. 

Anhydrite was identified in a split clast set in an exposed calcium sulphate horizon on the edge 

of segment 1 and also in the fan toe. Leonardite was also present on segment 1.

Of the chlorides only halite was identified (on segment 1) but camallite, sylvite and bischofite 

may occur in the salt hardpans.

The carbonates are represented by calcite, which was identified in both samples of the fan 

surface and eventually in the hardpan on segment 1 .

Fan C

The salt pan may be a source of gypsum and halite, and polyhalite and huntite may also be 

present.

Calcium sulphate seems to be ubiquitously dominant, and not only in areas where salts tend 

to concentrate such as in certain soil horizons and hardpans.

The calcium sulphate occurs mainly as gypsum. This salt dominates the concentration of salt 

under the split boulder and in the clast crack. Polyhalite may be present also.

At the surface and at a shallow depth of the fan gypsum also dominates, but a variety of other 

salts are present too. It is possible that anhydrite is present at the surface and langbeinite at 

depth.

The chlorides are minor but they are present in a big variety. Halite was only identified in the
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salt pan. Camallite occurs on the fan surface and at depth, and bischofite and sylvite were 

identified in the respective positions.

Of the carbonates only natron was identified with certainty at a fan depth and possibly on the 

surface. Huntite may be present in the salt pan and the salt hardpan may include calcite and 

dolomite. This is strange given that significant calcite (probably) was determined in the ionic 

analysis of fan samples (see Analysis of carbonates above).

Nitrate was tentatively identified on the fan surface and at depth as natratite and nitre.

A Comparison

Calcium sulphate seems to be the dominant salt on all three fans where large concentrations 

occur: on surrounding hills, in soil salt horizons and under/in clast cracks. Predominantly this 

calcium sulphate occurs as gypsum, but anhydrite was also important on Fans A and B. 

Polyhalite is possibly present on Fan A and Fan C, and leonardite may be on Fan B.

On the fan surface greater differences emerge between the fans. On Fans A and C calcium 

sulphate is important but a variety of other salts are definitely or possibly present also. It seems 

that gypsum is once more prevalent, but anhydrite possibly also occurs. On Fan C langbeinite 

may be present too. On Fan B calcium sulphate was only identified in one sample, and here 

in the form of anhydrite. Moreover the salt leonardite was found to occur on this fan.

Halite was the only chloride to be recorded on the surface of Fans A and B, possibly and 

definitely respectively. In the salt pan of fan A halite was definitely identified and in other areas 

of salt concentration the salts camallite and sylvite may be present. On Fan B the chlorides 

bischofite, camallite and sylvite were only tentatively identified in the salt hardpan on segment

1 . Fan C differs in that halite was only recorded in the salt pan, and on the fan surface the 

salts camallite, sylvite and bischofite were identified instead. These may also be present in the 

hardpan.
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With respect to the carbonates the fans differ considerably. On the surface of Fan A dolomite 

alone may be present, although calcite was recorded in the salt pan. On Fan B calcite is 

definitely present on the fan surface and possibly in the hardpan. Fan 0  presents yet another 

case, since here natron was identified on the fan surface, calcite and dolomite may occur in 

the hardpan and huntite may be present in the salt pan.

So it seems that salt accumulations on all three fans are predominantly of calcium sulphate and 

that these mainly occur as gypsum on Fan 0 and as both gypsum and anhydrite on Fans A 

and B (excluding salt pans). On the fan surface itself calcium sulphate is important to differing 

degrees, but in all cases a greater variety of salts are present, consisting of other sulphates, 

the chlorides, carbonates, and in the case of Fan 0 possibly also nitrates.

It is interesting that the salts identified on the surface of Fan B are done so with certainty, yet 

the ionic analysis indicates that very low levels of salts are present on this fan. A relatively 

small variety of salts were identified on this fan: anhydrite, leonardite, halite and calcite.

On Fan A only calcium sulphate as gypsum and anhydrite are identified with certainty despite 

the variety of salt suggested by the ionic analysis (except for halite and calcite in the salt pan). 

Many salts are possibly present both on the fan and around it: anhydrite is often noted, and 

polyhalite, halite, camallite, sylvite and dolomite may also be present.

The great variety of salts on Fan 0 is striking. Gypsum is positively identified in all samples, 

but the four chloride salts are also present (halite, camallite, sylvite, bischofite), and so is 

natron. In addition there may be anhydrite, polyhalite, langbeinite, huntite, natratite and nitre.

Calculation of salts

Determination of salt mineralogy is a problem yet it is very important in terms of weathering.
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The ionic analysis is limited to indicating which ions are present and in what quantities. It is not 

easy to derive which salt minerals are present from this data. The XRD identifies the salts 

present and gives an indication of their relative quantity (abundant, minor, possible), but 

inferences are limited by the question of representativeness given the small sample required.

It is possible to calculate the quantity of each salt mineral present in a sample from the ionic 

data, together with the indications of mineral occurrence given by the XRD. This does not 

distinguish between the anhydrous and the hydrated forms of the salts. The method is limited 

by the assumptions inherent in the calculation procedure and by problems of accuracy in both 

the ionic and XRD analyses, which become more important as the complexity of the salt 

content increases.

Ideally the salt content should be simple, the salts present in the sample should be known and 

the ionic charges should balance. This is important because the quantity of the salts calculated 

to be present is very dependent on the order in which they are dealt with.

The salt content of most samples here does not seem to be simple, and matters are especially 

complicated by the sedimentary matrix of nearly all the samples. This meant that overlapping 

peaks in the XRD analysis prevented the salts from being identified with the desired certainty, 

and it increased the problems of representativeness of the sample. The ionic analysis required 

that the salts be extracted from the sedimentary sample, thus one step removed from the XRD 

samples, and the error of 0.1% (i.e. 1 mg) to 0.03% (i.e. 0.3 mg) must be considered in relation 

to the XRD sample size. The accuracy of the ionic analysis itself is also limited, as shown by 

the ionic charge balances, and this especially affects samples with low levels of salts.

So there are problems for the calculations in that the ionic charge imbalances indicate a degree 

of inaccuracy in most cases, and the way in which the XRD results may be related to the ionic 

analysis is severely limited by the assumption that the sample is representative of the ionic 

results, by the complexity and the uncertainty with which many salts were identified, and by the
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errors involved in the extraction of the soluble salts from the sedimentary sample.

For these reasons calculations will be restricted to the dominant ions, and to the salts known 

to be present with some certainty. The proportion present of the remainder will be only 

suggested.

Method

The conversion of the quantity of ions (ppm w/w) determined by ionic analysis into the quantity 

of a specific salt present requires the assumption that all the SO4  or all the Ca, for example, 

is present as CaSO^. The ionic charge in CaSO^ is balanced by the presence of the ions in a 

1 : 1  mol relationship. This means that the quantity of SO4  required for the amount of Ca 

determined by ionic analysis and assumed to be present as CaS0 4 , is calculated by dividing 

the Ca quantity (ppm w/w) by the relative atomic mass of Ca and multiplying the result by the 

relative atomic mass of sulphate. If the required quantity is greater than the amount of SO4  

found in the sample by ionic analysis then it is this quantity of SO4  which is used to calculate 

the quantity of Ca required in CaS0 4  by the same procedure. When an ion is present in excess 

of the calculated amount required, it is also present in other salts.

As one mole of a salt such as CaS0 4  is equal to one mole of Ca and one mole of SO4 , the 

total quantity of this salt is calculated by converting the amount of Ca or SO4  found in the 

sample (as determined above) to moles by dividing the ion by its relative atomic mass and 

subsequently converting this result into the quantity of CaS0 4  (ppm w/w) by multiplying it by 

the relative atomic mass of this salt (A =136).

Results and discussion

The quantity of the main salt minerals calculated for each fan is given in Table 4.15 and the 

distribution of the surface ions (see Ionic analysis above) is shown for each fan in Figures 4.5
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B13S 913.06 0.09 173.60 0.02 442.82 0.04 412.45 0,04
BSP3S 179.13 0.02 96.86 0.01 158.45 0.02
B15S 325.82 0.03 262.43 0.03 288.20 0.03
B4S 166.30 0.02 81.87 0.01 147.10 0.01
B5S 881.41 0.09 314.23 0.03 178.21 0.02 679.94 0,07

B20D 283.62 0.03 309.68 0.03 183.27 0.02 76.43 0.01
B13D 17271.46 1.73 365.95 0.04 345.10 0.03 16881.31 1.69
R?7R 732 72 0 07 4787 57 0 4 8 297 90 0.03 395 94 0 0 4

C16S 20741.34 2.07 370.91 0.04
C ITS 12206.53 1.22 294.42 0.03
C18S 14717.74 1.47 519.02 0.05
C12S 929.80 0.09 179.57 0.02
C14S 20624.89 2.06 339.56 0.03
C5S 94613.28 9.46 860,41 0.09
C7S 137573.27 13.76 863.36 0.09
CIOS 141146.39 14.11 1090.00 0.11

C11D 152175.13 15.22 739.62 0.07
Cpan 522084.85 52.21 51945.00 5.19

T ab le  4 .15  The quantity of the various salt minerals derived from calculations based on the 

ionic analysis and X R D  data.
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to 4.6 in the appropriate section below. Any significant differences in salt quantity between 

segments is also mentioned below, where the confidence interval is 95% for a two-tailed Mann- 

Whitney test (Minitab Release 7.2 - standard version, 1989).

Fan A

Surface ions

Potassium and magnesium vary little over the fan, and are present at a low level of 0-0.2%. 

Sodium and calcium are present at similar concentrations, except for A1, A23 (3.3%, 0.6%) for 

calcium, and A20, A9, A12 (0.3%), A4 (0.6%) for sodium. The quantity of sodium is in fact 

significantly greater on segment 2 than on segment 1 (p=0.0381).

Nitrate is present at similarly low quantities over most of the fan (mean 0.2%), but chloride 

varies spatially, with most samples at 0.3%, but high values recorded for A20, A12 (0.4-0.5%), 

A4 (0.8%), and low values 0.1% for A1, A14. Calculated halite values are almost significantly 

greater on segment 2 (p=0.0528).

Sulphate is present at the highest concentrations, and varies a lot from the 0.3-0.4% of A12, 

A14, to the high values of A23, A1 (1.7%, 9%). The other samples have levels of 0.6-0.7%. 

(Carbonates are present all over the fan at a low level of maximum 0.1-0.2%, except for A1, 

(0.7%))

Sulphates

Since calcium sulphate was identified in all the samples analysed by XRD, and since overall 

these two ions are dominant on the fan, it seems reasonable to calculate the amount of this 

salt first. Since calcium is only involved in the sulphates of the salts identified, then it seems 

justified to assume that all the calcium occurs in the form of calcium sulphate.

Sulphate is left over in all but A30D, where some calcium remains. The XRD tentatively 

identified polyhalite, but calcium is present in this salt too. It would seem to make sense then
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Figure 4.5 The distribution of ions on Fan A.



to first calculate the amount of this salt, and then calcium sulphate, but this would mean 

assuming that either all the magnesium or all the potassium are present in this form. This 

cannot be done for two reasons, firstly polyhalite was only tentatively identified, and secondly 

because magnesium and potassium chlorides have also been tentatively identified. So the 

presence of polyhalite may be maintained as a possibility, but as a secondary sulphate to 

calcium sulphate.

Chlorides, nitrates and natron

The XRD analysis did not reveal the presence of nitrates, nor of natron. In the ionic analysis 

there is more chloride than nitrate, but the latter is present in quantities >0 .1 % in all but 

samples A1, A14, ASP4. This means that it cannot be generally assumed that all the sodium 

is present in the form of halite; nor can the assumption be made that all the chloride occurs 

as this salt since camallite and sylvite were also tentatively identified.

For samples A1, A14, ASP4 the assumption that all the sodium is in the form of chloride holds 

better, but this relies on the absence of natron as suggested by the XRD. Since the XRD did 

not identify nitrates, although the ionic analysis shows these to be present, it would seem that 

this is not a safe assumption to make.

Assuming that all the sodium occurs as halite, then there is an excess of sodium in all samples 

but A23, A25, A12, ASP4, A30D. For the first three of these the nitrate content is just slightly 

less than the chloride, and the magnesium is slightly greater than the other samples.

In this case it can be seen how important it is to know which salts are present with a degree 

of certainty, and it is also shown how important it is to get the order of the salts correct.

Fan B

Surface ions

The ions are present at very low levels, apart from carbonate, and there were no significant
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differences between the segments.

Sodium, potassium and magnesium have values of 3 decimal places, thus less than 0.0% 

(except for sodium on B13, 0 .1 %). Calcium is present at 0 .1 % all over the fan.

Nitrates and chlorides are also present at less than 0.0%, as is sulphate in all samples apart 

from B13 and B5 (0.1%).

Carbonate is present at greater amounts and varies much over the fan. It occurs as 0.8-1.4%, 

apart from the very low value of B23 (0.3%) and the high value of B13 (1.6%). These are 

maximum values because organic carbon has not been accounted for.

The ionic charges were very imbalanced and make calculations difficult.

Sulphates

Calcium sulphate occurs outside the fan itself and at depth, but it was only identified on the fan 

toe, whereas leonardite was identified on segment 1. It is probable that both are present, and 

since very low values of Mg dominate (<100 ppm), it would seem that leonardite should be 

calculated first, and then calcium sulphate. There is a problem in that there is a shortage of 

sulphate, and a great excess in calcium. In fact calculations indicate that magnesium sulphate 

is present in very small quantities (0.01 to 0.03%) but in several samples all the sulphate is 

taken up by this salt, and where there is some sulphate left over for calcium sulphate there is 

still an excess of calcium. The ionic charge imbalances reflect this, but it is not clear whether 

it is an analytical problem, and therefore which of the ions is misrepresented, or whether the 

calcium forms part of a salt whose anion was not identified. This should have come out in the 

XRD.

Other salts

Halite was identified positively on the fan surface. It seems strange that according to the ionic
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analysis sodium chloride clearly dominates in sample B27, yet halite was not identified here 

by the XRD. No other chloride was identified.

It seems reasonable to calculate halite first of the chlorides. All the chloride is present as 

sodium chloride, except for B15 and B20D. This may suggest that other chlorides are present 

in these samples or it may be due to analytical inaccuracies (although these usually consist 

of a lack of anions). There is a considerable excess of sodium, which may mean that natron 

is present, although it was not identified by XRD, or it may be due to analytical errors.

Potassium is present at levels greater than magnesium, and often similar to sodium, yet no 

potassium salt was identified by XRD.

Fan C

Surface ions

Sodium, potassium and magnesium are present at low levels, with only the distal fan reaching 

0.1% for sodium (CIO) and magnesium (07). Calcium varies from 0.4-0.6% in the head and 

mid fan, to 2.9-4.3% in the distal area (except C12 in the quebrada, 0.1%). The increase in 

calcium in the distal fan is close to being significant (p=0.0518).

A trace of nitrate was only recorded in the quebrada. Chloride is present at very low levels in 

the head and mid fan, and increases to 0.1% in the distal fan. Sulphate follows the same 

pattern, with 0.9-1.5% in the head and mid fan, and a significant increase to 6.7-10% in the 

distal area (p=0.0497). The increase in calculated calcium sulphate in the distal fan is almost 

significant (p=0.0518). There seem to be more salts on the south side of the quebrada relative 

to the north for each fan section.

This pattern is repeated and more marked with carbonate, which is present in the north head 

and mid fan at up to 0.6%, and in the south ranges between 1.2-4.5%, whilst in the distal fan 

it is almost significantly greater at 4.8-5.9% (p=0.0518).
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Sulphates

Calcium sulphate was identified in all the samples analysed by XRD, and was by far dominant 

in the ionic analysis. It can therefore be assumed that the dominant sulphate is calcium 

sulphate. In all samples but 014, C11D, 012, all the sulphate was taken up by the calcium 

sulphate, and a little calcium was left over. This may account for some of the ionic charge 

imbalances. Polyhalite and langbeinite were tentatively identified, and these may account for 

the excess of sulphate in the three samples mentioned above.

Chlorides, nitrates and natron

All four chlorides were identified by XRD, but chloride is present in small quantities only. Nitrate 

was suggested as possible by XRD, but the ionic analysis did not reveal its presence apart 

from a trace in the quebrada. Natron is present according to the XRD and this may account 

for some of the ionic charge imbalances.

If nitrates are not present as given in the ionic analysis, then the sodium may be present as 

halite and natron. If the quantity of soluble carbonate were known then the amount of sodium 

in the natron could be calculated, and subsequently the quantity of halite. This would then allow 

an estimate of the amount of camallite, sylvite and bischofite present.

Since the quantity of soluble carbonate is not known, it is difficult to calculate the quantity of 

other salts present. There is no other such point of departure for the calculations that is 

reasonable, since neither potassium or magnesium is exclusive to any one of the chlorides 

identified, and may in addition be present as sulphates.
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CHAPTER 5 CLAST WEATHERING

WEATHERING FEATURES

Very little work has addressed the problem of measuring clast weathering in the field (e.g. 

Cooke, 1970; Goudie and Day, 1980; Amit and Gerson, 1986; Smith, 1988), although 

weathering of bedrock and tafoni has been looked at in some detail (see Chapter 2, Salt 

weathering). This means that there is no established approach to evaluating surface clast 

weathering and no methodology in how to quantify the weathering of an individual clast.

Clast weathering may be divided into two components: clast surface textures which are 

produced by weathering, and the total breakdown of clasts into one or more identifiable pieces. 

These required separate but complementary approaches, since due to practical constraints 

(clast numbers and time required) the analysis of clast weathering features could not be done 

in the field. A sample of clasts was taken, and a method was devised to describe and quantify 

the type of weathering features present and the intensity of these features (see Clast features 

below). The broken nature of clasts which have disintegrated into several pieces meant that 

they had to be analysed In situ in the field. A classification was developed to describe any 

such weathering found in the stone pavement analysis (Chapter 3, Desert pavement), but as 

this was unsuccessful the sampling design was successfully modified by increasing the size 

and area of quadrat sampled (see In situ disintegration below).

The initial intention was to use the SEM to complement the analysis of clasts at a finer scale, 

but there was no time for this. The relationship of salts and weathering features on alluvial fans 

required an approach at a broad scale, since although the microlevel is more precise, even less 

can be inferred of the controlling environmental factors at this scale. This means that an 

extremely detailed analysis would have been necessary which would have excluded the
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analysis of clasts due to time constraints. For this reason it was decided to focus on surface 

clasts, with the possibility of specific insights provided by a complementary analysis at a 

microscale. In the event there was no time for this.

Clast features

The aim was to use the different weathering features present to indicate the type and intensity 

of weathering and to see how far these may be related to fan salinity, and thus whether a 

diagnostic feature to salt weathering could be identified. Practically no work has focused on the 

analysis of weathering features of surface clasts, and in general weathering features in the 

literature have been treated in a broad and descriptive fashion. This has meant that there is 

a lack of standardisation both in the terms used and what is meant by them, and in fact very 

few definitions have been spelled out. The development of a method to classify and quantify 

clast weathering features therefore required the definition of the features to be examined.

Many of the weathering features are related to each other, and thus differ in terms of the scale 

of the feature or the degree of weathering reached. In this way cracking is related to fracturing, 

splitting and bread and butter weathering. At the scale of a clast a crack and a fracture may 

be considered synonymous, whereas in the extreme forms of splitting and bread and butter 

weathering the cracks have resulted in the clast being broken into two or more pieces. 

According to Cooke (1970, 564), "A split fragment is defined as one which will fit precisely on 

to an adjacent particle of the same rock type, indicating that it was derived from it". Splitting 

is thus a form and a result of cracking.

Cracking parallel to the surface is variously referred to as flaking, spalling, scaling, onion skin 

weathering and exfoliation (when not used for weathering of bedrock by pressure release). 

According to Smith (1978, 26) flakes and scales are differentiated by size: "Flaking is defined 

as the weathering of rocks into flakes between 1  and 1 0  mm thick, which form parallel to the
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rock surface, whilst scaling forms scales between 1 and 10 cm thick". It seems then that 

spalling is redundant, and onion skin weathering and exfoliation are indicative of a great degree 

of weathering by this feature. In a study of tombstone weathering Dragovich (1988, 854) gives 

a similar definition of flaking : "Flaking, or the formation of fractures approximately parallel to 

the carved surface of the rock and usually occurring at a depth of less than 3 mm ...", but this 

is taken to include also granular disintegration.

It seems that it is a matter of scale on a lithological basis which distinguishes granular 

disintegration from flaking, since " A granular disintegrate is defined as a mineral crystal or 

cluster of crystals derived from a parent fragment of crystalline rock" (Cooke 1970, 566). Thus 

the crystal can be seen, whereas in fine-grained rocks such weathering would occur by the 

flaking of a group of crystals too small to be visible in a hand specimen.

Depressions occur in many forms and have been defined in a general way by Dragovich (1988, 

854): "Hollowing/pitting features were those in which weathering did not produce an 

approximately parallel or uniform reduction of carved rock surfaces". Differences between the 

various forms of depressions are of shape, size and density, and depend on the scale of the 

particles in question. Amit & Gerson (1986) for instance, classified pitting in limestone clasts 

according to depth, using a scale which ranged from 0.1-2.5 cm pits and hollowed boulders. 

A dense form of pitting and hollowing becomes honeycomb and cavernous weathering 

respectively, and tafoni are large hollows on large boulders or in bedrock.

Sampling

The samples analysed for salts were restricted as explained in Chapter 4, and in a similar way 

the time required to develop an analytical method in this case restricted the number of samples 

examined. A total of 26 samples were analysed, and these corresponded to the 8-9 surface 

samples for which the salts were determined and which represent the head, mid and distal 

parts of each fan.
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Practical reasons and the logistics of transportation were important in limiting the number of 

clasts sampled and the size of these clasts. A sample of 30 clasts was taken at each site, this 

being the lower limit of a statistically defined 'large' sample, and clast size was restricted to the 

range of 16-256 mm (cobbles) on the Wentworth scale.

Initially it had been planned to collect the 30 clasts by picking the middle clast in 30 randomly 

selected 5x5 cm squares of the 50x50 cm quadrat. This proved to be too time consuming since 

most of the clasts on Fans A and C were smaller than 16 mm. Instead all the surface clasts 

in the quadrat were gathered onto a mesh of 1 2 x 1 2  mm squares which was used as a sieve, 

and 30 clasts were selected by only keeping the third clast picked whilst looking the other way 

until the number was made up.

Measurement procedure 

Clast morphology and Ihhology

Clast morphology was determined by the standard procedures developed by Wadell (1932), 

Krumbein (1941) and Sneed & Folk (1958). The long (L), intermediate (I) and short (S) axes 

were measured with callipers, and Krumbein's (1941) chart was used to determine roundness.

Lithology was classified according to those rock types identified in a sample taken during initial 

reconnaissance to represent the range of lithologies present on each fan. An attempt was 

made to select samples as far as possible from the broad category of igneous rocks. The 

proportion of quartzite on Fan A was too high for this lithology to be excluded by selective 

sampling, but on Fan B it was possible to omit the tobas, conglomerates, sandstones and 

lutites of the Palaeozoic Peine Formation.

Features

A method for the analysis of weathering features demanded that observations be standardised, 

that a form of quantification be found, and that the level of detail be balanced by the time 

available.
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A classification of weathering features was set up and the type of weathering was analysed by 

recording the presence/absence of each feature on every clast. It was found that further detail 

was too time consuming and too difficult to make meaningful, so the only refinement made was 

in recording whether the cracking was as one or 2 + cracks, and in noting the grade of rock 

varnish cover present (Wells et al., 1987). The intensity of weathering was recorded by the 

mean percentage area of the clast affected by each weathering feature. The clast was divided 

into two faces of approximately equal area and the surface affected by each weathering feature 

was estimated with the help of a visual chart (Figure 1, Appendix) and the average taken.

The precise definition of each feature to be analysed was required. This was difficult since few 

standards exist in the literature, since the features overlap at different scales, and since 

potential, as may be indicated by lithology, must be differentiated from whether the feature is 

actually present as a record of weathering. A provisionary classification was drawn up and 

tested by three pilot samples (one from each fan) in order to refine the technique. Definitions 

were refined as a consequence of the difficulties found in maintaining consistency, and certain 

features were eliminated since they were actually not meaningful.

The classification of clast weathering features used is shown in Table 5.1, as refined after the 

pilot study. The definition used for each feature is given and the particular problems associated 

with the feature are summarized. The main features measured are shown in Plates 5.1 and 

5.2.

Controls

Three samples were analysed a second time to assess the accuracy of the method for the 

determination of clast weathering features (one sample from each fan).

The clasts were directly comparable so errors of the clast area affected by a feature were 

determined for each clast and the frequency distribution of errors was assessed for each 

control sample. The categories including at least 70% of the sample were used as error
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1 C L A S T  M O R P H O L O G Y : L, I, 8
R o u n d n e s s  a fte r c h a rt (K m m b e in , 19 41 ) 
F la tn e s s : C a ille u x ’s  in d e x  ((L + l) /2 S )x 1 0 0

2  L IT H O L O G Y  c la s s e s  fo r  e a ch  fa n .

3  W E A T H E R IN G  F E A T U R E S

I) S u r fa c e  a l te r a t io n : d is c o lo u ra tio n  o f th e  c la s t fa c e  o r  c o n s titu e n t m in e ra is .

P ro b le m : A lte ra tio n  is ra th e r a m b ig u o u s  as it m a y  re s u it fro m  s e v e ra i p ro c e s s e s  b e s id e s  w e a th e r in g , su ch  as 
d ia g e n e s is  a n d  h yd ro th e rm a l a lte ra tio n . B u t th is  d o e s  n o t m a tte r s in c e  th e  im p o rta n t th in g  is  th a t it  in d ica te s  
c h e m ic a l a c tiv ity  a n d  m a y  p o in t to  w e a k n e s s  in  th e  c ia s t.

ii) R o c k  v a r n is h : id e n tif ie d  b y  its  c o lo u r  a n d  g re a s y  fe e l.

R o c k  v a rn is h  d e v e lo p m e n t b y  v isu a l e s tim a te  (W e ils  etal., 1 9 87 , 1 3 9 ): 
g ra d e  1 - v a rn is h  is  n o t s u ff ic ie n t to  o b s c u re  lith o io g y ; 
g ra d e  2  - v a rn is h  is  s u ff ic ie n t to  o b s c u re  iith o lo g y .

P ro b le m : T o  b e  s u re  th a t it is  n o t c o n fu s e d  w ith  a e o lia n  a b ra s io n  (e .g . F a n  C ) a  re p re s e n ta t iv e  s u b s a m p ie  w a s  
ta k e n  a n d  c ia s t s e c tio n s  ch e c k e d .

iii) C r a c k in g : s u b d iv is io n s  n o te d  o f 1 o r  2 +  c ra cks .

P ro b le m : It is  d iff ic u lt to  m e a su re  p e rc e n ta g e  a re a . T h e  co n tin u u m  b e tw e e n  c ra c k s  a n d  sca lin g  is a p ro b le m , bu t 
in th is  s tu d y  th e  la tte r w a s  e x c lu d e d  s in ce  th e y  a re  n o t so  im p o rta n t on  th e  s c a le  o f a  c la s t.

iv ) F la k in g : ta k e n  as  m m , th u s  d iffe rin g  fro m  s c a lin g  o n ly  by  s c a le .

P ro b le m : V a rn is h e d  s u r fa c e s  h a ve  s im iia r fe a tu re s  o f a c c u m u la tio n  a n d  th e s e  w e re  a vo id e d .

v ) G ra n u la r  d is in te g r a t io n : d e fin e d  s p e c if ic a lly  by  th e  se p a ra t io n  o f g ra in s .

P ro b le m : It is  d iff ic u lt to  s e p a ra te  e v id e n c e  o f g ra n u ia r d is in te g ra tio n  fro m  its  p o te n tia i o p e ra tio n  as  d e fin e d  by  c ia s t 
lith o lo g y . T h is  is  e ve n  m o re  d iff ic u lt w h e n  e s tim a tin g  th e  a re a  a ffe c te d .

v i) D e p r e s s io n s : th e s e  w e re  d iv id e d  in to  d iffe re n t ty p e s :

a) P its :  d e fin e d  a s  in d iv id u a l ca . 1 m m  d e p re s s io n s .

b ) H o l lo w s :  d e fin e d  as  in d iv id u a l d e p re s s io n s  la rg e r th a n  1 m m .

c ) H o n e y c o m b : s e ve ra l p its  n e x t to  e a ch  o th e r  in a  lim ite d  a re a .

d ) C a v e rn o u s :  s e v e ra i a d ja c e n t h o lio w s  o v e r a  iim ite d  area .

e) S e le c t iv e  re m o v a l o f  m in e ra ls  (S R M ): d e fin e d  by  a p p e a ra n c e  a n d  re s tr ic te d  to  p o rp h y r it ic  te x tu re s , in th is  ca se  
a n d é s ite .

f) E tc h e s : d iffe re n tia te d  fro m  h o llo w s  b y  th e  lo n g itu d in a l s h a p e .

4  N O T E S : lic h e n , a e o iia n  a b ra s io n  a n d  s a lts  in  a s so c ia tio n  w ith  w e a th e r in g  fe a tu re s  w e re  n o te d .

Table 5.1 Classification of clast weathering features (including definitions and associated 
problems).
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Plate 5.1 Rock varnish (grade 2) obscures the lithology of a quartzite and diorite ciast (Fan 

A) and does not completely obscure (grade 1) a porphyritic andésite ciast (Fan C).
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a) Flaking b) Granular disintegration

Plate 5.2 The main weathering features.
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margins. This is a generous maximum since in all cases at least 50% of the sample fell within 

the 5% error category, except for the feature of flaking on Fan B. The error margins for each 

weathering feature are given in Table 5.2 for each fan. It can be seen that for the most part 

the errors are <10%. It seems that inaccuracies increased with the prevalence and area 

covered by a feature.

Whether a feature was recorded as present on a clast was also controlled and the overall error 

determined for each whole sample (Table 5.3). The errors vary between features and between 

fans, but they are generally within 0-10% (3 clasts). There were greater errors for the features 

alteration and cavernous weathering on Fan B, and etches on Fan A. Since no correlations 

were made with the features alteration and etching, a maximum error of 1 0 % seems 

reasonable.

Results and discussion

Clast size and flatness were summarized by the mean and standard deviation, as was also the 

percentage of clast area affected by each weathering feature. Frequency analysis was used 

to summarize roundness, lithology, the grade of rock varnish development and the proportion 

of clasts in each sample which were affected by the weathering features.

Results are given in the appropriate section below (Tables 5.4 and 5.5 for Fan A; Tables 5.6 

and 5.7 for Fan B, and Tables 5.8 and 5.9 for Fan 0). Summaries for each fan are given 

according to each site and according to fan parts and fan segments. The means for each 

section of the fan are based on three samples each, except for Fan 0 where the mean for the 

head and mid fan is based on two samples. On Fan A the mean for segment 2 is based on 

three sites, whilst that for segment 1 is based on 6  sites. The reverse applies to Fan B. The 

mean for segment 1 on Fan 0 is based on 4 sites, whilst the mean for segment 2 is based on 

two sites and that for segment 3 is based on 1  site. The relative importance of each weathering 

feature on the fans is shown in Figure 5.1 and in more detail in Figures 5.2 and 5.3 below.
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FEATURE
Error categories (%) Categories with min. 

70% sample
Largest
error
overall
(%)0% 1% 2% 3% 10% 15% 20% Sample

(%)
Categories

Alteration 60 3 7 70 0-10 10

Rbck 53 7 33 93 0-10 10
Varnish 93 93 0

37 23 37 97 0-10

Crack 1 80 80 0 0
87 87 0
80 80 0

Crack 2+ 87 87 0 0
83 83 0
80 80 0

Flaking 40 3 43 86 0-3 3-20
20 20 13 13 17 83 0-20
30 20 23 73 0-10

G.Dislnteg, 97 97 0 0
73 73 0
97 97 0

Pits 47 33 80 0-1 5
40 3 13 7 33 96 0-5
70 70 0

Hollows 63 3 6 72 0-2 5
40 30 70 0-5
40 43 83 0-5

Etch 77 90 0 0
100 100 0
97 97 0

SRM . - 0
97 97 0
100 100 0

Honeycomb 90 90 0 0
87 87 0
83 83 0

Cavernous 57 20 77 0-2 10
37 13 20 70 0-10
37 20 17 74 0-10

KEY: FAN A 
FAN B 
FAN C

Table 5.2  The error margin of the clast area affected by weathering features is defined as the 
categories into which at least 70%  of the sample falls.
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FEATURE FAN À (%) FAN B (% ) FAN C  {%) OVERALL (%)

Alteration - 23 - 23

Rock varnish 0 6.7 3 6.7

Cracks 3 6.7 3 6.7

Crack 1 0 3 0 3

Cracks 2+ 3 3 3 3

Flaking 3 0 0 3

G,Disintegration 3 6.7 3 6.7

Depressions 0 6.7 0 6.7

Pits 6.7 10 0 10

Hollows 6.7 6.7 0 6.7

Etch 16.7 0 0 16.7

SRM - 3 0 3

Honeycomb 3 6.7 6.7 6.7

Cavernous 10 20 0 20

Table 5 .3  The error of measurements of clast weathering feature prevalence  
(presence/absence).
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depressions: a) percentage clasts affected and b) the clast area 
affected.



The two-tailed Mann-Whitney test was used to see whether the segments differed significantly 

at the 95% confidence interval (Minitab Release 7.2 - standard version, 1989). Significant 

differences in clast morphology, lithology and the prevalence of weathering features are 

mentioned below. There were no significant differences in the clast area affected by the various 

weathering features.

Fan A

Clast morphology and lithology

There is a slight decrease in clast size in the distal fan, but only in the intermediate and short 

axes, and there is also a slight increase in flatness. Clast roundness is slightly greater in the 

mid and distal fan, but class 0 . 2  is still the dominant one.

Quartzite is the dominant lithology on the fan (69%), but diorite makes up 27% of the clasts 

and phyllite is present at 4%. The proportion of quartzite does not vary much with distance 

downfan, but the maximum occurs in the midfan. Diorite decreases downfan from 33% to 21 %, 

and phyllite is only present in any quantity in the distal fan with 1 1 %.

The differences between segments are more marked. The clasts on segment 1 are significantly 

smaller (p=0.0282) but less flat than those on segment 2. Roundness does not differ much but 

in general the clasts on segment 1 seem slightly less round than those on segment 2. In terms 

of lithology segment 1 has a higher proportion of quartzite (73%) than segment 2 (62%), but 

a lower percentage of diorite (25% and 30% respectively) and phyllite (2% and 8 % 

respectively).

Weathering features

The alteration recorded on Fan A was negligible. Rock varnish was present on a large 

proportion of clasts and it covered a large clast area. There was a decrease in the number of 

clasts with rock varnish downfan, from almost 100% to 64% in the distal fan, and the cover of 

rock varnish decreased from 54-56% to 35% in the distal fan. Almost all clasts with rock
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GOtsmtea 4.00 16.60 0.33 1.80 1.00 4.55 0.07 0.36 0.17 0.90 0.00 0.00 1.00 3.96 0.00 0.00 0.07 0.36
PMa 4.13 9.40 3.27 3.26 1.67 4.60 1.90 3.28 1.20 1.11 1.73 1.53 1.57 3.73 1.57 2.63 1.27 1.48
Hoiowp 4.50 4.79 6.40 6.90 6.63 7.18 4.97 4.07 5.03 4.76 4.37 3.19 0.83 1.88 6.37 6.65 6.73 7.30

0.00 0.00 0.83 2.50 0.07 0.36 1.77 3.15 0.40 0.76 0.23 0.96 0.07 0.36 0.63 2.01 0.77 2.14
SRM 0.23 0.96 0.03 0.18 0.00 0.00 0.07 0.36 0.00 0.00 0.00 0.00 0.17 0.90 0.00 0.00 0.17 0.90
Honwoomfo 3.00 12.62 0.83 3.67 0.07 0.36 0.00 0.00 0.07 0.36 0.13 0.50 0.60 2.70 0.57 1.99 0.03 0.18
Cavernous 3.57 7.74 8.77 ,.. 12*43 ... 1.57 5.02 3.80 11.29 2.90 5.15 2.50 4.11 0 0 0 0 0 0 2.93 5.19 4.57 8.95
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L 29.40 3.53 30.18 4.36 29.69 6.28 26.51 1.50 36.25 1.88
1 18.84 3.12 18.89 1.06 17.43 3.83 16.62 1.81 21.92 1.27
S 11.14 2.65 11.08 0.50 8.04 0.82 9.35 1.60 11.57 2.40
Hatoes#............. 956 66 34 58 243 26 20 49 35504 85 27 270 06 37 64 31483 110 31

Altamtion 0.00 0.00 0.00 0.00 0.11 0.16 0.00 0.00 0.11 0.16
RV 54.06 7.51 56.22 8.04 35.06 20.11 55.36 8.79 34.61 18.84
<>ack1 1.51 0.32 1.10 0.40 1.42 0.37 1.21 0.43 1.62 0.04

1.13 0.19 1.13 0.28 0.56 0.31 1.07 0.37 0.69 0.27
17.83 4.18 14.04 6.67 19.50 2.56 18.14 6.07 15.09 2.03

G Oisinlea 1.78 1.59 0.08 0.07 0.36 0.46 0.76 1.45 0.69 0.44
P»ts 3.02 1.02 1.61 0.30 1.47 0.14 2.19 1.11 1.71 0.14
Hoflows 5.84 0.96 4.79 0.30 4.64 2.70 5.57 0.96 4.14 2.44
Eteh 0.30 0.38 0.80 0.69 0.49 0.30 0.48 0.30 0.63 0.80
SRM 0.09 0.10 0.02 0.03 0.11 0.08 0.07 0.09 0.08 0.07
Honevcxxnb 1.30 1.24 0.07 0.05 0.40 0.26 0.77 1.04 0.22 0.27
Cavomtxis 4.63 3.03 . . . 2 . Q 7 . 0.54 2.50 1.89 4.21 2 14 1.79 1.56

Table 5.4 Mean size, flatness and clast percentage area affected by each weathering feature for each site (a) and for the fan sections and segments (b) 
of Fan A.
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0 1 0.00 0.00 3.33 0.00 0.00 0.00 0.00 0.00 0.00
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Eteh 0.00 16.67 3.33 36.67 23.33 6.67 3.33 13.33 16.67
SRM 6.67 3.33 0.00 3.33 0.00 0.00 3.33 0.00 3.33
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Cracks 52.22 3.14 55.56 4.16 43.33 4.71 52.78 5.24 45.56 6.29
Cracks t 37.78 1.57 34.44 1.57 34.44 6.85 35.56 5.33 35.56 1.57
Cracks È+ 14.44 1.57 21.11 5.67 8.89 7.86 17.22 7.56 10.00 4.71
RaWne 96.67 0.00 98.89 1.57 95.56 4.16 97.78 1.57 95.56 4.16
G.C^sinteo • 6.67 2.72 2.22 1.57 3.33 2.72 3.33 3.33 5.56 1.57
D^rasaons 85.56 8.31 98.89 1.57 81.11 19.69 95.00 5.69 75.56 17.71
Ptts 58.89 21.83 63.33 9.81 51.11 6.29 65.00 12.73 43.33 7.20
Wolkjws 76.67 7.20 96.67 2.72 72.22 27.53 89.44 9.70 66.67 24,94
Eteh 6.67 7.20 22.22 12.27 11.11 5.67 12.78 7.56 14.44 15.71
SRM 3.33 2.72 1.11 1.57 2.22 1.57 2.22 2.48 2.22 1.57
Honevconto 7.78 4.16 3.33 2.72 7.78 3.14 7.22 3.56 4.44 4.16
Cavernous 35 56 22.66 . 40.00 9.43 27.78 20.06 45.00 12.13 13.33 10.80

Table 5.5 Frequency distribution of a) roundness, lithology, rock varnish grade and b) the 
percentage of clasts affected by each weathering feature for each site and for the fan 
sections and segments of Fan A. ^ 2 4



varnish had grade 2  development, thus it obscured the lithology.

Almost all clasts on segment 1 were affected by rock varnish (94%), and this proportion was 

considerably greater than the clasts affected on segment 2 (6 6 %). The rock varnish cover was 

also greater on segment 1 (55%) than on segment 2 (35%).

Overall some 50% of clasts are affected by cracks, but the mean clast area affected on the fan 

is less than 3%. More clasts and a slightly greater clast area is affected by one crack than by 

two or more cracks. Total cracking does not seem to vary much downfan, nor does the impact 

of one crack, but the clasts and area affected by two or more cracks decrease slightly in the 

distal fan.

More clasts are affected by cracking on segment 1  (53%) than on segment 2  (46%). This also 

applies to clasts affected by two or more cracks (17% and 10% respectively), whereas the 

number of clasts affected by one crack only is the same on both segments (36%). There is not 

much difference in the clast area affected, and this remains below 3%, but segment 1 has a 

slightly greater area affected by one crack and a slightly smaller area affected by two or more 

cracks than segment 2 .

Flaking affects a mean 97% of clasts on the fan and a mean 17% of clast area. This feature 

does not vary much downfan, but the number of clasts affected decrease slightly in the distal 

fan although here the clast area affected increases. Slightly more clasts recorded flaking on 

segment 1 (98%) and the clast area affected (18%) was slightly greater than on segment 2 

(96% and 15% respectively).

Granular disintegration was recorded on less than 5% of clasts on the fan and it affected an 

area of less than 1%. There was a slight decrease in the evidence for granular disintegration 

downfan, and less was apparent on segment 1  than on segment 2 .
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Depressions are present on a mean of 89% of clasts and affect a mean 11 % of the clast area. 

More clasts on segment 1 (95%) recorded depressions than on segment 2 (76%), and the clast 

area affected was also greater (12.5% as opposed to 7.5%).

The selective removal of minerals was evident on fewer than 3% of clasts and affected less 

than 1% of the clast area. Although etches were recorded on 7-22% of clasts, this feature also 

affected a clast area of less than 1 %. These two types of depressions may therefore be 

Ignored.

There was a slight decrease In the proportion of clasts affected by pits and hollows In the distal 

fan, although maximum values were recorded In the mid fan. The clast area affected decreased 

downfan, especially from the head to mid and distal fan. More clasts were affected by hollows 

than by pits (a mean of 82%, 58% respectively) and the clast area affected by hollows was 

also greater (5% as opposed to 2%). A greater proportion of clasts on segment 1 recorded pits 

(65%) and hollows (89%) than those on segment 2 (43% and 67% respectively), and the clast 

area affected was also slightly greater. The greater prevalence of pits on segment 1  Is almost 

significant (p=0.0695).

Fewer than 6 % of clasts exhibited honeycomb weathering, and this affected a clast area of less 

than 1%, but this feature was slightly more Important on segment 1 than on segment 2. 

Cavernous weathering decreased downfan, and It was evident on a significantly higher 

proportion of clasts on segment 1 (p=0.0349) where It also affected a slightly greater clast area 

than on segment 2 (respectively 45% and 4% on segment 1 and 13% and 1.7% on segment 

2 ).

Fan B

Clast morphology and lithology

Clast size and flatness decrease In the distal fan. There Is an Improvement In roundness 

downfan as class 0.3 becomes the dominant one and as there Is a greater spread In values.
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............ SI -ii; Bll 8 « l B S t BS2
it a X %  : : :: % s X K

L 57.78 15.86 47.97 11.80 32.86 5.57 55.64 12.08 41.49 15.13
1 36.13 10.42 30.68 6.54 23.39 4.46 34.27 6.77 27.97 9.50
e 19.09 6.98 17.05 2.85 14.13 1.20 16.36 3.11 16.96 5.51

PfV)QR 72 OS 288.^7 27 6d 207 21 21 83 308 59 56 55 21797 18 83

Alterailjon 4.24 3.03 9.07 5.53 9.74 4.46 3.50 2.73 9.78 4.68
RV 19.66 13.62 15.22 18.88 5.44 2.86 26.10 16.19 7.11 8.77
O a c k s f 1.24 0.20 0.54 0.19 1.69 0.55 0.79 0.37 1.34 0 6 0
C racksa 1.67 0.89 1.55 0.52 2.02 0.75 1.47 0.45 1.88 0.85
FWwno 32.29 4.26 17.64 6.28 17.11 12.67 25.79 10.46 20.63 10.94
GDisinteq 0.04 0.06 2.11 2.43 3.13 1.40 0.27 0.33 2.51 2.16
Pits 3.54 1.01 3.94 0.80 6.11 0.99 3.61 0.99 4.99 1.45
HoBcwS 5.17 0.96 6.88 2.84 9.54 1.70 5.40 0.75 8.09 2.85
Etch 0.00 0.00 0.02 0.03 0.14 0.14 0.02 0.03 0.07 0.12
SRM 0 0 6 0.08 0.12 0.02 0.32 0.32 0.13 0.03 0.18 0.27
Honevcomb 0.43 0.40 0.36 0.10 1.24 0.64 0.29 0.13 0.87 0.64
Cauemmis 2.46 0.77 3.47 2.40 1073 8 34 1 78 00 8 744 6.90

Table 5.6 Mean size, flatness and clast percentage area affected by each weathering feature for each site (a) and for the fan sections and segments (b) 
of Fan B.



a) FEATURE B2tS 8SP1S B23S BSP3S Ô1SS B 5S B7S

BaufxJnew
D .t 0.00 0.00 0.00 0.00 0.00 3.33 0.00 6.67 0.00
02. 50.00 36.67 50.00 43.33 37.93 60.00 33.33 50.00 20.00
02 46.67 46.67 36.67 40.00 48.28 30.00 43.33 30.00 50.00
0.4 3.33 13.33 10.00 13.33 13.79 6.67 10.00 10.00 16.67
05 0.00 3.33 3.33 3.33 0.00 0.00 6.67 0.00 13.33
0$ 0.00 0.00 0.00 0.00 0.00 0.00 6.67 3.33 0.00
07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

UdiolQcnr
90.00 56.67 70.00 70.00 51.72 63.33 30.00 43.33 40.00

wph@ ndes&8 3.33 33.33 20.00 10.00 20.69 26.67 23.33 36.67 33.33
c ra nodb nb 6.67 0.00 3.33 16.67 0.00 3.33 3.33 3.33 3.33
kmimbnN* 0 0 0 1000 6.67 3.33 27.59 6.67 43.33 16.67 23.33
Rock Varnish

56.67 83.33none 0.00 96.67 26.67 10.00 100.00 86.67 90.00
orad# 1 0.00 0.00 3.33 3.33 0.00 0.00 0.00 10.00 13.33
onadg.g-------------- 10000 3 3 3 70 00 86.67 non 13.33 10.00 33J3a 222.

FEATURE
C A Tpm nA Y

m
mmMmm

Wfl
.. % ..........

m m m m
mmmmm i i i i i i :

BS2
, S '. .

Roundnees
0.00 0.00 1.11 1.57 2.22 3.14 0.00 0.00 1.67 2.55

02 45.56 6.29 47.09 9.39 34.44 12.27 47.78 3.14 39.66 12.64
02 43.33 4.71 39.43 7.47 41.11 8.31 41.11 4.16 41.38 8.29
04 8.89 4.16 11.26 3.26 12.22 3.14 8.89 4.16 11.74 3.24
05 2.22 1.57 1.11 1.57 6.67 5.44 2.22 1.57 3.89 4.87
05 0.00 0.00 0.00 0.00 3.33 2.72 0.00 0.00 1.67 2.55
07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
04 0 0 0 0.00 0 0 0 0.00 0.00 0.00 0.00 0.00 Û.ÛQ 0.00

LWiokw
aDhandeeite 72.22 13.70 61.69 7.55 37.78 5.67 76.67 9.43 47.51 11.05
oo rphandasw 18.89 12.27 19.12 6.89 31.11 5.67 11.11 6.85 29.00 5.82
amnqdion*» 3.33 2.72 6.67 7.20 3.33 0.00 8.89 5.67 2.22 1.57
« A A n W h H t » f i f i f i d 1 6 1?53 10 73 27 78 11.33 3 3 3 2 7 2 21 26 1220
RockVarr«$h
n o n * 41.11 40.76 65.56 39.66 76.67 14.40 12.22 11.00 85.56 14.10
a ra d a i 1.11 1.57 1.11 1.57 7.78 5.67 2.22 1.57 3.89 5.58
d ra d a 2 57.78 40 40 32.3a - 38.10 15.56 12.83 85.88 12.27 10.58 11.12

b) FEATURE " m i s  ' Ô23S $ 1 5 8 $ 4 $ ë 5 é B7S

AharabùA 0.00 40.00 43.33 16.67 44.83 20.00 16.67 26.67 33.33
RV 100.00 3.33 73.33 90.00 0.00 13.33 10.00 43.33 16.67
Cracks 66.67 53.33 30.00 46.67 31.03 26.67 43.33 53.33 50.00
Crackl 36.67 33.33 26.67 16.67 10.34 16.67 20.00 40.00 23.33
Crack 2+ 30.00 20.00 3.33 30.00 20.69 10.00 23.33 13.33 26.67
Flakioa 100.00 96.67 100.00 96.67 68.97 90.00 100.00 60.00 76.67
GDiemtK* 0.00 6.67 0.00 3.33 13.79 6.67 23.33 20.00 16.67

100.00 90.00 93.33 100.00 89.66 93.33 90.00 96.67 90.00
Fits 70.00 66.67 80.00 83.33 79.31 73.33 83.33 96.67 90.00
Hollows 100.00 56.67 90.00 93.33 82.76 56.67 90.00 73.33 60.00
Etch 0.00 0.00 0.00 0.00 0.00 3.33 0.00 6.67 6.67

3.33 0.00 0.00 10.00 6.90 10.00 3.33 23.33 6.67
Hcai0vo(jnih 3.33 10.00 6.67 13.33 17.24 6.67 10.00 30.00 13.33

16.67 30.00 30.00 30.00 24.14 10.00 56.5Z. 23,33 36.67

I^TU R E m wmm rn:
P FfA P N C P  % V s ..... * V V a

AHarafion 27.78 19.69 27.16 12.56 25.56 6.85 20.00 17.85 30.25 10.16
RV 58.89 40.76 34.44 39.66 23.33 14.40 87.78 11.00 14.44 14.10
Cracks 50.00 15.15 34.79 8.59 48.89 4.16 47.78 14.99 42.95 10.59
Crack t 32.22 4.16 14.56 2.98 27.78 8.75 26.67 8.16 23.95 10.00
Crack 2+ 17.78 11.00 20.23 8.17 21.11 5.67 21.11 12.57 19.00 5.69
RdWna 98.89 1.57 85.21 11.81 78.89 16.41 98.89 1.57 82.05 14.64
G Disintaa 2.22 3.14 7.93 4.36 20.00 2.72 1.11 1.57 14.52 6.27
Deorassions 94.44 4.16 94.33 4.28 92.22 3.14 97.78 3.14 91.61 2.59
Pits 72.22 5.67 78.66 4.11 90.00 5.44 77.78 5.67 81.55 9.98
Hollows 82.22 18.53 77.59 15.41 74.44 12.27 94.44 4.16 69.90 13.10
Etch 0.00 0.00 1.11 1.57 4.44 3.14 0.00 0.00 2.78 2.99
SRM 1.11 1.57 8.97 1.46 11.11 8.75 4.44 4.16 8.37 7.38
Honevcomb 6.67 2.72 12.41 4.37 17.78 8.75 7.78 4.16 14.54 7.65
Cavamous 25.58 6.29 21.38 8,39 38,89 13.70 25.56 6.29 , .20J3 14.34

Table 5.7 Frequency distribution of a) roundness, lithology, rock varnish grade and b) the 
percentage of clasts affected by each weathering feature for each site and for the fan 
sections and segments of Fan B.
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The proportion of aphanitic andésite, which is the dominant lithology on this fan, decreases 

downfan from 72% to 38%. Granodiorite is present at less than 5% and it does not vary much. 

Porphyritic andésite is present at a greater level (23%) than ignimbrite (15%), but they both 

increase with distance downfan. This increase is especially marked in the case of ignimbrite 

(from 5.6% to 27.8%).

There are clear differences between the segments. The clasts on segment 1 are larger and 

significantly flatter (p=0.0275) than those on segment 2, and they are also slightly less rounded. 

The dominant lithology on segment 1 is aphanitic andésite (74%), whilst porhyritic andésite, 

granodiorite and ignimbrite are present at relatively low levels (13%, 9% and 3% respectively). 

Aphanitic andésite is also the dominant lithology on segment 2 (49%) but it is less prevalent 

than on segment 1 (almost significant at p=0.0695). The proportion of ignimbrite (21%) on 

segment 2 is significantly greater than on segment 1 (p=0.0381) and there is also more 

porphyritic andésite (28%), whilst granodiorite is rare (2 %).

Weathering features

The proportion of clasts exhibiting surface alteration (27%) decreases very slightly downfan but 

the clast area affected increases in the mid and distal fan to 10%. There is less alteration on 

segment 1 than on segment 2. On the former 12% of clasts are affected but in an area of only 

4%, whilst on the latter 34% of clasts are affected on 10% of the clast area.

The frequency of clasts with rock varnish decreases downfan (from 59% to 23%) and there is 

also a decrease in the varnish cover from 15-20% to 5% in the distal fan. Differences between 

the segments are marked since 6 8 % of clasts on segment 1  have rock varnish with a mean 

clast cover of 26%, whilst varnish was found on only 24% of clasts on segment 2 covering a 

mean area of 7%. Where rock varnish was present it was almost in every case of grade 2 

development.

There is a general decrease in cracking downfan, especially in the midfan. The number of
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clasts affected decrease from some 50% to 35% in this fan section, but the clast area affected 

then rises in the distal fan to 3.7%. The proportion of clasts and the area affected by one crack 

follow a similar pattern, decreasing in the mid fan and then increasing in the distal part. Those 

clasts affected by two or more cracks increase in number and area affected with distance 

downfan, but the area affected remains below 2%. In general there are slightly more clasts with 

one crack than with two or more, but the latter clasts have a greater area affected by the 

feature.

More clasts are affected by cracking on segment 1 (47%) than on segment 2 (44%) but the 

clast area affected by both types of cracks is slightly greater on segment 2 (3.2% as opposed 

to 2.3% on segment 1). More clasts are affected by one crack on segment 2 whilst more are 

affected by 2 + cracks on segment 1 .

Flaking is widespread but it decreases downfan both in terms of the proportion of clasts 

affected (from 99% to 79%) and in the area of clast affected (from 32% to 17% in the mid and 

distal fan). There is more flaking on segment 1 than on segment 2. On the former 96% of 

clasts are affected on a mean clast area of 26%, whilst on the latter segment 84% are affected 

on a mean area of 2 1 %.

Granular disintegration is more evident with distance downfan. The proportion of clasts affected 

increases from a negligible 2 % to 2 0 % in the distal fan, but the increase in clast area affected 

does not breach 3% in the distal fan. This weathering feature is negligible on segment 1, but 

it affects 13.4% of clasts on segment 2 on a mean clast area of 2.5%.

Depressions affect 94% of clasts on the fan and a mean clast area of 18%. The proportion of 

clasts affected does not vary much downfan, but the clast area affected increases from 11.5% 

to 24%. There are more clasts affected on segment 1 (98%) than on segment 2 (92%), but the 

clast area affected is considerably greater on the latter segment (2 2 % as opposed to 1 1 %).
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The proportion of clasts affected by etches is less than 5% and the clast area less than 1 %. 

The selective removal of minerals is present on 7% of clasts and it increases downfan from 1 % 

to 11%. The clast area affected by this feature remains a negligible 1%, but in both respects 

segment 1  is affected less than segment 2  by such weathering.

More clasts are affected by pits with distance downfan (from 72% to 90%) but less are affected 

by hollows (from 82% to 74%). The clast area affected by both features increases downfan 

(from 4-5% to 6 % and 9.5% respectively). In general a slightly greater proportion of clasts is 

affected by pits than by hollows, but the clast area affected by the latter is almost 50% greater, 

at a mean of 7%.

Pits are more frequent on segment 2 (83%) than on segment 1 (76%) but on segment 1 a 

greater proportion of particles have hollows (83% as opposed to 75%). The clast area affected 

by both pits and hollows is smaller on segment 1  than on segment 2 , and the area affected by 

hollows is greater than that by pits.

The presence of both honeycomb and cavernous weathering features increases with distance 

downfan from 7-18% and 26-39% respectively. The clast area affected by honeycombs only 

reaches 1% in the distal fan, but that with cavernous weathering increases from 2.5% to 11% 

in the distal fan.

Cavernous weathering is more important than honeycomb features on both segments, but there 

is less such weathering on segment 1 than on segment 2. The proportion of clasts affected by 

honeycomb (8 %) and cavernous (19%) weathering is lower on segment 1  than on segment 2  

(15% and 34% respectively). This is also the case for the clast area covered by each feature, 

although this area is small. On segment 1 the mean area affected by honeycombs is only 0.3% 

and cavernous weathering affects 1.8 %, whereas on segment 2 the figures are 0.9% and 7% 

respectively. The clast area affected by cavernous weathering is in fact significantly lower on 

segment 1  (p=0.0282) but it must be noted that differences between the samples do not
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exceed the 10% measuring error indicated by the control sample.

Fan C

Morphology and lithology

There is a very slight but almost significant decrease in clast size (I, S) with the distal fan on 

Fan C (p=0.0518), and particles become flatter. Roundness seems to improve a little downfan, 

but 0.3 remains the dominant class. All clasts on this fan are of porphyritic andésite.

Segments 1  and 3 (the main fan and the baby fan) have similar morphological properties, 

clasts being larger and less flat than on segment 2, the distal fan. Particle roundness does not 

vary much but the distributions are more peaked both on the main fan and on the baby fan.

Weathering features

Surface alteration was not evident on this fan. The rock varnish present was of grade 1 

development, thus it did not obscure the lithology. The proportion of clasts with rock varnish 

(76%) did not vary downfan, but the clast area covered increased from 23% to 29%. A greater 

proportion of clasts had a rock varnish cover on the baby fan (90%) than on the main fan 

(75%) but the clast area covered was similar on both, 24%. The distal fan had the lowest 

proportion of clasts covered by varnish (70%) but a third of the clast area was affected.

Cracking affects 42% of clasts and an increase was evident with distance downfan. Such an 

increase is also true of the effect of one crack (an increase from 10% to 27%), but the 

proportion of clasts with two or more cracks decreases from 28% to 16% in the distal fan. 

There is an increase in the clast area affected also, but this only reaches up to 3% in the distal 

fan. A slightly greater proportion of clasts are affected overall by two or more cracks than by 

one crack, and the clast area affected is also a little greater. In the head fan the proportion of 

clasts with two or more cracks was considerably greater than those with only one crack, but 

this was reversed in the mid and distal fan.
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a)

5
b)

C ie s
.... X ......

C J7S
..... X .............

Ç 189
..... X ............. # # #

C12S
..X........ fi......

Ç14S
.. X ........ ...S

G75
. .  ,x

cm
. X fi...........

L 29.13 13.84 30.05 18.03 29.10 9.99 24.40 9.61 28.07 10.97 26.98 6.57 28.35 13.77 24.51 5.60
1 21.40 7.68 22.00 16.28 22.97 7.94 17.12 6.60 20.50 7.77 18.93 5.09 20.23 9.22 17.73 4.21
S 15.05 4.88 15.87 10.21 15.87 5.98 10.38 3.40 14,68 4.95 12.22 3.48 14.55 6.45 11.68 2.65
.Hâtnèss,,,.,,.,,,,,,, 169 57 47 56 167 27 33 51 168 19 31 55 206 01 60 60 16706 3283 198 59 62 56 168 35 32 91 189 94 61.72

Aitefalky) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RV 27.40 18.91 14.17 17.99 28.33 25.77 4.14 12.46 26.00 23.32 36.83 33.70 24.00 24.34 25.50 25.99
O ra ck i 0.27 0.68 0.13 0.50 1.00 2.52 1.41 2.11 1.63 3.18 1.27 2.37 0.77 1.56 1.30 2.47

1.77 2.78 1.23 4.59 0.77 2.03 0.69 2.53 2.50 4.96 1.67 4.53 3.80 9.17 0.57 2.70
Rakàrtjü 16.27 15.20 37.23 19.18 34.33 17.02 20.34 15.31 8.87 8.34 7.73 8.49 19.87 16.60 1.83 8.99
Ü D is W w 000 0.00 1.50 1.48 0.67 3.59 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.76 0.17 0.90
Piîs^ 5.83 2.73 5.73 3.10 8.30 6.10 7.07 4.90 4.57 3.19 4.47 3.70 4.33 2.05 14.20 13.03
HoHdws 20.83 7.86 23.00 9.97 19.83 8.71 21.72 6.20 20.83 8.76 19.90 6.83 21.17 6.28 27.17 15.09

0.07 0.36 0.00 0.00 0.17 0.90 0.17 0.91 0.37 1.25 0.03 0.18 0.00 0.00 0.03 0.18
SRM 0.03 0.18 0.17 0.90 0.00 0.00 0.00 0.00 0.03 0.18 0.00 0.00 0.00 0.00 0.00 0.00
HonevcwTit) 0.40 1.28 1.17 2.79 2.40 12.56 0.86 2.30 0.00 0.00 0.17 0.90 0.43 1.09 3.03 7.13

51.00 18.37 43.50 19.02 , 49.57 .21.31 49.31 18.74 27.83 19.82 28.50 18.89 43.67 , 18.79 20.40 .J6.30

ARÊA% .......d .......
X i i i i

r c i i ....
1 X l i i i ' i i s

est
X fi

CS2
k f i

CS3
/C7R)

29.43 0.44 28.58 0.52 26.62 1.59 29.09 0.70 25.75 1.23 28.35
1 22.12 0.65 21.73 1.23 18.97 1.02 21.72 0.90 18.33 0.60 20.23
s 15.59 0.38 15.28 0.59 12.82 1.24 15.37 0.52 11.95 0.27 14.55

168 84 no4 167 68 n.66 186 68 1?7? 168 0? 09 0 194 ?7 4.88 168 86....

Aftemüon 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RV 23.30 6.47 27.17 1.17 28.78 5.73 23.98 5.72 31.17 5.67 24.00
C ra ck l 0.47 0.38 1.32 0.32 1.11 0.24 0.76 0.60 1.28 0.02 0.77

1.26 0.41 1.63 0.87 2.01 1.34 1.57 0.64 1.12 0.55 3.80
RaWna 29.28 9.28 21.60 12.73 9.81 7.51 24.18 11.94 4.78 2.95 19.87
aO isW e a 0.72 0.61 0.33 0.33 0.22 0.21 0.54 0.62 0.08 0.08 0.50
Pits 6.62 1.19 6.43 1.87 7.67 4.62 6.11 1.36 9.33 4.87 4.33
HûflûWS 21.22 1.32 20.33 0.50 22.74 3.17 21.13 1.16 23.53 3.63 21.17
Etches 0.08 0.07 0.27 0.10 0.02 0.02 0.15 0.14 0.03 0.00 0.00
SRM 0.07 0.07 0.02 0.02 0.00 0.00 0.06 0.06 0.00 0.00 0.00
Honevcomb 1.32 0.82 1.20 1.20 1.21 1.29 0.99 0.91 1.60 1.43 0.43
^ausmous 48 0? 3.25 38 70 1087 30.86 96 4 4298 9 18 24.45 4.05 48 67

NOTE; cil exdudes C12S

Table 5.8 Mean size, flatness and clast percentage area affected by each weathering feature for each site (a) and for the fan sections and segments (b) 
of Fan C.



FEATURE 0$6& 017S c t e s C12S CÎ4S OSS C7S CIOS
r iû T P fa n o V
Roundnesp

D.T 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.33
0.2 6.67 10.00 20.00 13.79 3.33 0.00 0.00 13.33
0.3 56.67 70.00 53.33 75.86 60.00 70.00 66.67 50.00
0.4 36.67 20.00 26.67 10.34 33.33 20.00 33.33 33.33
03 0.00 0.00 0.00 0.00 3.33 10.00 0.00 0.00
o.e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0*00

LWidocw
100 00 100 00 100 00 100 00 100.00 100.00 100.00 100.00

Roc^Vamsh
none 6.67 43.33 30.00 89.66 20.00 26.67 10.00 33.33
qracfel 93.33 56.67 70.00 10.34 80.00 73.33 90.00 66.67

, .030 Q .o a . 030 0 0 0 Q3Q. 0 0 0 Û.ÛÛ. non

FEATURE
CATFC30RV

Cl
a

Oil
% s ........

c u t
* mmm mMmmmmmm mmB

C S 2
...X.....

CS3

RoundndS5 ^ 
Û .t 0.00 0.00 0.00 0.00 1.11 1.57 0.00 0.00 1.67 1.67

(C7S)
0.00

0 ^ 8.33 1.67 11.67 8.33 4.44 6.29 10.00 6.24 6.67 6.67 0.00
OS 63.33 6.67 56.67 3.33 62.22 8.75 60.00 6.24 60.00 10.00 66,67
0.4 28.33 8.33 30.00 3.33 28.89 6.29 29.17 6.40 26.67 6.67 33.33
OS 0.00 0.00 1.67 1.67 3.33 4.71 0.83 1.44 5.00 5.00 0.00
o.e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

: 0.7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OS 0 0 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00

b tid o o v f
nornh andesFtfl 100 00 0 0 0 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0 0 0 100.00
R ockVam ish
mona 25.00 18.33 25.00 5.00 23.33 9.81 25.00 13.44 30.00 3.33 10.00
Qtacte 1 75.00 18,33 75.00 5.00 76.67 9.81 75.00 13.44 70.00 3.33 90.00
OrartF>2,.„, ,, ■■ 0 0 0 0 0 0 00 0 0,00 0 0 0 0 0 0 Û.ÛÛ ÛID 0 0 0 o n n 0 0 0

cm 0178 018S C12S CÎ4S CSS C7S CIOS

A tera tloo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RV 93.33 56.67 70.00 0.00 80.00 73.33 90.00 66.67
Cracka 56.67 20.00 43.33 3.45 50.00 43.33 50.00 33.33
Crack t 13.33 6.67 23.33 3.45 26.67 30.00 23.33 26.67
C rack 2-f. 43.33 13.33 20.00 0.00 23.33 13.33 26.67 6.67
Rakino 100.00 100.00 100.00 0.00 80.00 96.67 100.00 6.67
0,Dt8inlBa 0.00 63.33 3.33 0.00 0.00 0.00 33.33 3.33
Deûresstûoa 100.00 100.00 100.00 0.00 100.00 100.00 100.00 100.00
P4$ 100.00 100.00 100.00 0.00 93.33 90.00 100.00 100.00
Hollows 100.00 100.00 100.00 0.00 100.00 100.00 100.00 100.00
Etch 3.33 0.00 3.33 0.00 10.00 3.33 0.00 3.33
SRM 3.33 3.33 0.00 0.00 3.33 0.00 0.00 0.00
Honevcomb 10.00 16.67 6.67 0.00 0.00 3.33 16.67 23.33
Cavâtnoüfi....... 100.00 100.00 100.00 0.00 ...9 1 3 3 .. 96.67 100.00 ,_86£.7

F ^ t U R E  
P F e S E N C e a t :

Cl
X K

Cll
..X

Gill CS3

Afterafcon I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(C7S)

0.00
RV 75.00 18.33 75.00 5.00 76.67 9.81 75.00 13.44 70.00 3.33 90.00
Cracks 38.33 18.33 46.67 3.33 42.22 6.85 42.50 13.82 38.33 5.00 50.00
C rack 1 10.00 3.33 25.00 1.67 26.67 2.72 17.50 7.95 28.33 1.67 23.33
C rack 2+ 28.33 15.00 21.67 1.67 15.56 8.31 25.00 11.18 10.00 3.33 26.67
Flakin» 100.00 0.00 90.00 10.00 67.78 4C..23 95.00 8.66 51.67 45.00 100.00
G .D s h ie d 31.67 31.67 1.67 1.67 12.22 14.99 16.67 26.98 1.67 1.67 33.33
Deoressjons 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00
Pits 100.00 0.00 96.67 3.33 96.67 4.71 98.33 2.89 95.00 5.00 100.00
Hollows 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00
Etch 1.67 1.67 6.67 3.33 2.22 1.57 4.17 3.63 3.33 0.00 0.00
S f ^ 3.33 0.00 1.67 1.67 0.00 0.00 2.50 1.44 0.00 0.00 0.00
HonevcOrrb 13.33 3.33 3.33 3.33 14.44 8.31 8.33 6.01 13.33 10.00 16.67
CavamntM <] 1ÛÛ.ÛÛ non 96.67 3 3 3 94.44 5.67 OR .33 2 8 9 91.67 5 0 0 100 00
NOTE: cil excludes 012S

Table 5.9 Frequency distribution of a) roundness, lithology, rock varnish grade and b) the 
percentage of clasts affected by each weathering feature for each site and for the fan 
sections and segments of Fan C.
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On segments 1 and 2 the proportion of clasts with cracks was respectively 43% and 38%, 

whereas the greatest number (50%) affected was on the baby fan. Accordingly some 2% of 

the clast area was affected on the main and distal fan, but 4.5% of the area was cracked on 

the baby fan. On segments 1 and 3 there were more clasts affected by two or more cracks 

than one crack, but only on the baby fan was the clast area affected by two or more cracks the 

greater. In the distal fan more clasts and a slighly greater clast area was affected by one crack 

than by two or more.

The proportion of clasts affected by flaking decreased from 100% in the head fan to 6 8 % in 

the distal fan. The clast area affected by this feature also decreased, from 29% to 10%. The 

greatest proportion of clasts affected were on segments 1 and 3 (95-100%), where the clast 

area with flaking was respectively 24% and 20%. In the distal fan 52% of clasts featured such 

weathering and it was destroying only 5% of the clast surface.

Granular disintegration affected less than 1  % of clast area and the proportion of clasts with this 

feature decreased downfan from 32% in the head fan to 2% in the mid fan, and 12% in the 

distal area. Such weathering was negligible on segment 2, and it affected only an area of 0.5% 

of clasts on the main and baby fan, although 17% and 33% of clasts were affected 

respectively.

Depressions were recorded on all clasts and they affected a substantial clast area, which 

decreased from 77% to 61% downfan. A greater clast area was affected by depressions on 

segments 1 and 3 (71% and 69%) than in the distal fan (57%).

The presence of etches and the selective removal of minerals was negligible overall. All clasts 

had hollows but the proportion pitted decreased slightly downfan from 100% to 97%. A greater 

clast area was affected by hollows (22%) than by pits (7%), and this did not vary much 

downfan apart from a slight increase in the distal reaches. Pitting affected principally all clasts 

on segments 1 and 3, and 95% had pits on segment 2. The clast area affected by pits was
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however significantly greater on this latter segment (9%) as opposed to 6 % on segment 1 and 

4% on the baby fan. The clast area hollowed was also greatest on segment 2, 24% as 

opposed to 2 1 % on the other two segments.

Honeycomb weathering occurred on a mean of 10% of clasts and it affected 1% of the clast 

area. This did not vary much with distance downfan, although very few clasts were affected in 

the mid fan. The proportion of clasts with cavernous weathering decreased a little downfan 

from 100% to 94%, and the clast area affected decreased from 48% to 31%.

There were more honeycombed clasts on the secondary fan (17%) than on the other two 

segments but they affected the smallest clast area (0,4%). On segment 2  13% of clasts were 

honeycombed on 1 .6 % of the clast surface, and on segment 1  the 8 % weathered by this 

feature were affected on a mean clast area of 1%. Almost all clasts had cavernous weathering 

on segments 1 and 3 over about 43% of the clast surface. A high proportion of clasts were also 

weathered in this way on segment 2 (92%) but a considerably smaller clast area was affected, 

24%.

A comparison

There are some clear differences between the segments on Fans A and B but for the most part 

these are not statistically significant. The segments on Fan C also vary but the signals are 

more confused by the important downfan component on this fan. The overall mean for each 

fan is given in Table 5.10 for comparison and shown in Figure 5.4.

Morphology and lithology

The clasts on Fan B are larger than those on Fans A and C, which are of a similar size. The 

particles on the latter two fans differ in flatness, since those on Fan A are the flattest of all and 

those on Fan C are the least flat. Correspondingly clast roundness is greatest on Fan C, where 

classes 0.3 and 0.4 dominate. On both Fans A and B the clasts are mainly rounded to the 0.2 

and 0.3 category, although it seems that clasts on Fan B are the slightly more rounded.
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a)

ro
CO•nI

FEATURE F A N A
X .s .........

P A N E FA N C
X s

L 29.76 4.87 46.21 15.67 27.57 1.99
f 1839 2.99 30.07 9.18 20.11 1.92
a 10.09 2.18 16.76 4.85 13.79 1.94

P84 90 73 80 248 18 55 92 179 3 7 15 13

Alteration 0.04 0.10 7.69 5.09 0.00 0.00
RV 48.44 16.30 13.44 14.79 23.30 9.28
Crack f 1.34 0.41 1.16 0.59 0.97 0.51
C rackè + 0.94 0.38 1.74 0.76 1.62 1.02
Ràkino 17.13 5.29 22.35 11.05 18.31 11.72
Q D k h W 0.74 1.21 1.76 2.06 0.35 0.50
Prte 2.03 0.94 4.53 1.47 6.81 3.08
R d k x A 5.09 1.75 7.20 2.69 21.81 2.24
Etch 0.53 0 5 3 0.06 0.10 0.10 0.12
S R kf 0.07 0.09 0.17 0.22 0.03 0.05
HdopVpOirfe 0.59 0.90 0.68 0.60 1.06 1.03
C&mnaos 3.40 2.27 5.55 6.24 39.22 11.09

b)

c)

FEATURE
fte s e n c » %

FANA
wiÈrnmm

FANBi i i
X ipii

Afteiation 0.37 1.05 26.83 14.08 0.00 0.00
RV 84.44 25.82 38.89 36.99 66.25 27.46
Crack$ 50.37 6.56 44.56 12.44 37.51 16.70
C ia c k s t 35.56 4.44 24.85 9.51 19.18 9.37
Cracks 24^ 14.81 7.55 19.71 8.68 18.33 12.47
FWdnq 97.04 2.92 87.66 14.38 72.92 40.70
GCNskiteq 4.07 3.05 10.05 8.19 12.92 21.82
O eom sA xis 88.52 14.50 93.67 4.03 87.50 33.07
Pits 57.78 15.15 80.29 8.96 85.42 32.49
H olkw s 81.85 19.63 78.08 15.94 87.50 33.07
Etch 13.33 11.00 1.85 2.77 2.92 3.09
SRM 2.22 2.22 7.06 6.75 1.25 1.61
H onevcon* 6.30 3.99 12.29 7.41 9.58 8.07
Câvemcüâ 34.44 1899 ,. 28.e i_ 1245 84.58 32.27

FEATURE 
CATEGORY , ,

FA N A FA N B
X

FA N C
X &

RÛÜI'ÆINESS 0.37 1.05 1.11 2.22 0.42 1.10
0 2 52.96 10.82 42.36 11.16 8.39 6.71

É m 37.04 9.36 41.29 7.19 62.82 8.57
OA 8.15 3.19 10.79 3.81 26.71 8.58

1.48 3.19 3.33 4.16 1.67 3.33
m 0.00 0.00 1.11 2.22 0.00 0.00
0.7 0.00 0.00 0.00 0.00 0.00 0.00
0,2 0.00 0.00 0.00 0.00 0.00 0.00
0 2 0.00 0.00 0.00 0.00 0.00 0.00

UTHOtOCY 
ùuemdta 1 
{ihv lfls  2  
diorite $ 
andésite A 
ar«iasîtaùO rcW #6 5  
aiaoodlonte 6  
kxtknbrtte 7

69.26
4.07

26.67

10.86
7.16

10.77
57.23
23.04
4.44

1529

17.32 
10.46 
4.71 

13 16

0.00
100.00

0 0 0

0.00
0.00

0 0 0

ROCKV/tftNISH
none # 0 15.56 25.82 61.11 36.99 32.46 24.38
can s e e # 1.48 3.19 3.33 4.71 67.54 24.38
notseelHh 2 82.96 28.69 35.56 37.18 0.00 0.00

Table 5.10 A comparison of the mean values for each fan: a) clast size, flatness and percentage area affected by the weathering features, b) the percentage 
of clasts affected by the weathering features, and c) the frequency distributions of clast roundness, lithology and rock varnish grade.
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Figure 5.4 A comparison of the fans in terms of weathering features: a) percentage clasts 

affected and b) the clast area affected.
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It is only on Fan A that the non-igneous rock quartzite is present (phyllite is negligible at 1 %). 

There is no andésite on this fan but diorite occurs, the intrusive equivalent (this means that it 

is similar in chemical composition but differs in grain-size). Fan B has the greatest variety of 

lithologies and these differ the most with the segments. Andésite is dominant (80%) and occurs 

both in the aphanitic (57%) and in the porphyritic (23%) form. The latter is directly comparable 

with the clasts on Fan C, which are all porphyritic andésites. A greater proportion of the 

andésite on segment 2  is of the porphyritic type than on segment 1 , and 2 1 % of clasts are 

ignimbrite whereas this lithology is negligible on segment 1. There is also a little granodiorite 

(4%). The proportion of each lithology on the fans is shown in Figure 5.5.

Weathering features

Evidence for surface alteration was negligible on Fans A and C, but 27% of the clasts on Fan 

B were affected on a mean 8 % clast area and this occurred more on segment 2. Rock varnish 

was better developed on Fans A and B than on Fan C (Figure 5.6). On the former two it 

obscured clast lithology (grade 2) whereas on the latter it did not (grade 1). On Fan B the 

mean proportion of clasts varnished was 39% and the area of varnish 13%, but this was largely 

restricted to segment 1 (as indicated by the large standard deviation), where 8 8 % of clasts 

were varnished on a third of the clast surface area. Rock varnish was well developed and 

prevalent on Fan A, thus varnish covered almost 50% of the clast and 84% of clasts were 

vamished. Although less well-developed, the rock varnish on Fan 0  covered 23% of the clast 

area and affected 76% of clasts.

A greater proportion of clasts were cracked on Fan A (50%) than on Fans B and C (45% and 

42% respectively), but the clast area affected was slightly greater on the latter two, 2.5-2.8% 

as opposed to 2 % on Fan A.

The proportion of clasts affected by one crack (36%) was more than double that with two or 

more cracks (15%) on Fan A and the clast area affected was also a little greater. Clasts were 

cracked by one and by two or more fractures in similar proportions on Fans B and 0, but a
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Figure 5 .5  The proportion of each lithology on the fans.
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Figure 5 .6  Rock varnish development on the fans.
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slightly greater area was affected where cracking occurred by two or more fractures.

Flaking was evident on a large proportion of clasts on all three fans. Although the highest 

frequency of flaking was recorded on Fan A (97%) the greatest clast area affected by the 

feature occurred on Fan B (22%) where 8 8 % of clasts were flaked. The mean clast area 

affected on Fans A and C was 17% and 18% respectively.

There was relatively little granular disintegration evident on the three fans. On Fan A only 4% 

of clasts revealed this feature, whilst 10% and 15% were affected on Fans B and C 

respectively. The clast area affected remained below 2%, and was the greatest on Fan B 

(1.8%).

There were depressions on all the particles on Fan C and these affected 69% of the clast area. 

A large proportion of clasts also had depressions on Fans A and B (89% and 94% respectively) 

but these affected a mean 1 1 % and 18% of the clast area on each fan. Hollows are generally 

present on the greatest proportion of clasts on all three fans, followed by pits, cavernous 

weathering and honeycombs.

Fan C has the greatest proportion of hollows, pits and cavernous weathering, and these are 

present at similar frequencies (85-88%). Honeycomb weathering is present on 8 % of the clasts. 

A high percentage of clasts have hollows and pits on Fans A and B also but cavernous 

weathering affects significantly fewer clasts (34% and 29% respectively). On Fan B pits and 

hollows are present in similar frequencies to hollows on Fan A (78-82%), but on the latter pits 

were recorded on 58% of clasts. Honeycomb weathering affected 12% of clasts on Fan B and 

6 % on Fan A. So overall a greater proportion of clasts on Fan B is affected by the various 

types of depressions than those on Fan A.

The clast area covered by each of these features is also the greatest on Fan C, where 

cavernous weathering affects 39% of the clast surface, whilst for hollows the figure is 22%, for
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pits it is 7% and honeycomb weathering affects only 1%. Each type of depression affects a 

smaller clast area on Fan A than on Fan B, but on both fans this area is significantly less than 

for Fan C clasts and hollows affect a greater clast surface than cavernous weathering. In this 

way hollows are present on 5% and 7% of the clast surface on Fans A and B respectively, and 

the figures are 3% and 6 % for cavernous weathering, and 2% and 5% for pitting, whilst 

honeycombs cover less than 1 % of the clast area.

Indices of weathering

It seems that the relative importance of each weathering feature does not vary much between 

the fans in terms of the proportion of clasts affected (taking alteration and rock varnish together 

as surface rinds) (Figure 5.1 a). In terms of the percentage clast area affected by each feature 

the relative importance of the different weathering types is evident (Figure 5.1 b). On Fan A 

rock varnish is the most important surface feature on the clasts, and the area affected by 

flaking and depressions is similar. On all three fans cracking accounts for the smallest area of 

surface weathering, apart from granular disintegration. On Fan B it seems that in terms of clast 

area it is flaking which is the most important, and this feature and depressions are relatively 

more important on this fan than on Fan A. Depressions are the dominant weathering feature 

on Fan C and are of much greater relative importance than on the other two fans. Flaking and 

varnish are on the other hand of less relative importance.

A more direct comparison between the fans is made in Figure 5.4, where the proportion of total 

weathering by each feature accounted for by each fan is similar in terms of the clasts affected. 

The clast area weathered by cracks and flaking is made up in similar proportions by the three 

fans, but differences are clear with regards to depressions. Fan C accounts for the greatest 

proportion of this feature and Fan A represents the least.

In greater detail the variations between the importance of one crack or two or more cracks may 

be seen in Figure 5.2, where the proportion of clasts affected by one crack is greater than 

those affected by two or more on Fan A but broadly similar on the other two fans. In a similar
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way the clast area affected by one crack is greater on Fan A than the area covered by two or 

more cracks, whereas the opposite is true for the other two fans. The special importance of 

cavemous weathering on Fan C is clear both in terms of the proportion of clasts with this 

feature and as the clast area affected (Figure 5.3)

Overall weathering intensity may be represented by the sum of the mean clast area affected 

by cracking, flaking, granular disintegration and weathering on each fan. This

indicates that weathering is the most intense on Fan C (90.28%). The difference between Fans 

A and B is not so great, but clasts on the latter are more intensely weathered according to this 

index (31.86% and 45.20% respectively).

In situ weathering

The total disintegration of clasts In situ is an important weathering feature both in terms of the 

form of weathering and the intensity of breakdown. Various types of such total breakdown were 

observed and these are shown in Plate 5.3. An attempt was made to determine the distribution 

of this form of weathering on the fan as a measure of weathering intensity which allows the 

fans to be compared.

Since clasts weathered to such an extent have fallen apart, a field based, complementary 

approach to the analysis of clast features was required. It was originally intended that the 

sampling of the desert pavement would include the characterization of such in situ 

disintegration but this did not work since only one split clast was found in the sampling of all 

three fans. Field observations indicated that splitting was definitely present and seemed 

widespread, and there are two possible reasons why it was not picked up. It may be that the 

sampling, although covering a wide area, was on too small a scale and this would indicate that 

splitting may be restricted to the greater clast sizes. Alternatively field observations may have 

been affected by the ’rare and extraordinary’ syndrome, such that the size of affected boulders
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a) Parallel bread and butter splitting (Fan A)
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b) Irregular splitting (Fan B)

Plate 5.3 Various forms of intense In situ disintegration observed on the fans.
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c) Intense flaking (Fan A)

'P M f C

d) irregular splitting outwards into a circular form (Fan C)
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e) Flaking has left an ignimbrite boulder flush with the ground (Fan B)

f) Similar flaking of a porphyritic andésite boulder (Fan C)
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drew attention to the disintegration, although these may constitute an insignificant proportion 

of fan surface clasts. It was therefore decided to take fewer samples of a larger area, and to 

focus on the greater clast sizes.

Method

Two sites were analysed in each fan section (head, mid, distal and fan toe) in order to identify 

changes downfan, and to represent the two main segments present. On Fan C the areas on 

either side of the main quebrada were sampled in the head, mid and distal fan. The shorelines 

were sampled instead of the fan toe, and the baby fans 1  and 2  were included as a third site 

in the distal fan and shoreline areas respectively. The salty edge of segment 1 on Fan B was 

sampled, as was an area that seemed to be a dissected and washed over part of this segment 

(1a). In the fan toe area a patch of salt efflorescence and an area of sediment wash was 

sampled.

Each site consisted of three, random 25 m  ̂(5x5 m) quadrats which were drawn out on the fan 

surface. Sampling was restricted to bars (which meant positive relief of Fan C), and this meant 

that on segment 2 of Fan B, it was necessary to adapt the quadrat shape whilst maintaining 

the sample area of 25 m̂ . The quadrats were subdivided into strips 1 m wide and the 

proportion of clasts exhibiting in situ disintegration was recorded, as also the number of pieces 

that each clast was split into. On Fan B the proportion of ignimbrite clasts was also recorded.

Only clasts larger than 10 cm (L) were considered, and the 25 m  ̂area sampled was large 

enough for this. This size limit was determined for practical reasons, to complement the size 

range used in the stone pavement and clast analysis, and since it is less likely that the larger 

clasts are secondary particles produced by weathering and so these are more likely to show 

In situ disintegration.

The identification and recording of splitting was limited to where there was absolute certainty
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that the fragments came from one original clast. This means that the proportion of weathered 

clasts is a minimum value, since it was by no means always obvious that certain clasts 

originated from one stone, and since particle movements downslope by creep and wash 

increases such uncertainty.

Results

The total number of clasts recorded and the proportion of these clasts weathered are 

expressed as a mean (x) and standard deviation (s) which is based on the mean of each of 

the three 25 m  ̂quadrats sampled at each site. To make things more manageable the results 

are given for an area of 5 m  ̂in Table 5.11. Of the weathered clasts on Fan B, those which are 

ignimbrite are distinguished and expressed as a proportion of the weathered clasts and as a 

percentage of the total number of clasts. The frequency distribution (%) of the number of 

pieces the clasts are broken into is also given in Table 5.11 as a mean (x) and standard 

deviation (s) based on the three quadrats sampled at each site.

Variations within and between fans are shown in Figures 5.7 and 5.8. Any significant 

differences between the segments in the total number and proportion of clasts weathered is 

mentioned below, as detected by the two-tailed Mann-Whitney test at a 95% confidence 

interval (Minitab Release 7.2 - standard version, 1989).

Discussion 

Fan A

Fan A has relatively few large clasts, with a mean of 6  clasts per 5 m  ̂over the whole fan (this 

excludes the toe area). There is not much variation with distance downfan, since only a slight 

decrease occurs in the distal fan. There is however a definite decrease in the fan toe area 

(x=2.57, s=0.43), and segment 2 has 34% more clasts than segment 1 (Figure 5.7 a).

The percentage of clasts weathered averages 13.32 (s=5.79) and it does not vary much over
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FA N A
TOTAL C tA STS

X 6
WEATHERED O A S T S  
% & %

N V M B E R O F P rnC E S N T D V m C H  O A S T S  ARE BROKEN 
2 3 4 S € 7 S 9  10+ 

x l X s x s k i x i X s x s X t X i

A4
A2
A2D
A23

A?4
A27
A90

10.13 4.33 
2.93 1.32 
8.67 0.66 
4.53 0.50 
3.47 1.41 
7.20 5.11 
2.13 0.82 
3 00 0 99

1.00 0.43 
0.40 0.00 
0.53 0.25 
0.60 0.16 
0.87 0.57 
0.87 0.52 
0.00 0.00 
0 60 0 49

9.87
13.64
6.15

13.24
25.00
12.04
0.00

2000

90 7 5 7 0 0 0 0 0 0 0 0 0 0 0 0 6 8 
83 24 17 24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
89 16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1  16 
42 31 19 14 17 24 0 0 0 0 0 0 0 0 0 0 22 31 
67 31 4 6 8  12 0 0 0 0 0 0 0 0 0 0  21 29 
88 18 13 18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

61 4 4 6 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0

AI
A ll
A llt
AIV

A S Î
A sa

FA N A

6.53 3.60 
6.60 2.07 
5.33 1.87 
2.57 0.43

4.89 1.76 
7.42 2.86

6.16 2.69

0.70 0.30 
0.57 0.03 
0.87 0.00 
0.30 0.30

0.62 0.19 
0.80 0.20

0.71 0.21

87 3 1 1  6 0 0 0 0 0 0 0 0 0 0 0 0 3 3  
65 24 10 10 8 8 0 0 0 0 0 0 0 0 0 0 17 6 
77 10 8 4 4 4 0 0 0 0 0 0 0 0 0 0 10 10 
31 31 3 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0

71 21 16 3 6 8 0 0 0 0 0 0 0 0 0 0  7 10 
82 11 3 2 3 4 0 0 0 0 0 0 0 0 0 0  12 6

76 17 10 7 4 6 0 0 0 0 0 0 0 0 0 0 10 9

11.75 1.88 
9.69 3.54 

18.52 0.00 
10.00 10.00

12.97 0.68 
13.67 8.15

13.32 5.79

NOTE: I = A4, A2 
ll=A20,A23
III = A9,A14
IV = A27, A30

Segment 1 = A2, A23, A14 
Segment 2 = A4, A20, A9

FAN A = all except AIV

Table 5.11 a) The proportion of weathered clasts and the mean number of pieces per clast on Fan A.
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B tS S t i 49.40 13.57 2.07 0.93 4.18 0.87 0.66 41.94 1.75 39 8 5 4 17 24 2 3 0 0 0 0 0 0 0 0 37 26
m 35.13 8.64 9.87 3.13 28 08 6.67 0.90 67.57 18.98 18 11 5 5 1 1 0 0 0 0 0 0 0 0 0 0 75 15
BfVSt 26.13 7.02 5.53 3.19 21.17 1.27 1.79 22.89 4.85 37 13 19 8 8 2 4 5 4 5 1 1 2 3 0 0 25 19
BtVW..... non 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 n n n n n n n n n n n n n n n n n n

m 57.80 13.40 6.83 2.70 13.64 7 8 3 3.57 1.63 50.66 3.89 7.21 4.50 27 4 15 0 2 0 1 1 1 1 0 0 0 0 0 0 54 1
m 58.69 5.94 10.71 5.54 19.23 10.58 7.89 4.22 70.55 12.83 14.25 8.05 12 6 9 4 2 1 1 1 0 0 1 1 0 0 0 0 74 11
m 42.27 7.13 5.97 3 9 0 16.13 11.95 3.77 2.90 54.75 12.82 10.36 8.61 29 10 5 0 9 8 1 1 0 0 0 0 0 0 0 0 56 19
m 13.07 18.48 2.77 3.91 10.59 14.97 0.63 0.90 11.45 16.19 2.43 3.43 18 18 10 10 4 4 2 2 2 2 0 0 1 1 0 0 12 12

BS1 62.56 9.45 3.20 0.86 5 0 2 0.66 1.58 0.50 48.52 6.22 2.45 0.50 30 8 10 4 7 7 1 1 0 0 1 1 0 0 0 0 51 10
BS2 44.87 8.14 12.07 3.35 26.69 3.82 7.71 2.58 63.06 6.02 17.05 3.82 18 5 11 4 2 1 1 1 1 1 0 0 0 0 0 0 67 9

FAN 6  : 53.74 11.57 8.25 4.92 16.75 10.58 5.48 3.90 60.35 1422 11.13 7.97 21 10 10 4 4 5 1 1 0 1 0 1 0 0 0 0 63 16

N)
g

NOTE: BIIW = salt exposed on edge of segment 1 in tfie mid fan
BIVW = salt efflorescence patch in frie fan toe

I = B21,BSP1
II = B13, BSP3.B14
III = BIIIS1,B5

IV = BIVS1,BIVW

Segment 1 =B21,B13, BIIIS1 
Segment 2 = BSP1. BSP3, B5

FAN B = all except BIIW and BIV

Table 5.11 b) The proportion of weathered clasts and the mean number of pieces per clast on Fan B.
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01€ 16.47 1.37 3.07 0.34
Cl 7 27.60 5.24 4.33 096
014 15.07 4.01 2.07 1.05
018 15.00 3.02 2.87 0.62
010 5.20 0.86 2.20 0.59
05 6.73 2.22 3.07 0.57
BA6Y1 4.53 0.34 3.07 0.25
otvs 1.00 1.41 0.73 1.04
o m 2.53 205 1.53 1.06
BABY 2 , 340 1 45 260 1 02

WÊiÊlë 22.03 5.57 3.70 0.63
on 15.03 0.03 2.47 0.40
OKI 5.49 092 2.78 0.41
CIV 2.31 0.99 1.62 0.76

Cl 18.53 5.27 3.08 0.81
C2 5.97 0.77 2.63 0.43
03 4.53 0.00 3.07 0.00
04 1.77 0.77 1.13 0.40
cs 3.40 0.00 2.60 0.00

f a n c 12.94 7.61 2.95 0.69

%

18,62 
15 70 
13.72 
19.11 
42.31 
45.54 
67.65 
73.33 
60.53 

,.76.4,7

17.16 1.46
16.41 2.70
51.83 11.26
70.11 6.90

16.79 2.20
43.93 1.62 
67.65
66.93 6.40 
76.47

31.81 18.92

NUMBER OF P ^C E S W T O V IftttC H C U S IS  A R E  BROKEN
Z 3 4 5 8 7 8 9 10+

X , % „X „ „}1„„ ill I p i X $ X

69 16 19 9 8 12 0 0 0 0 0 0 0 0 0 0 4 6
53 8 19 10 11 8 0 0 0 0 0 0 0 0 0 0 17 9
51 11 18 11 9 13 12 9 3 4 0 0 0 0 0 0 7 6
57 6 19 1 15 4 5 4 0 0 0 0 0 0 0 0 4 3
37 15 22 10 3 4 0 0 3 4 0 0 0 0 0 0 35 6
34 9 24 2 17 2 6 5 2 2 0 0 0 0 0 0 16 7
31 9 13 9 3 4 2 3 14 13 0 0 3 4 0 0 35 13

3 4 0 0 3 4 0 0 0 0 0 0 0 0 0 0 27 39
46 38 16 15 9 6 7 5 0 0 0 0 0 0 0 0 22 16
22 21 16 2 12 q q 7 n n n n n n n n 41 24

61 8 19 0 10 1 0 0 0 0 0 0 0 0 0 0 10 7
54 3 18 0 12 3 9 3 1 1 0 0 0 0 0 0 6 2
34 3 20 5 8 7 3 3 6 6 0 0 1 1 0 0 29 9
24 18 11 7 8 4 5 4 0 0 0 0 0 0 0 0 30 8

58 7 19 0 11 3 4 5 1 1 0 0 0 0 0 0 8 5
36 1 23 1 10 7 3 3 2 1 0 0 0 0 0 0 25 10
31 13 3 2 14 0 3 0 35
25 22 8 8 6 3 3 3 0 0 0 0 0 0 0 0 25 3
22 16 12 9 0 0 0 0 41

48 13 19 3 9 5 4 4 3 5 0 0 0 1 0 0 17 12

NOTE: l = C16,C17
ll = C14,C18 
111= CIO, 05. BABY1 
IV = CIVS, CIVN, BABY 2

FAN C = all exœpt IV

Segment 1 = C16, C17, C14, Cl 8 
Segment 2 = CIO, C5 
Segment 3 = BABY 1 
Segment 4 = CIVS, CIVN 
Segment 5 = BABY 2

Table 5.11 c) The proportion of weathered clasts and the mean number of pieces per clast on Fan C.
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the fan, although it is highest in the distal fan (Figure 5.7 b). There is no important variation 

apparent between the segment means, although a slightly higher proportion of weathered 

clasts is suggested on segment 1 in the upper and mid fan area.

The higher density of large clasts on segment 2 seems to support the idea that the segments 

are differentiated on aerial photographs by the density of particles. The slightly greater 

proportion of weathered clasts in the upper and mid sections of segment 1  supports the greater 

age of this segment. The percentage of weathered clasts is relatively low, but then so also is 

the total number of such large clasts.

Most clasts on this fan are broken into two pieces. The proportion of clasts broken into two 

pieces decreases with distance downfan and there is an increase in those broken into 1 0 + 

pieces in the mid and distal fan. A greater proportion of clasts is broken into two pieces and 

1 0 + pieces on segment 2  than on segment 1 , but those broken into three and four pieces are 

more frequent on the latter (Figure 5.8 a).

Fan B

There is a mean of 54 clasts per 5 m  ̂on Fan B (s=11.57), and there is a decrease in clasts 

downfan from the upper and mid sections with 58-59 clasts, to the distal fan (42) and then the 

fan toe (13). Within this trend there seem to be fewer clasts on segment 2 than on segment 

1, the mean values for each respectively 45 and 63 clasts (Figure 5.7 a). From this perspective 

sample 814 is closest to segment 2.

A mean of 16.75% (s=10.58) of clasts are weathered on this fan, and there is not much 

variation downfan (Figure 5.7 b). This hides clear differences between the segments, where 

26.69% (s=3.82) are weathered on segment 2 as opposed to 5.02% (s=0.66) on segment 1 

(Figure 5.7 c) but this is not quite significant (p=0.0809). According to this indicator sample 814 

is again closest to segment 2. There does not seem to be a clear pattern downfan for each 

segment. In the fan toe the mean (x=10.59%, s=14.97) covers the very different terrains of

254



wash and salt efflorescence patches from resurgent groundwater, where the former has 

21.17% of clasts weathered and the latter has none. The exposed salt horizon on the edge of 

segment 1 has few clasts (8 ) and a high proportion which are weathered (52.4%).

On Fan B the proportion of those clasts which were disintegrating and which were ignimbrite 

was also noted. A mean of 60% (s=14.22) of weathered clasts were also ignimbrite on the fan, 

and this formed a mean of 11% (s=7.97) of total clasts. There was no special pattern downfan, 

since in the head and distal fan 51-55% of weathered clasts were ignimbrite, whereas this was 

71% in the mid fan, and only 23% in the fan toe. There is a clear difference between the 

segments as on segment 1 a mean of 49% of weathered clasts are ignimbrite, whereas on 

segment 2 the figure is 63%. This is examined further in Chapter 6  (Synthesis, Fan B).

The majority of clasts on Fan B are broken into 10+ pieces (this includes the granular 

disintegration of ignimbrite) and most of the remainder are broken into two or three pieces. 

There is not much change with distance downfan but in the fan toe a similar proportion is 

broken into two pieces and 10+ pieces, and there is a greater spread of values. The 10+ 

category dominates on both segments, but on segment 1  more clasts are broken into two 

pieces than on segment 2  whilst the reverse is true for clasts broken into 10+ pieces (Figure 

5.8 b).

Fan C

There is a mean of 13 clasts per 5 m  ̂on Fan 0, and there is a decrease downfan from 22 in 

the head to 5 in the distal area which is almost significant (p=0.0518). When broken down into 

segments the difference between the distal fan (S2) and upper fan (SI) is apparent, and the 

baby fan (S3) has a mean of one clast fewer than the distal area (Figure 5.7 a). The mean for 

the shorelines (S4) is still two, but the baby (5) has a mean of 3 clasts. This may indicate that 

the distal and baby fan there are contemporaneous, with differences only exaggerated on the 

baby fan in some ways due to the source area of the main quebrada. There is a clear 

difference between the shorelines area, where the most recent deposits are lacustrine, and the
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baby fan of alluvial fan material and thus with more large clasts. In a way the trend downfan 

and that with segments is complementary, with the baby fans as the main source of 

differences.

The mean proportion of weathered clasts on this fan is 31.8% (s=18.92). There is an increase 

in the percentage of clasts weathered from the upper and mid fan (16-17%) to the distal fan 

and shorelines (52% and 70% respectively), and the increase from upper-mid fan to the distal 

fan is close to being significant (p=0.0518). According to segments this is again evident since 

the percentage increases from 16.8% in segment 1 to 43.9% in segment 2 (distal fan). It is 

interesting that the baby fan has a similar number of large clasts to the distal fan, but the 

proportion that is weathered is greater (67.65%). In the shoreline area (S4) there are much 

fewer clasts than on the baby fan (S3), yet the proportion weathered is similar (66.9%). The 

weathered clasts increase to 76.5% in the baby fan (85) of the shoreline area, but there are 

more clasts too. So the baby fans have a higher percentage of weathered clasts than the areas 

adjacent.

Most clasts on Fan C are broken into two pieces, and the proportion broken into three and 104- 

pieces is similar, whilst fewer are broken into four, five and six pieces. There is a decrease in 

the proportion broken into two pieces with distance downfan and an increase in those broken 

into 104- pieces. A similar pattern occurs from segment 1 to segment 3 (Figure 5.8 c) and on 

to segment 5.

A comparison

As can be seen from Figure 5.7 d) Fan C has the greatest proportion of weathered clasts 

(32%). The values for Fans A (14%) and B (17%) are similar, but the latter hides considerable 

inter-segment differences as the proportion of weathered clasts is only 5% on segment 1 whilst 

it is 27% on segment 2.

On Fans A and C the majority of clasts are broken into two pieces and a similar proportion of
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clasts is broken into three and 10+ pieces, but there is a greater spread of values on Fan C 

(Figure 5.8 d). On Fan B most clasts are broken into 10+ pieces, and the rest are broken into 

two and three pieces, with a few in the remaining categories.

WEATHERING RATE 

Portland tablet monitoring

Measurement of weathering rate is difficult since large time spans are required, and inference 

by extrapolation from circumstantial or experimental evidence is also difficult since the rate is 

not necessarily linear. But a knowledge of weathering rates is important in indicating the 

aggressiveness of the environment and its relationship with the resistance of the rock.

Standard rock tablets have been used especially in building stone research to monitor the rate 

of weathering by the weight loss incurred on exposure to the environment. Goudie and Watson 

(1984) extended the use of such tablets to the arid environment of a Tunisian schott and the 

tablets were left out for 6  years. In this study it was only possible to monitor the weathering 

rate over one year and the tablets available were of Portland limestone (50x50x10 mm, ca. 40- 

50 g). Despite being atypical of the local lithology, the use of Portland limestone is justified on 

two grounds. Firstly it disintegrates relatively rapidly and so results may be obtained in such 

a short time as one year (as opposed to the dominant regional lithology of andésite), and 

secondly its use is standard in European building research, thus its characteristics are well 

known, a standard treatment has been established, and weathering rates may be compared 

with published data, and thus their significance evaluated.

Sampling design

Each of the two main segments in the head, mid and distal fan were represented by one site. 

Since a greater rate of weathering might be expected in the fan toe area, three longitudinal
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transects of three sites each were used to represent this area. A control site was located on 

the best approximation of bedrock, and the different aspects of the hillslopes in the source area 

were represented. A final site was located in the salt pan at the base of each fan.

On fans A and B the soil profile sites on the main fan were used to ensure that the tablets 

would be found again after one year. The transects in the toe area were fixed by the compass 

and local landmarks as best as possible, as was also the salt pan site, and the control sites 

in the source area. Due to the slightly different and more limited sampling design on Fan C, 

Portland tablets were placed at each main sample site. The salt pan was represented, but 

inaccessibility of the source area restricted the 'bedrock control’ sample to a set of large 

boulders in the main quebrada.

Three tablets were placed at each site to form the three corners of a square and the fourth 

comer was fixed by a small, wooden pole (Plate 5.4). The orientation of the square was 

maintained standard, such that the tablets could be individually reindentified in case the 

number was bleached off. Photographs were taken at some sites both before and after the 

monitoring period.

The tablets were treated and weighed according to the pocedure described below, and they 

were sent to Chile by surface mail. Ten such tablets were left in the UK as a control, and ten 

were used to control loss of weight due to transportation both to and from Chile and once in 

Chile to the North and back. Some 10% of the tablets arrived in Chile broken into pieces and 

these were discarded.

The tablets were left out for just under a year, from early (03-11) December 1989 until mid (11- 

23) November 1990.
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Plate 5.4 Three Portland tablets were placed at each site in this way.
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Tablet treatment procedure

The tablets had been cut into 50x50x10 mm dimensions by a dry-saw. Pre-exposure treatment 

was as standard (Inkpen, 1989) and consisted of two phases of brushing and rinsing in distilled 

water, the first followed by air-drying for 24 hours, and the second by oven-drying for 24 hours 

at 105°C. After this the tablets were left in a desiccator for one hour and subsequently 

numbered and weighed.

After one year's exposure the tablets were brushed and oven-dried at 105°C for 24 hours, left 

in a desiccator to cool and subsequently reweighed. A photograph was also taken. It was 

decided not to wash the tablets, at least initially, since this is very time consuming and may not 

be justified in this case given the short exposure time and thus the necessarily coarse indicator 

obtained of weathering rates to be used in a contributory mode in this study. This means that 

weight loss values are minima and also restricted to a coarse estimate.

Results

The weight loss figures were derived as follows. The effect of travel was cancelled by 

accounting for the weight loss suffered by the control tablets that went to the North and 

therefore made exactly the same journey as the samples. Some tablets experienced a weight 

gain which was probably due to salt absorption. Ideally all tablets should have been washed 

after exposure and prior to being reweighed, and this applies especially to those tablets with 

an increase in weight such that this might be converted to the true weight loss. Since this was 

not done the tablets with a weight gain at one decimal place were excluded. This means that 

the values are minima and only estimates. The mean and standard deviation for each site were 

calculated on the basis of those tablets that had not been disturbed or removed, and which 

showed an initial weight loss.

The percentage weight difference for each tablet at each site is shown for the three fans in
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Tables 5.12 to 5.14, where the mean and standard deviation for each site exclude those tablets 

which gained weight at one decimal place (results for the tablets left at the meteorological 

station in San Pedro are included in Table 5.13). The means derived for each fan section and 

for the three zones in the fan toe are also given, as is the total fan mean. The weight loss 

according to fan sections is illustrated in Figure 5.9 and the spatial distribution on each fan is 

shown in Figure 5.10.

The one-tailed, non-parametric Wilcoxon test for paired samples was used to see whether 

there was a significant weight loss of the Portland tablets after one year’s exposure. The total 

number of tablets which recorded no change or a weight loss was 38 on Fan A, 35 on Fan B 

and 48 on Fan C. The weight loss was significant at the 99% confidence interval on all three 

fans (T= -4.72 on Fan A; T= -3.8 on Fan B; T= -6.1 on Fan C).

Discussion

General

The aim was to identify the weathering rate. There are three main constraints, firstly one year 

is a short time, secondly the number of sites are limited, and thirdly the samples were not 

washed after exposure, so those with a gain in weight were excluded from the analysis. It is 

possible that these samples had a significant real loss in weight, but this is necessarily 

excluded here and means that the results are probably an underestimate. The exclusion of 

these tablets means also that the number of tablets from which a site mean was derived was 

in some cases less than three. In order to minimize the decrease in the tablet sample number, 

it was decided to exclude only those tablets with a weight gain at one decimal place.

At one decimal place the weight loss incurred in travelling is negligible (0.036%) and this has 

been accounted for in the results. The ’control’ tablets placed in the head area of Fan A 

generally showed a very slight increase in weight (0 .0 2 2 %), whilst those on Fan B had a very 

slight decrease in weight (0.031%). On Fan C the approximation to bedrock found in the big 

boulders in the quebrada seems in fact to indicate a high weathering environment, since weight

261



a) Swnote
nJarfi

Sit9
»  s :

FA N A
ASP1 -0.034 0.0

2.238 2.2
-0.050 1.100 1.100

ASP2 -0.065
-0.050 0.0
-0.068 0.000 0.000

ASP9 -0.031 0.0
0.277 0.3

-0.125 0.150 0.150
-0.010 0.0
0.002 0.0
0.064 0.1 0.033 0.047

ASPS 0.297 0.3
0.345 0.3
0.518 0.5 0.367 0.094

ASPS 0.364 0.4
0.191 0.2
0.163 0.2 0.267 0.094

m 0.009 0.0
-0.024 0.0
-0.005 0.0 0.000 0.000

m 0.117 0.1
0.188 0.2

-6.946 0.150 0.050
m 0.079 0.1

0.136 0.1
0.009 0.0 0.067 0.047

A2Ô 0.098 0.1
0.587 0.6
0.142 0.1 0.267 0.236

AâÔ 0.163 0.2
0.077 0.1
0.036 0.0 0.100 0.082

AS1 0.006 0.0
0.014 0.0 0.000 0.000

A3a 0.258 0.3
0.562 0.6
0.227 0.2 0.367 0.170

m 0.131 0.1
0.402 0.4
0.132 0.1 0.200 0.141

A34 0.011 0.0
0.030 0.0
0.007 0.0 0.000 0.000

-0.025 0.0
-0.039 0.0
-0.033 0.0 0.000 0.000

A brb -0.036 0.0
-0.038 0.0
-0.025 0.0 0.000 0.000

A bro 0.000 0.0
-0.005 0.0
0.008 0.0 0.000 0.000

A o m -1.864 -1.9
-1.599 -1.6

-1 750 0.150

b) FA N A
W etqhtloss (% )

V a

1.......................... 1.100 0.000
if 0.092 0.058
III 0.317 0.050
(V 0.128 0.123
(Vb 0.211 0.155
IVb 0.150 0.041
% 0.022 0.031
P m -1.750

Qa 0.000
Bb 0.000
Bb 0.000

FA N A 0.204 0.270
A M II 0.319 0.371

(FAN A includes fan toe, IV)

NOTE: - negative values indicate weight gain.
- br = bedrock at sites as shown in Figure 2.8.

Table 5.12 The weight difference (%) is shown for each tablet on Fan A and the mean and 
standard deviation is given for each site (a) based on tablets showing no weight gain at one 
decimal place, and for each fan section, the salt pan, control sites and the fan overall (b).
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a) Sam e# W ^Ü h tfas  Ïd 0 6
riopfii

: m
Y s

FAN 8
e s p i 0.066 0.1

0.043 0.0
0.053 0.1 0.067 0.047

BSP2 0.010 0.0
0.045 0.0
0.016 0.0 0.000 0.000

B$P9 0.021 0.0
0.054 0.1
0.060 0.1 0.067 0.047

88M 0.036 0.0
0.067 0.1
0.034 0.0 0.033 0.047

BSP5 0.071 0.1
0.018 0.0
0.068 0.1 0.067 0.047

BSB -0.053
-0.058
-0.062

m 0.025 0.0
0.012 0.0
0.022 0.0 0.000 0.000

m 0.016 0.0
0.017 0.0
0.016 0.0 0.000 0.000

aad -0.011 0.0
-0.019 0.0
-0.009 0.0 0.000 0.000

m -0.262
-0.047 0.0
-0.449 0.000 0.000

BS1 0.020 0.0
0.008 0.0

-0.002 0.0 0.000 0.000
Bââ 0.012 0.0

0.021 0.0
0.005 0.0 0.000 0.000

Bdd 0.031 0.0
0.013 0.0
0.013 0.0 0.000 0.000

B34 -0.128
-0.117
-0.025 0.0 0.000 0.000

8 ra 0.049 0.0
0.051 0.1
0.059 0.1 0.067 0.047

B rb 0.014 0.0
0.023 0.0
0.021 0.0 0.000 0.000

Brc 0.031 0.0 0.000 0.000
Bfrf 0.036 0.0

0.009 0.0
0.017 0.0 0.000 0.000

Bra 0.046 0.0
0.020 0.0
0.036 0.0 0.000 0.000

Brf 0.023 0.0
0.041 0.0
0.023 0.0 0.000 0.000

Bern -0.701 -0.7
-0.584 -0.6
-0.608 -0.6 -0.633 0.047

BSan Pedro -0.112
-0.005 0.0
-0.172 0 0 00  00 00

b) FANA
Weight loss (%)

Y ft

1 0.033 0.033
(( 0.050 0.017
III 0.067
(V 0.000 0.000
(Ve 0.000 0.000
iVb 0.000 0.000
fVc 0.000 0.000
Pan -0.633

Cort&plç
Ba 0.067 0.047
Bb 0.000 0.000
Bc 0.000 0.000
Bd 0.000 0.000
Be 0.000 0.000
Bf 0.000 0.000

FAN 8 0.018 0.028
B M Ii 0.047 0.027

(FAN B includes fan toe, IV)

NOTE; - negative values indicate weight gain,
- br = bedrock at sites as shown in Figure 2.9.

Table 5.13 The weight difference (%) is shown for each tablet on Fan B and the mean and 
standard deviation is given for each site (a) based on tablets showing no weight gain at one 
decimal place, and for each fan section, the salt pan, control sites and the fan overall (b).
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FA N C
C3 0.311 0.3

0.187 0.2 0.250 0.050
Û4 0.430 0.4 0.400 0.000
CS 0.400 0.4

0.210 0.2
0.425 0.4 0.333 0.094

CS 0.253 0.3
0.496 0.5
0.438 0.4 0.400 0.082

C7 0.293 0.3
0.347 0.3
0.325 0.3 0.300 0.000

CS 0.445 0.4
0.218 0.2
0.336 0.3 0.300 0.082

CS 0.248 0.2
0.271 0.3
0.310 0.3 0.267 0.047

C IO 0.180 0.2
0.228 0.2
0.350 0.3 0.233 0.047

o il 0.409 0.4
0.431 0.4
0.414 0.4 0.400 0.000

o ia 0.187 0.2
0.217 0.2
0.219 0.2 0.200 0.000

013 0.259 0.3
0.256 0.3
0.195 0.2 0.267 0.047

014 0.375 0.4
0.339 0.3
0.240 0.2 0.300 0.082

OIS 0.389 0.4
0.525 0.5
0.443 0.4 0.433 0.047

013 0.549 0.5
0.459 0.5
0.495 0.5 0.500 0.000

C iT 0.172 0.2
0.208 0.2
0.250 0.2 0.200 0.000

018 0.314 0.3
0.248 0.2
0.464 0.5 0.333 0.125

019 0.337 0.3
0.384 0.4
0.381 0.4 0.367 0.047

OSr 11.805 11.8
0.215 0.2
0.322 0.3 4.100 5.445

Opart -8.426 -8.4
-9.247 -9.2
-9.561 -9.6 -9 067  0.499

b) FAWC Y  S

1..................... 0.350 0.150
II 0.317 0.074
III 0.320 0.063
ills 0.344 0.042
Ills 0.311 0.068
lllo 0.306 0.067
Pen -9.067

Cort!Pbl$
Br 4.100

mo 0.323 0.082
cm 0.325 0.100

(FAN C includes fan toe, IV)

NOTE: - negative values indicate weight gain.
- br = bedrock at sites as shown in Figure 2.10.

T ab le  5 .14  The weight difference (%) is shown for each tablet on Fan C and the mean and 

standard deviation is given for each site (a) based on tablets showing no weight gain at one  

decimal place, and for each fan section, the salt pan, control sites and the fan overall (b).
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loss was a mean 4.1% (two tablets experienced a loss typical of the fan surface of 0.2-0.3%, 

but one tablet registered a loss of 11.8 %). The boulders also exhibited significant weathering, 

especially cavernous features.

In all three salt pan sites the tablets gained weight. On Fan C the tablets had sunk slightly into 

the salt pan and gained 9.07%. A smaller gain was registered on Fan A with 1.75%, and an 

even smaller one on Fan B of 0.63%. These differences may reflect moisture conditions.

It is interesting that on Fan C no samples outside the salt pan gained weight, and the weight 

loss was similar throughout, with a mean of 0.325 % (s=0.082) and a range from 0.2-0.5%.

On Fan B any weight gain was restricted to the fan toe, thus quite close to the salt pan edge. 

Weight gain ranged from 0.002-0.449% and the mean was 0.096% (n=13, s=0.128).

On Fan A scattered tablets gained in weight, especially in the upper fan, and only three did so 

in the fan toe. The weight gain ranged from 0.005-6.948%, with a mean of 0.674% (n=11 , 

s=2.081). If the outlier of 6.948% is excluded then the range is 0.005-0.125% and the mean 

is 0.0462% (n=10, s=0.0349).

Variations in tabiet weight ioss

Fan A

As can be seen in Figure 5.8 there is much variation and there seems to be a decrease in 

weight loss downfan. One tablet registering a loss of 2.2% is responsible for the high value in 

the head fan, since the other two registered a very slight gain, and since all of the tablets at 

the other site gained sufficient weight to exclude them from the analysis. In the mid-fan there 

was a slight increase in weight in three of the six tablets, and one was excluded. This means 

that the very low weight loss may be an underestimate.

The soil pit in a stream channel of the distal fan (ASP9) was included as it was apparently not
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different from the other distal fan site. Here there was less variation between tablets and none 

gained in weight (x=0.317, s=0.050). The tablets at SP6  had been disturbed and so were 

eliminated.

There is a distinct decrease of tablet weight loss as the salt pan is approached in the fan toe. 

The mean for the fan toe area is 0.128% (s=0.123), but it ranges from the upper reaches of 

0.211% (s=0.155), through the middle of 0.15% (s=0.041), to the far end of 0.022% (s=0.031). 

The only tablets registering a slight weight gain were in the upper area (2 tablets), and one in 

the far reaches had to be excluded.

It is difficult to differentiate between the segments because segment 1 has so few samples; 

having lost one site to disturbance and one to weight gain, it is based on the three tablets of 

ASP4, with a mean of 0.033% (s=0.058). Segment 2 has a mean of 0.514% (s=0.765), based 

on seven tablets. If one excludes the high outlier at site SP1, the mean still remains 

considerably greater than segment 1, at 0.233% (s=0.197). The basis for any stronger 

inferences are tenuous since segment 1  may well be an underestimate, given the high 

proportion of tablets gaining weight, and also given the small sample size.

Fan B

There was no weight gain on the main fan and there was not much loss either (x=0.047%, 

s=0.027), although this increased slightly downfan and differences may be present between 

segments. The slight increase downfan ranged from a mean loss of 0.033% (s=0.033) in the 

head fan, through 0.050% (s=0.017) in the mid fan, and to 0.067% in the distal fan. There 

seems to be a more important difference in weight loss between the segments, since a greater 

mean of 0.067% (s=0.05) was found on segment 2 than on segment 1, 0.017% (s=0.041 ). The 

first figure is based on a sample of 9 tablets and the second on 6 .

In the fan toe no weight loss was recorded at one decimal place (n=20). About 48% of tablets 

gained some weight and 26% of tablets had to be excluded on this basis. This means that this
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may be an underestimate, but the maximum weight loss recorded is very low in any case, 

0.031% (B33).

Fan C

There was no weight gain recorded on Fan C apart from on the salt pan, and there is a 

consistent weight loss of between 0.3-0.35% throughout the fan, as can be seen in the graph. 

There may be a very slight decrease in weight loss downfan, from 0.350% (s=0.150) in the 

head to 0.306% (s=0.067) in the very distal part of the fan toe. The mean weight loss is 

0.323% (s=0.082), and this is quite consistent as the standard deviation shows, with a range 

of 0.2-0.5% weight loss.

A comparison

The values on Fan C are clearly the most consistently high. The fan mean is 0.323% 

(s=0.082). There is not much variation between the tablets at each site and especially between 

sites on the fan. It must be remembered that there is no true equivalent to the toe zone of the 

other two fans here.

On Fan A there is a noticeable difference between the main fan and the toe area. There is also 

the high weight loss recorded for one tablet in the head fan which acts as a strong outlier. 

When this tablet is included, the weight loss of the main fan area is comparable to the levels 

on Fan C. This value becomes depressed by the lower loss in the fan toe when a mean for the 

whole fan is taken, and this is about 0.1% point lower than that for Fan C. When the outlier is 

excluded, the difference between main fan and the toe area is reduced and the overall fan 

mean is about 0.15% iower than Fan C (0.151%, s=0.174).

There is much more variation within Fan A, as can be seen by the standard deviation, in the 

graph, and as expressed both by the variety of tablets which gained weight, and the variation 

of weight loss figures.
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Fan B indicates the least weight loss of the three fans. No weight gain was recorded on the 

main fan so these figures should be reliable, yet the mean loss was only 0.047% (s=0.052). 

There seems to be a greater loss on segment 2 (0.067%, s=0.050) than on segment 1 

(0.017%, s=0.041). In the fan toe many tablets gained weight, and 26% had to be excluded 

from the analysis which gave a mean of no weight loss. This may therefore be an 

underestimate, and it depresses the mean for the fan to 0 .0 2 0 % (s=0.041 ). This is a very low 

level.

In relation to other work

When projecting these results it can be seen that tablets on Fan C would experience a mean 

3% weight loss in 10 years and 30% in 100 years. For Fan A this would be around 1.5-2% in 

10 years and 15-20% in 100 years. In contrast a small loss of 0.2-0.5% would be lost from the 

tablets on Fan Bin 10 years, and so 2-5% in 100 years. A linear projection for Fan B is the 

least likely to be satisfactory since the environment of this fan seems to be the most variable 

on such a relatively short timescale.

Data for weight loss of Portland stone tablets exposed at Garston (near Watford) and at 

Whitehall, London (Cooke and Doomkamp, 1990), indicate an approximately linear relationship 

between weight loss and time over 10 years (Figure 5.11). The weight loss at Garston was 

approximately 0.1% p.a. between 1955-1965, and in London it was about 0.35% p.a. The 

weight loss recorded in just under one year (1989-1990) on Fan 0 is comparable to the figure 

for the polluted environment of London, and the mean for Fan A is a little higher than the figure 

for Garston. Fan B on the other hand had a negligible weight loss in one year in relation to 

these figures (Figure 5.12). These results support the projection of the weathering rate of 

Portland stone on the fans over 10 years (except for Fan B, which is most probably an 

underestimate), but the projection for 1 0 0  years has no such basis. It just gives a more real 

sense of the probably maximum amount of stone which could be weathered.

The York stone and concrete tablets used by Goudie and Watson (1984) had either totally
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F ig u re  5 .1 2  A comparison of the mean weight loss (% ) of the Portland tablets on each fan.
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disappeared or were very severely disintegrated after 6  years' exposure on a sodium chloride 

sabkha in southeast Tunisia. The largest fragment remaining of the 50 g tablets weighed a 

mean of 14.5 g. The flooding of the Sebkret el Mebabeal in winter months seems to be an 

important factor in such severe disintegration.
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CHAPTER 6 DISCUSSION

SYNTHESIS 

Background

The nature of the relationship between salts and weathering features on each fan is examined 

by using the data determined for the fan environment, salts and weathering features in 

Chapters 3, 4 and 5 to answer the following questions:

a) is there any relationship between salts and weathering features?

b) if so, which salts and salt processes are the most important?

c) what is the evidence for salt weathering in the context of other variables present on the fan?

The general background to each of the above questions is given below and subsequently each 

fan is analysed separately (see Fan A, Fan B and Fan 0  below). The situation on each fan is 

then related to that expected and the three fans compared in a discussion of salt distribution 

in the area, the salt-weathering features relationship and weathering rate (see Discussion 

below).

Salt weathering processes

Theoretical and experimental studies have identified the main controls on salt crystallization, 

hydration and thermal expansion and some characteristics of how they act. This is outlined 

below so that the interaction between the main salts (calcium sulphate, natron, calcite, 

chlorides, nitrates) and microclimatic conditions at the groundsurface may be analysed to 

indicate the form, intensity and frequency of attack on each fan and to suggest the most 

important salt and salt weathering process active. The salts are not present in isolation and the 

effect of one salt upon another is important (e.g. crystallization by the common-ion effect
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(Goudie, 1989)), but too complex for the present analysis.

CrystallizaUon

The process of crystal growth from solutions in rock pores and cracks is the most cited cause 

of rock weathering by salt both in the field and in experimental work (Goudie, 1985; Doomkamp 

and Ibrahim, 1990). It is also probably the main input of salt into the rock, since an aeolian 

input and one from weathering within the rock must be limited. Evans (1970) has reviewed in 

detail the theoretical basis of this process, whilst Winkler and Singer (1972) have calculated 

crystallization pressures for a variety of the common salts, and Sperling and Cooke (1980) 

have examined the theoretical basis from the angle of a comparison with salt hydration.

For crystal growth to occur a solution must be supersaturated, and this depends on the 

environment and on the properties of the salt. Supersaturation of a saline solution may be 

induced by a rapid drop in temperature and by strong evaporation, so it is favoured by a high 

temperature range and daily maximum, low relative humidity and strong winds. Whether a 

specific salt will respond depends on the equilibrium relative humidity of the saturated salt 

solution and on salt solubility characteristics. Ambient relative humidity must be lower than the 

equilibrium relative humidity of the saturated salt solution for the salt to crystallize, and since 

this varies with temperature it means that the time of day when the crystallization is possible 

may be limited. Ambient relative humidity is so low in North Chile that most salts should be 

able to crystallize most of the time. Salt solubility characteristics determine whether a solution 

may become supersaturated by a drop in temperature, and they define the point at which the 

supersaturation occurs by either mechanism.

The effect of crystallization depends on the magnitude of the crystallization pressure, on salt 

crystallography and on the frequency of the process.

Crystallization pressure is inversely associated with the molar volume of the solid salt, thus also 

inversely related to salt solubility (Sperling and Cooke, 1980). For each salt the crystallization
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pressure increases with temperature and with supersaturation. It also increases with the 

quantity of salt available and the rate of crystallization. Both of these are in part controlled by 

solubility characteristics. Crystallization induced by a drop in temperature affects a much larger 

volume of salt per unit time than that caused by evaporation (Goudie, 1985).

Salt crystallography exerts an important and as yet little studied influence on the effectiveness 

of crystallization pressures. Crystalline salt is much more effective than the amorphous type, 

and salts with a prismatic and acicular habit seem to be especially damaging because pressure 

is focused at certain points and growth occurs in a preferred direction. The speed of crystal 

growth and the size that individual crystals reach before fracturing along cleavage planes are 

also important (Sperling and Cooke, 1980).

An important control of the damage induced by crystallization is the frequency with which the 

process occurs on a daily basis and throughout the year. The direct relationship of 

crystallization pressure and temperature, and that with supersaturation, means that the 

magnitude of this pressure should also vary throughout the year. The most important control 

on whether crystallization operates and the frequency with which it occurs in the Atacama 

Desert is the availability of saline solutions, thus a supply of salts and moisture.

Hydration

Hydration is a change of phase caused by changes in temperature and/or humidity. Water is 

adsorbed and the resultant increase in volume creates pressure against pore walls. It is a 

secondary process which requires the presence of salts in rock pores and cracks.

Mortensen (1933) was the first to recognise the importance of salt hydration in desert 

weathering and calculated pressures of hundreds of atmospheres were supported by the 

experimental work of Bonnel and Nottage (1939, in Sperling and Cooke, 1980). Since then the 

process of hydration has been reviewed briefly by Evans (1970), theoretical calculations of 

hydration pressures have been extended by Winkler and Wilhelm (1970), and Sperling and
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Cooke (1980) have examined further the theoretical basis, previous empirical observations, and 

related the evidence to crystallization effectiveness.

For hydration to be possible a salt that can hydrate must be present and the environment must 

satisfy two conditions. Firstly, temperatures must be at or below the transition point at which 

there is a reversible change from an anhydrous salt to a hydrate (or a lower to an higher 

hydrate). Secondly, atmospheric vapour pressure at a temperature below the transition point 

must be greater than the dissociation vapour pressure of the salt-hydrate system. This means 

that there are a series of critical relative humidities below the transition temperatures which 

demarcate the atmospheric vapour pressures which promote or prevent hydration.

Whether hydration does occur depends on the time required for a salt to change phase and 

on the time available for this to occur. Of the major salts identified on the fans sodium 

carbonate and calcium sulphate have hydrates, and sodium chloride only hydrates at 

temperatures lower than 0°C. Kwaad’s (1970) experiments indicate that the hydration of sodium 

carbonate can take place diurnally but it is not clear which of the hydrates were formed, and 

it seems that thermonatrite is very hygroscopic (Sperling and Cooke, 1980). Several 

experiments indicate that the reaction for calcium sulphate under various conditions needs a 

few days to a couple of weeks to be completed either way (Lescoeur (1890), Davis and Eyre 

(1923), Posujak (1938), Engelhardt (1945), in Sperling and Cooke, 1980). This has led Sperling 

and Cooke (1980, 39) to conclude that "It seems unlikely that any of the stable transformations 

in this system can be accomplished within a period corresponding to a diurnal temperature 

cycle." It may be that partial hydration is possible on a diurnal basis for this salt. There is much 

unclear in this reaction as it seems that both hydration and dehydration reactions require the 

intermediate stage of bassanite, and the transition temperature for the transformation of 

bassanite to anhydrite has never been determined (Sperling and Cooke, 1980). This is because 

it occurs rapidly and at a low dissociation pressure in ordinary temperatures, but it does seem 

clear that it takes place at temperatures significantly greater than the transition point of the 

reaction gypsum-bassanite.
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Theoretically the effectiveness of the process should depend on the magnitude of the hydration 

pressure but empirical evidence indicates that volume expansion upon hydration is a better 

indicator of weathering rate (Sperling and Cooke, 1980). Salt crystallography and hydration 

frequency also influence the effectiveness of the process.

Winkler and Wilhelm (1970) defined more precisely the equation of Mortensen (1933) for the 

pressure exerted by the hydration of salt crystals (Sperling and Cooke, 1980). This pressure 

is dependent both on specific salt properties and on environmentat conditions. Hydration 

pressure is directly dependent on the number of moles of water gained in the hydration of a 

salt to the next, higher hydrate, and it is inversely associated with hydration volume change. 

These two factors are invariant (volume expansion is derived from the molecular weight and 

density of the hydrate (higher hydrate) and anhydrous (lower hydrate) salt). Since the number 

of moles of water gained with the conversion into the higher hydrates is less than that of the 

lower hydrates, the pressure exerted by the hydration of the latter will be greater. Hydration 

pressure is also directly dependent on the ratio of atmospheric vapour pressure to vapour 

pressure of the hydrated salt and inversely related to temperature, so the environment 

influences the magnitude of hydration pressures. This increases with higher relative humidity 

but decreases with higher temperatures.

The expansion of volume upon hydration is invariant. Empirical evidence suggests that there 

may be an inverse association between hydration pressure and volume expansion in terms of 

weathering effectiveness (Sperling and Cooke, 1980). This may be because the expansive 

force per unit area becomes less as the volume of expansion increases. In fact this relationship 

is predicted in the hydration pressure equations of Winkler and Wilhelm (1970), but the problem 

is that whilst volume expansion is invariant, hydration pressure explicitly considers the 

environmental conditions in which hydration takes place. So it may be that volume expansion 

is a better indicator of weathering effectiveness than theoretical hydration pressure.

Solubility is inversely related to hydration pressure because molar volume is solubility
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dependent. This means that solubility should be directly related to volume expansion and thus 

hydration effectiveness (Sperling and Cooke, 1980).

As in the process of crystallization salt crystallography may exert an important influence on the 

effectiveness of hydration. The changes in crystal habit from the anhydrous to the hydrated 

form may be very damaging, especially when prismatic and acicular salts are formed because 

they probably focus pressure at certain points.

The damage induced by salt hydration depends on the frequency with which hydration can 

occur, whether it is possible diurnally and throughout the year. It also depends on the 

characteristics of the hydration taking place, thus salt volume expansion should only vary if the 

hydrates that can be formed vary throughout the year, but hydration pressure should vary since 

it depends specifically on relative humidity and temperature conditions. For hydration to be 

possible daily there must be a daily source of moisture probably at night (relative humidity, 

dew, groundwater) which alternates with dehydration from evaporation during the day. Periodic 

hydration may occur after precipitation events.

Thermal expansion

Stress from the expansion of salts in confined spaces upon heating is secondary to the process 

of crystallization which emplaces the salts in the first place (Evans, 1970), although there may 

also be an aeolian input. The feasibility of this process has been shown theoretically by Cooke 

and Smalley (1968), based on data from Skinner (1966), but in practice it has not received 

much attention. Initial laboratory work has indicated that it is not an effective process (Goudie, 

1974) and in the field Chapman (1980) dismisses it as the process of sodium chloride 

weathering in the Saudi Arabian Desert but Johannessen et al. (1982) favour it for cliff retreat 

in Oregon, USA. As Goudie (1985) points out more work is required. It is generally agreed that 

insolation and the differential expansion of minerals in a rock are insufficient to cause 

weathering in themselves, but the coefficient of volumetric expansion of many salts is often 

greater than that of common rocks such as granite, and that of their constituent minerals
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(Cooke and Smalley, 1968). In the case of sodium chloride expansion Johannessen et al. 

(1982) argue that the calculated pressure is sufficient to break quartz crystals from their 

surrounding cement in a sandstone.

The extent to which the salts expand upon heating depends on the thermal characteristics of 

the salts, on the temperature ranges to which they are subjected and on the daily maximum 

temperature. The damage induced depends on the magnitude of this thermal expansion and 

its relationship to that of the rock minerals, on the quantity of salt in the confined spaces and 

the input of such salt, and on the frequency of the expansion-contraction cycle. This may 

operate on a daily basis but variations in temperature characteristics throughout the year may 

mean that the magnitude of the salt expansion also varies.

Association of saits and clast features

The salt in a given environment attacks the rock to produce the weathering features, so if there 

is a relationship between the weathering features and the type and quantity of salt then both 

should vary together over the fan surface. Such variation would provide the basis for a strong 

inference that the two are related. The data from Chapters 4 and 5 is used to see whether 

there is an association between the type and quantity of salt and the type and intensity of clast 

weathering features in three ways. Firstly observational evidence of the relationship between 

salt and weathering is given, and then the quantity of salt is associated to splitting and to clast 

features. This is done for each fan.

The salts considered are those present at levels greater than 0.1% (see Chapter 4). To 

represent total salt quantity, irrespective of salt type, the sum of the major anions was used. 

Since the data for both splitting and clast weathering features at each site is limited to the 

interval scale, Spearman’s rank correlation coefficient test was used to see if there were any 

significant, positive relationships between the salts and weathering features.
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There were variations in lithology over the fan surfaces, and salt and weathering conditions 

varied specifically according to segments and/or distance downfan. The co-variation of these 

factors is considered briefly where possible. Multiple correlations were not used because the 

data OK. limited.

The analysis undertaken in each section is as follows:

Direct association

Observational evidence is given of the presence of salts in split clasts and of the type of salt 

that was identified in such direct contact.

Spotting

Splitting is an extreme form of clast weathering (see Chapter 5, In situ disintegration), and as 

such its frequency of occurrence and intensity at each site was related to the quantity of the 

various salts present. The intensity of splitting was suggested by the mean number of pieces 

a clast was broken into, but in some cases this may be more dependent on individual clast 

lithological characteristics than directly on the intensity of weathering. Since splitting was 

recorded as absolute weathering, without defining the type of weathering or the lithology, this 

is only used as a measure of general weathering intensity. On Fan B the proportion of split 

clasts that were ignimbrite was recorded, and these were predominantly weathered by granular 

disintegration.

Ciast weathering features

The mean frequency of occurrence and the mean clast area affected by each weathering 

feature determined for each sample of 30 clasts was correlated with the quantity of the various 

salts present at each site. The error margin determined for the measurement of clast 

weathering features was used to see if variations between sites were large enough so as not 

to be caused only by operator variance.
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The frequency of clasts affected is a measure of the prevalence of a certain weathering feature 

at a sample site, whilst the mean clast area indicates the intensity of weathering by that 

feature.

In addition the proportion of clasts of the various lithologies at each site was related to the 

measures of weathering type and intensity to see if this had any significant effect. The 

relationship between the features and rock varnish prevalence and cover was also considered. 

Ideally these relationships should be determined on the basis of each individual clast rather 

than the sum of each sample site, but such detail is not required in the present study, 

especially since the limited significance of bivariate relationships would remain given the 

multivariate system in consideration.

The fan context

Salt type and quantity is not the only variable to differ over the fan surface and therefore not 

the only variable to explain possible variations in weathering features on the fan. Since multiple 

correlations could not be used to determine the influence of the various factors which might be 

important, the relationships analysed in the previous section must be evaluated in the context 

of the fan environment. This means that the factors causing variations in weathering attack and 

in clast susceptibility on the fan surface must be examined to see how they might affect the 

relationships determined for salts and weathering features.

The distribution of salt on the fan is primarily controlled by the source and distribution 

mechanisms operating, and by the effect of geomorphological history on the secondary 

distribution and preservation of this salt. Surface age and differences in the microenvironment 

may be more important than salt quantity in explaining variations in weathering. A greater 

surface age means that more time has been available for the accumulation and action of the 

salt. The microenvironment not only controls the activation and thus frequency of salt 

weathering, but it may also determine whether other factors and processes are effective.
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Variations in lithology, surface rock varnish, pavement and soil development mean that it may 

be susceptibility to weathering which explains variations over the fan surface irrespective of salt 

quantity and salt processes. It seems that the rate of development of stone pavements and soil 

profiles may be exponential, at least in the long term, and that the rate of weathering may also 

decrease overtime (Cooke, 1970; Am it and Gerson, 1986; Harden etal., 1991; Am it etal., in 

press).

Fan A

Salt weathering processes

The basis for each salt weathering process has been given in the previous section 

(Background) and the possible operation of each is analysed below in order to suggest the 

most important salt and salt process active on Fan A. Calcium sulphate was the dominant salt 

identified on this fan, but sodium chloride (halite) and possibly nitrate were also present.

Crystallization

The relatively rapid decrease in groundsurface temperatures between midday and 21.00 hours 

may be sufficient to induce supersaturation of salt solutions (see Chapter 3, Temperature). The 

temperature dropped by 23°C but the rate increased slightly after 15.00 hours. The peak 

temperature was about 42°C and it had decreased to about 9°C in the early morning, just 

before sunrise. Strong evaporation is suggested by the rapid rise in temperatures (by about 

33°C) in the 5 hours after sunrise and the rapid drop in relative humidity from about 85% just 

before sunrise to 32% at midday. The increase in relative humidity with the onset of the wind 

suggests an input of moisture from the sea, but it still remained below 50% until 18.00 hours. 

Overall relative humidity remained below 50% for about 8  hours, and below 40% for about 5 

hours so supersaturation by evaporation should be important during at least 8-9 hours.

The equilibrium relative humidity of halite and natratite is over 70% at 25°C (Wilson, 1979)
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which means that crystallization of these salts should be possible during the day. Calcium 

sulphate should also crystallize. The solubility of natratite decreases considerably with 

temperature so crystallization might be induced in the afternoon by this mechanism, although 

this might be limited by high relative humidity conditions at night. The solubility of calcium 

sulphate and halite does not vary much with temperature. The solubility of calcium sulphate 

is the lowest so such a solution should be the first to reach supersaturation, followed by halite 

and finally natratite.

The inverse relationship which associates salt molar volume with crystallization pressure means 

that halite produces a greater pressure than natratite and calcium sulphate. The control of 

temperature and supersaturation on crystallization pressure means that with the rise in 

temperature in the morning the pressure of all three salts should increase but that caused by 

greater supersaturation levels should affect calcium sulphate more than the others since this 

salt should crystallize the earliest and at the fastest rate. Controlled by solubility, the quantity 

of calcium sulphate in a solution of a given concentration is less than that of the other salts, 

but in absolute terms this salt was present in the greatest amount on the fan surface. The 

crystallography of calcium sulphate may add to the pressure produced by the crystallization of 

this salt to make it more damaging than the others. The crystal habit of halite is cubic and 

natratite is generally granular and massive. Gypsum is often tabular but prismatic crystals occur 

which may be short or elongated into acicular forms.

Apart from the influence of individual crystallization pressure and crystal habit the most 

important control on the effectiveness of each salt may be the frequency with which it can 

crystallize. Crystallization by both evaporation and a rapid decrease in temperature should be 

possible daily throughout the year, but conditions are probably the most favourable for the 

former in the high temperatures of the summer and for the latter in the spring and autumn 

when the temperature range should be the greatest over the shortest time. During these 

seasons the pressures induced should also be the greatest.
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The main problem is the availability of suitable moisture. If moisture input from the camanchaca 

is sufficient to cause deliquescence or saline solutions to form, then crystallization by 

evaporation may occur on a daily basis for some 75% of the year. Highly soluble, hygroscopic 

salts would be the most likely to dissolve and then recrystallize in such conditions, thus 

natratite and halite, but not calcium sulphate. Frequency would compensate for the fact that 

the camanchaca does not tend to occur in the summer so maximum crystallization pressures 

would not be achieved. Dew may be another such source of moisture. There was no evidence 

of capillary migration from groundwater, so if the camanchaca or possibly dew do not provide 

enough moisture to form salt solutions the process would only be possible by evaporation 

subsequent to the rare precipitation events which characterize this area. If precipitation is light 

crystallization by a temperature fall may only be possible if the rain fell in the afternoon. This 

means that crystallization by evaporation is the most likely but even this might only occur on 

a yearly basis at the most. In addition the low solubility of calcium sulphate should mean that 

crystallization of this salt is only possible if the moisture is saline, which means that the highly 

soluble salts may be the most active despite the small quantity.

Hydration

The salts gypsum and halite have hydrates but natratite and nitre do not. The hydration of 

halite to hydrohalite can only occur at temperatures below 0 .2 °C and it is unlikely that such 

temperatures occur in this area. This means that hydration may only apply to the salt calcium 

sulphate, and the occurrence of both gypsum and anhydrite on the fan suggests that at least 

dehydration may have occurred and that the environment allows the anhydrous form to exist.

Field measurements from December 1989 (see Chapter 3, Temperature) indicate that at this 

time of the year ground temperatures remain below the transition temperature of anhydrite- 

gypsum (42°C) except for a few hours at midday. The transition temperature of anhydrite- 

bassanite is not exceeded.

Ambient relative humidity conditions allow hydration of anhydrite to gypsum at night, between
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21.00 and 09.00 hours, and the hydration of bassanite to gypsum should be possible from the 

earlier hour of 18.00. This allows 12 to 15 hours for hydration to occur on a daily basis. Since 

the total hydration and dehydration of calcium sulphate requires several days (see Background, 

Salt weathering processes above), it may be that diurnally only partial transformations take 

place.

The theoretical hydration pressure of calcium sulphate is high and this increases with greater 

relative humidity and with lower temperatures. Field measurements in December 1989 show 

that relative humidity rises at night to 75% and over, and that temperature is between 1 0 -2 0 °C. 

Under these conditions the hydration of bassanite to gypsum should produce a pressure of 

1493-1263 atmospheres.

The volumetric expansion of the salt upon hydration may be a better measure of weathering 

effectiveness. The hydration of anhydrite to bassanite involves an expansion of 22.32%, whilst 

that of bassanite to gypsum is 31.91% (Sperling and Cooke, 1980). Hydration directly from 

anhydrite to gypsum entails an expansion of 61.35% but this reaction does not seem to be 

possible. Moreover it seems that instead of the theoretical 7% decrease in volume upon the 

setting of a paste of plaster of Paris and water there is a 0.5% expansion (Chatterji and Jeffery, 

1963).

The change in crystal habit as gypsum-bassanite-anhydrite change phase should increase the 

effectiveness of the hydration of this salt in weathering. Gypsum may occur as tabular or 

prismatic crystals with short ends or elongated ones into acicular forms, whilst bassanite occurs 

as microscopic needles and anhydrite tends to occur in massive aggregates of varying grain 

size but occasionally in a tabular or prismatic habit.

The effectiveness of calcium sulphate hydration must in large part depend on the frequency 

of the transformations. Temperature and relative humidity conditions would seem to allow 

hydration to take place diurnally in the spring and autumn, but especially in the winter months.
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In the summer midday temperatures may exceed the transition temperature for longer and 

relative humidity may be lower at night since the camanchaca is less prominent at this time of 

the year. The diumal transformations may only be partial because the total hydration of this salt 

seems to require more than the 12-15 hours available at night. Even after one of the rare 

precipitation events affecting the area the time required for a total hydration-dehydration cycle 

means that this may not be achieved since the daily cycle will continue. This may be why 

anhydrite was only found in the subsurface zone of the fan, and it would suggest that the 

camanchaca does indeed allow some form of hydration to occur.

Thermal expansion

The temperature range at the ground surface was about 35°C and the maximum temperature 

was 47°C on 28.11.89 (see Chapter 3, Temperature). The coefficient of expansion and the rate 

of expansion with rising temperatures is greater for natratite and halite than for calcium 

sulphate (Cooke and Smalley, 1968; Goudie, 1985). The expansion of all three salts exceeds 

that of the rock minerals microcline, orthoclase, plagioclase, quartz and olivine (Goudie, 1985). 

Since no moisture is required this process may operate diurnally throughout the year. The 

greatest and fastest temperature differentials should occur during the spring and autumn, whilst 

the highest maxima should be recorded in the summer.

Natratite and halite should be the most effective in terms of the stress produced both by the 

actual magnitude of crystal expansion and the rate of this expansion, but the effectiveness of 

the process must depend on an input of salts.

Summary

Crystallization seems to be very limited by the scarcity of moisture. When rain does fall 

crystallization of halite and natratite should be possible. The crystallization of these salts 

produces considerable pressure and a high solubility means that they are relatively mobile. It 

seems that crystallization of calcium sulphate is restricted unless the rain is acidic or is saline 

itself. Rain is most likely to fall during the Chilean winter. It may be that the camanchaca
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supplies enough moisture for deliquescent salts to form solutions and to subsequently 

crystallize.

Hydration should be restricted to calcium sulphate, and the partial hydration of this salt should 

be possible daily throughout the year but less frequently in the summer. The degree of 

hydration may be the most in the winter. The hardpans suggest that there has been leaching 

so solutions and crystallization may have initially introduced the salt into the rock and been 

supplemented by an aeolian input of salt crystals.

Thermal expansion should operate throughout the year, but its effect should be greatest in the 

spring and summer with natratite and halite. Thermal expansion in combination with hydration 

may affect calcium sulphate. This means that pressure might be exerted two times a day, with 

hydration at night and thermal expansion during the day.

The action of natratite and halite seems to be restricted to thermal expansion which is possible 

throughout the year, and crystallization following infrequent rainfall or if sufficient moisture is 

available from the camanchaca. The thermal expansion of calcium sulphate should operate 

throughout the year, and partial hydration should be possible for most of it. The low solubility 

of calcium sulphate makes it difficult to explain how it gets into the rock. It may be a 

combination of input in solution and dry aeolian input over a long time. The leaching of the 

calcium sulphate to form hardpans suggests that an input into the rock in solution is possible 

with accompanying crystallization. This should affect all three salts but since it is infrequent, 

the dominant action on an annual basis may be hydration by calcium sulphate and continuous 

thermal expansion by all three.

Association of saits and ciast features 

Direct association

The direct association of a split, partly buried quartzite clast with accumulations of gypsum 

(Chapter 4, Table 4.13) in the head area of Fan A is shown in Plate 6.1. It seems that the split
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Plate 6.1 a) A split quartzite ciast on Fan A.

Plate 6.1 b) Accumulations of gypsum just below the surface are directly associated with 

the splitting.
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clast pieces are forced apart in an outward direction to form a circle.

Splitting

Spearman’s rank correlation coefficients describe the relationships between the quantity of salts 

and the frequency and intensity of splitting in Table 6.1. The salts at site A3 were related to 

splitting near A2 to represent the head area of segment 1. The other points match directly.

No statistically significant relationships linked a specific salt or total salt quantity with splitting 

intensity. But it does seems that calcium sulphate is related to splitting frequency (r^= 0.629). 

There is also a weaker relationship between calcium and splitting frequency (r^= 0.400-0.500).

Salts: Na% Ca% Cl% SO4  % CaS0 4  % NaCI % S04+CI%

Spilt % -0.229 0.414 0.086 0.371 0.629 -0.386 -0.186

n = 6  ot 0.05 = 0.829 
a 0.01 = 0.943

Table 6.1 Spearman’s rank correlation coefficients between splitting and salt quantity on Fan 
A.

Figure 6.1 shows that splitting frequency is similar on the two segments, as is also salt quantity 

apart from the greater calcium sulphate on segment 1. Splitting on segment 2 is reduced (to 

8 %) when sample A9 is excluded but there is more calcium sulphate on segment 1 (ca. 0.8%) 

even when sample A1 is excluded. This means that splitting and calcium sulphate may in fact 

both be greater on segment 1 than on segment 2 .

A general increase in the frequency of split clasts can be seen with distance downfan in Figure 

6.2, whereas the salts tend to decrease. When samples A9 and A1 are excluded from splitting 

and salts respectively there is no important change downfan.
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A.
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Clast weathering features

The mean clast area affected by the weathering features did not vary much between sites and 

variations did not exceed the operational error so no correlations were done. Operational 

variance for the frequency of weathering features at each site was exceeded by cracks, pits, 

cavernous weathering and possibly granular disintegration and hollows. The relationship 

between these features, the main salts, lithology and rock varnish on the fan are given in Table 

6.2.

Crack frequency was significantly associated with an increase in sulphate, calcium sulphate 

and total sulphate and chloride quantity (a 0.05). Pit frequency may increase with calcium 

sulphate (r^= 0.400-0.550) and it was significantly, negatively related with sodium (a 0.05). No 

other relationships were apparent.

The sum of the clast area affected by the weathering features considered was used as a 

general index of weathering intensity. There was no significant relationship between this index 

and any of the salts. A relationship with lithology or rock varnish cover was not suggested 

either.

Lithology is essentially quartzite and diorite, with a little phyllite, and there is considerable rock 

varnish cover of grade 2 thickness. There is not much variation in lithology between the 

segments and downfan, but rock varnish cover is greater on segment 1 (Chapter 5, Tables 5.4 

and 5.5). There is only one significant relationship which suggests that the frequency of pitting 

and the proportion of quartzite vary together. This means that lithology may be ignored in the 

relationship between crack frequency and calcium sulphate. The clast area covered by rock 

varnish increased significantly as the proportion of quartzite in a sample rose (a 0.05), and the 

prevalence of rock varnish was significantly associated with the frequency of cracks, hollows, 

cavernous weathering and pits. This means that as crack frequency increases so does rock 

varnish and the quantity of calcium sulphate.
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PAN A
Na% Ca% C l% 3 0 4 % CâS04% NàCI% 3 0 4 fC t% Quartzrtq% DiontB% R Vatea% FW%

PRESENCE%

CtackA -0.271 0.542 0.050 0.729 * 0.600 * -0.092 0.667 * 0.392 0.258 0.804 **
GDisinMO 0.088 0.408 -0.117 0.396 0.387 -0029 0.517 -0.046 -0.058 0.579
Fits -0.633 * 0.467 -0.488 0.542 0.442 -0.550 0.129 0.667 * -0.279 0.771 *
Hdtows -0.192 0.083 0.200 0.050 0.000 -0.046 0.012 0.400 0.088 0.821 **
OâVçrtKxiç -0.333 0.133 -0.029 0.200 0.096 -0.192 -0.029 0.250 0.204 0.842 **

$üfhanpa% -0.321 0.067 -0.387 0.096 -0.021 -0.358 -0.067 0.121 0.033 0.267 -0.004

-0.421 0.100 -0.262 0.379 0.229 -0.358 0.150 0.613 * -0.067
-0.217 0.204 0.104 0.283 0.158 -0.025 0.113 0.408 0.179

ro NOTE: n = 9 «  0.05 = 0.600
a  0.01 = 0.783 

RV = grade 2 (obscures lithology)

Table 6.2 Spearman’s rank correlation coefficients between clast weatfiering features, salt quantity, lithology and rock varnish on Fan A.



Summary

Gypsum was identified in a split ciast and there was a strong association between splitting 

frequency and the quantity of calcium sulphate. Of the clast weathering features only crack 

frequency was significantly related to the amount of calcium sulphate.

The differences in the clast area affected by the weathering features were not great enough 

to discount operator variance, nor was the frequency of flaking, and possibly granular 

disintegration and hollows. There was no relationship between the salts and the sum area 

affected by the weathering features, nor was there a specific association between any of the 

weathering features and total salt quantity. This suggests that the weathering features and salts 

must be looked at individually.

There seems to be no strong downfan pattern in either salts or weathering (when samples A1 

and A9 are excluded). There is not much variation between segments either, but the 

weathering features and calcium sulphate are slightly greater on segment 1 (Figure 6.1 and 

Chapter 5, Tables 5.4 and 5.5). There is also more rock varnish, a little more quartzite and a 

little less diorite and sodium chloride on this segment. This seems to be reflected in the 

significant relationship between the proportion of quartzite and the frequency of pits and the 

area of rock varnish cover, as also in the increase in the frequency of cracks, hollows, 

cavernous weathering and pits with an increase in rock varnish prevalence. It may be that the 

negative association between pit frequency and the quantity of sodium also reflects this.

The fan context

The evidence suggests that there is a relationship between calcium sulphate quantity and 

weathering by splitting and clast cracks. It seems that hydration and also thermal expansion 

of calcium sulphate may be the dominant processes throughout the year because crystallization 

of this salt seems to be especially limited in this environment, and therefore such weathering 

may require a long period of surface stability.
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The blanket of salts covering both the fan surface and the surrounding hills suggests a 

predominantly atmospheric origin. Calcium sulphate was present on the fan surface and 

concentrated below the surface on both the fan and surrounding hills. Sodium chloride and 

nitrate were present on the fan surface. The soil development suggests an input of aeolian 

fines and salts from the groundsurface and salars upwind of the prevailing wind. The 

camanchaca may be depositing oceanic salts in this upwind area and directly onto the fan. The 

Palaeozoic marine sediments of the Estratos del Salar de Navidad may be an additional source 

of the salts found on the fan.

The pavement and soil on both segments is well developed and exposed salt hardpans 

suggest that this occurred before the dissection which affects both segments also. The salt 

hardpans occur at a greater depth on segment 2  and there is a slightly greater proportion of 

fine clasts in the soil so this segment may be the result of the last depositional event in fan 

aggradation. Deposits of salts in discrete crystalline or powder form suggest mechanical, dry 

accumulation and infiltration and maybe concentration by deliquescence, whilst hardpans 

indicate leaching. Since several horizons of such deposits occur in the same profile it may be 

that buried soils are present. In any case it seems that the surface of both segments has been 

stable for a long time and that the soil has developed with an aeolian input of salts and fines, 

and with the leaching of calcium sulphate to form hardpans.

Although a full soil profile was not analysed it seems that most of the salt below the surface 

of the fan and hills is calcium sulphate (Chapter 4, Table 4.13). Surface stability suggests that 

runoff events must have been restricted to the incised channels but there is evidence that 

infiltration and local runoff have occurred on the segments. This suggests that leaching should 

be the dominant process in the redistribution of the salts so subsurface concentrations of 

sodium chloride and the nitrates may be present at greater depths. Alternatively there is or has 

been a greater input of calcium sulphate than of the other salts. This might be the case if the 

camanchaca is the primary source of oceanic salts (van Moort, 1985) which are then further 

distributed by the wind.
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The Input of salts may have been continuous or episodic. The current destruction of rock 

varnish by lichen suggests that the camanchaca did not reach this far inland at some time in 

the past, when conditions must have been even more arid. This may have been a time of rapid 

soil formation (Chadwick and Davis, 1990). The prevailing wind may have come from another 

direction also. Periods of differing conditions may have occurred several times within the 

general geological aridity and great age of the fan surfaces. Alternatively the input of fines and 

salts may have been continuous.

Although the pavement and soil of both surfaces are well developed it does seem that segment 

1 is the older of the two. It also seems to have a little more calcium sulphate and a little more 

weathering. It may be that the difference in age between the segments is not great or that they 

are both so old that their development has converged to a large extent, since the rate of 

change of various features seems to decrease and stabilize with time (Cooke, 1970; Amit and 

Gerson, 1986; Amit et ai, in press).

The activation of the salt processes depends on the fan microenvironment and this may be 

more important than calcium sulphate quantity in explaining the distribution of splitting and clast 

cracks. Ground surface temperature and moisture from atmospheric relative humidity, the 

camanchaca or direct precipitation should be similar over the fan. It seems that both segments 

are also largely isolated from runoff originating in the fan catchment apart from in the distal fan.

The segments may differ in their ability to capture moisture from the camanchaca due to 

varying microtopography and hygroscopicity. The growth of lichen on large boulders in the head 

fan and on calcium sulphate nodules on the hills support this idea (see Chapter 3, 

Observations of other indicators), as do the irregular Portland tablet weight losses over the fan, 

with many tablets on segment 1  gaining weight (see Chapter 5, Portland tablet monitoring). 

Pavement degradation means that the surface of this segment should be rougher besides 

having more calcium sulphate than segment 2  and therefore besides more hydration, the
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movement of salts by deliquescence might be possible with subsequent crystallization. This 

would make hydration and thermal expansion on this segment even more effective. Lichen 

were rare on the fan surface itself, but clay hydration and chemical processes might be 

important with a daily supply of moisture from the camanchaca. These should therefore also 

be more important on segment 1 .

The lithological composition of the segments is similar and the rock type did not seem to have 

a significant effect on the intensity and type of weathering. The greater development of rock 

varnish, stone pavement and soil on segment 1  might be expected to inhibit weathering but 

there is more weathering on this segment. This suggests that it is differences in attack which 

are more important than differences in resistance. The differences in attack may be related to 

larger quantities of calcium sulphate, a greater age, and more active hydration because there 

is more salt and more moisture is captured, and more effective hydration and thermal 

expansion because the salt is more mobile and crystallizes.

The clast area weathered was similar over the fan, as was the frequency of flaking, granular 

disintegration and hollows. There was no relationship between the frequency of pits and 

cavernous weathering and salt quantity. Either there really is no difference over the fan or finer 

measurement is required to see it. There was no relationship between salts and total clast area 

weathered or between total salts and weathering features.

Fan B

Salt weathering processes

Carbonate was the major ion present on the fan surface, and it was identified as calcite. 

Hydration has not been considered for this salt and the coefficient of volume expansion is lower 

than that of many common rock minerals (Cooke and Smalley, 1968; Goudie, 1985). This 

means that weathering by hydration and thermal expansion may be discounted. The process
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of crystallization is possible but very little attention has been given to calcite in salt weathering, 

essentially because its solubility is very low.

Very small amounts of leonardite and halite were also present on the fan surface. Aggregates 

of the calcium sulphate hardpan in segment 1 were found in places on segment 2. The 

operation of these salts is briefly described.

Crystallization

Measurements taken in December 1989 (Chapter 3, Temperature) indicate that the 

supersaturation of a saline solution is possible by a rapid decrease in temperature on this fan. 

In the afternoon the temperature dropped by 35°C in 7 hours, with a minimum of 3°C reached 

early in the morning. At a soil depth of 2-5 cm there was a drop of 26-29°C in the same 

interval. Supersaturation by evaporation is favoured by the combined temperature and relative 

humidity conditions. The temperature increased rapidly at the ground surface after sunrise (by 

46°C in 6  hours), reached a peak of 52°C at 15-16.00 hours and remained quite high (17°C) 

even at 23.00 hours. Relative humidity decreased extremely rapidly with the sunrise (from 60% 

to 11% in 2 hours) and it remained below 20% for over twelve hours (between about 09.00 and 

21.00 hours). During the time of peak ground surface temperatures the relative humidity was 

below 5% and this remained so from 15.00 until 21.00 hours. No wind was experienced during 

fieldwork.

Crystallization by the supersaturation of a calcium carbonate solution is not promoted by a drop 

in temperature because the solubility of this salt is not particularly temperature dependent, but 

the same low solubility means that supersaturation by evaporation may be achieved quickly. 

The crystallization pressure produced by calcite should be great relative to the other more 

soluble salts because this pressure is inversely associated with the salt molar volume and 

solubility (the pressures have not been calculated by Winkler and Singer (1972) or Sperling and 

Cooke (1980)). The environment of this fan should promote high crystallization pressures since 

these are directly related to temperature and the degree of supersaturation. A direct result of
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the low solubility of calcite is that it should crystallize rapidly, but on the other hand there is 

less salt available for crystallization in a given solution relative to more soluble salts. The 

crystal habit of calcite does not include it among the most damaging salts.

The effectiveness of crystallization by calcite depends in large part on its frequency. It seems 

that supersaturation should be promoted on a daily basis throughout the year by the high 

temperatures and very low relative humidity. This is supported by data from the Salar de 

Atacama plant of the Sociedad del Litio which indicates that relative humidity varies more 

diurnally than it does seasonally or annually (see Chapter 3, Moisture), and it is probable that 

maximum groundsurface temperatures remain relatively high throughout the year, although 

greatest in the summer and lowest in the winter. This means that crystallization pressure is 

probably the greatest in the summer.

Ultimately the frequency of crystallization is controlled by the availability of moisture for saline 

solutions to form. There was no evidence of dew in the field and the low relative humidity 

suggests that it is unlikely to form except possibly during the Bolivian and Chilean Winters. The 

resurgent groundwater in the fan toe does not seem to affect the rest of the fan. The mcuu î/una 

precipitation per annum is only some 18 mm and this may fall in the winter but especially in 

the summer. In addition these precipitation maxima in the Andes may provide runoff to the fan 

from snowmelt and rainfall events. This suggests that the availability of moisture is very limited 

and occurs on an annual basis. In addition the very low solubility of calcite means that 

crystallization is restricted further by the need of an input of the salt in solution.

Small amounts of halite, leonardite and calcium sulphate were present. The solubility 

characteristics of these salts mean that the crystallization of leonardite only might be induced 

by the afternoon drop in temperature, whilst calcium sulphate would be the first to crystallize 

from evaporation, followed by leonardite and halite (the order of the last two is reversed at 

temperatures above 25°C). Calculated crystallization pressure is the greatest for halite, followed 

by calcium sulphate and finally magnesium sulphate. The increase in crystallization pressure
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due to supersaturation intensity and the rate of crystallization would affect the pressure 

produced by calcium sulphate the most, followed by leonardite and halite, whereas this order 

is reversed with regard to the quantity of salt available in a given solution for crystallization. 

Calcium sulphate has the potential to be more damaging than halite because gypsum may 

occur as prismatic crystals which are elongated into acicular forms, and the crystal system of 

leonardite is monoclinic (D'Ans, 1933). The crystallization of all three salts is limited by the 

scarcity of moisture but repetitive crystallization of halite and leonardite is possible, whilst the 

low solubility of calcium sulphate probably means that there must be an input of the saline 

solution. If the crystallization of calcium sulphate does occur it produces considerable pressure, 

may occur at a rapid rate and gypsum crystals may be very damaging.

Hydration

Temperatures must fall below 0.2°C for the hydration of halite to occur. The transition 

temperatures of anhydrite-gypsum and the magnesium sulphates are exceeded for several 

hours in the middle of the day, but that of anhydrite-bassanite is probably never exceeded (see 

Chapter 3, Moisture). The relative humidity at night remains low, probably too low for 

magnesium sulphate hydration, but the reaction bassanite-gypsum should be possible. It seems 

that the pressure produced upon hydration is greatest for halite, and greater for calcium 

sulphate than for magnesium sulphate. The volume expansion of the latter is greater than that 

of calcium sulphate. It seems that the partial transformation of calcium sulphate should be 

possible on a daily basis throughout the year, whilst conditions might allow the hydration of 

halite in the Chilean Winter and the hydration of leonardite at times during the Bolivian Winter. 

A low transition temperature limits the former whilst a high critical humidity limits the latter. It 

seems to be possible for magnesium sulphate to hydrate totally in one day, especially since 

the hydrate leonardite is metastable (D’Ans, 1933), so if hydration is induced by precipitation 

this salt might be more effective than calcium sulphate, .

Thermal expansion

The temperature range was 49°C at the groundsurface in December 1989 (see Chapter 3,
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Temperature) and the thermal expansion of halite should be the most effective because its 

coefficient of thermal expansion is the largest and because a high solubility means that more 

salt may be more readily available. This process should occur throughout the year.

Summary

Carbonate was the most important salt in terms of quantity, but the action of calcite seems to 

be very limited. Crystallization is restricted by the scarcity of moisture and the low solubility of 

calcite, which means that either the moisture must contain dissolved calcium carbonate or it 

must be acid. The effect of hydration has not been examined and the thermal expansion of 

calcite is not greater than granite.

This suggests that calcite should not be effective in salt weathering unless crystallization or 

hydration is possible. It is possible that natron was in fact dominant although it was not 

identified by XRD. In this case hydration may operate daily for most of the year for the reaction 

thermonatrite-natron, thermal expansion should contribute throughout the year and 

crystallization by both a decrease in temperature and by evaporation may occur during the 

summer and winter precipitation and runoff from the Andes.

Alternatively the salts present in small or spatially restricted amounts may be those mainly 

responsible for weathering. Crystallization would be restricted by the small amount of 

precipitation during winter and summer, and should be dominated by halite and leonardite since 

calcium sulphate is relatively insoluble. The partial hydration of calcium sulphate should be 

possible throughout the year, whilst halite might hydrate during the winter and leonardite during 

the summer. This might make overall hydration very effective by the different pressures and 

crystallographies. In addition the thermal expansion of all three salts should contribute to further 

daytime stress throughout the year and especially in the spring and autumn. There should be 

some crystallization taking place to move the salt into the rock, but the damage by the other 

two processes in combination and with the different salts acting throughout the year may be 

very effective.
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Association of salts and clast features 

Direct association

Anhydrite was identified (Chapter 4, Table 4.13) in the crack splitting a clast on the edge of 

segment 1 as shown in Plate 6.2. Further evidence of the presence of salt in association with 

splitting and cracking is shown in Plate 6.3.

Spotting

There was no relationship to suggest that splitting increased with the quantity of carbonate 

(Table 6.3). In fact the reverse might be true since splitting frequency was negatively but not 

significantly associated with carbonate (r^= -0.700). This is based on only five samples because 

it was not possible directly to relate splitting at B14 with the quantity of salt determined at B15 

since these sites are on different segments.

Sait: CO3 %

Spilt % -0.700

n = 5 (X 0.05 = 0.900 
a 0 . 0 1  = 1 . 0 0 0

Table 6.3 Spearman’s rank correlation coefficients between splitting and salt quantity on Fan
B.

Figure 6.3 shows clearly that splitting frequency is considerably greater on segment 2 than on 

segment 1  whilst carbonate quantity is similar on both segments, if slightly less on segment 

1 . There is a general increase in both splitting frequency and carbonate quantity downfan, but 

the former peaks in the mid fan whilst the latter does not (Figure 6.4).

A high proportion of splitting on both segments affected ignimbrite clasts (89-100%). When this
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Plate 6.2 Anhydrite is present in the cracks splitting a clast on the edge of segment 1, in 

the mid-fan area of Fan B.

Plate 6.3 Salt is directly associated with bread-and-butter splitting, an ignimbrite fragment, 
cracks and a split piece of an andésite clast (from left to right) in the distal part of Fan B.

3 0 2
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F igure 6 .3  Variations in splitting frequency and salt quantity on Fan B according to 
segments.
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F igure 6 .4  Variations in splitting frequency and salt quantity with distance downfan on Fan 

B.
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rock type is excluded the frequency of splitting is reduced to some 2 % on segment 1  and 1 1 % 

on segment 2 (calculated from the means in Table 5.11 b), Chapter 5). This suggests that the 

relatively high splitting frequency on this fan, and especially on segment 2 , is partly explained 

by the proportion of ignimbrite present.

Clast sreathering features

The variations between sites in the clast area affected by flaking, cracks and granular 

disintegration was greater than the operator error, as was that in the frequency of all the 

features considered. Correlations between these features and the quantity of carbonate present 

at each site revealed no significant relationships (Table 6.4). There was no relationship 

between the index for the intensity of clast area weathered and carbonate quantity. It seems 

that this is not related to lithology or rock varnish either.

The rock type present is aphanitic and porphyritic andésite and ignimbrite. Lithological 

composition and rock varnish presence varies between segments (Chapter 5, Table 5.7). 

Aphanitic andésite was significantly and negatively associated with the frequency and clast 

area affected by granular disintegration. There was also a negative relationship with crack area. 

Ignimbrite was on the other hand significantly but positively related to the occurrence and area 

of granular disintegration, and there was also a strong relationship with crack area. Porphyritic 

andésite was similarly significantly and strongly related to these features, and additionally 

significantly and negatively related to flaking area and hollow frequency.

Rock varnish cover and frequency increased significantly with the proportion of aphanitic 

andésite, and decreased especially with a rise in the proportion of ignimbrite in a sample. The 

cover and frequency of rock varnish was only related significantly and positively with hollow 

frequency but there were fairly strong negative associations with the feature of granular 

disintegration and with crack area.
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0 0 3 % Ardesfta
a i*a rà t)c %

Andesita
pùf|:Èyn@Q%

k:m im W ie% R V a ra a % R V %

............

Cracks 0.396 -0.675 * 0.688 * 0.588 -0.417
Rakm o -0.063 0.438 -0.671 * -0.296 0.167
GDtâInteô 0.096 -0.779 * 0.550 0.825 •* -0.592

P R E S E N C E S

Cracks 0.346 0.063 0.104 -0.188 0.283
A akm o -0.008 0.438 -0.596 -0.333 0.371
GOisanteo 0.325 -0.942 ** 0.700 * 0.879 •* ■0.558
R ts 0.167 -0.529 0.342 0.400 0.196
H dlow s -0.117 0.442 -0.808 ** -0.337 0.642 *
C âvé m o u s ........ 0.329 -0.496 0.121 0.529 -0.183

Bum  area % 0.171 0.088 -0.154 0.287 -0.058 0.008

R V % a re a 0.046 0.604 * -0.471 -0.738 •
R V % -0.054 0.629 * -0.488 -0.754 *

NOTE: n = 9  a 0.05 = 0.600
a 0.01 = 0.783 

RV = grade 2 (obscures lithology)

T ab le  6 .4  Spearm an’s rank correlation coefficients between clast weathering features, salt 

quantity, lithology and rock varnish on Fan B.
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Summary

There was no relationship to suggest that the intensity of splitting or clast weathering features 

increased with the quantity of carbonate, nor was this salt identified in a split clast.

Anhydrite was identified in a split clast but this was set in an exposed part of the calcium 

sulphate hardpan in segment 1 , and some aggregates of this hardpan had been washed onto 

the surface of segment 2. On the surface of the fan minor quantities of halite and leonardite 

were identified, and at the base of the fan there was anhydrite and gypsum.

The quantity of carbonate did not vary much over the fan, but the intensity of splitting and other 

clast weathering features differed clearly between the segments (Figure 6.4 and Chapter 5, 

Table 5.6 and 5.7). There was also an important difference in clast lithological composition and 

rock varnish cover. The older segment was dominated by aphanitic andésite with a thick rock 

varnish cover and with flaking. On the other hand there was little rock varnish on segment 2, 

but there was more ignimbrite and porphyritic andésite, and the intensity of granular 

disintegration, cracks, pits, hollows and cavernous weathering was in general greater. It seems 

that ignimbrite is more susceptible to splitting and that this partly accounts for the greater 

frequency of splitting on segment 2 .

The significant relationships between granular disintegration and aphanitic andésite, ignimbrite 

and porphyritic andésite suggest that this feature is specifically related to ignimbrite on this fan. 

The relationships between these lithologies and crack area, flaking and rock vamish may reflect 

general differences between the segments besides the differences in lithological composition.

The fan context

The intensity of splitting and clast weathering features did not increase with carbonate quantity. 

The carbonate was identified as calcite and weathering by crystallization, hydration and thermal 

expansion of this salt seems to be extremely limited. There was a clear difference in
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weathering Intensity between the segments and there was more weathering on the younger 

segment. Besides calcite there were small amounts of leonardite and halite, and calcium 

sulphate was identified in various parts of the fan area.

Calcium sulphate was not identified on the fan surface but it was prominent in the source area, 

at depth on segment 1 and in the fan toe. It seems that the gypsum and fines found below 

surface clasts on the andésite hills in the source area must be aeolian. This same material may 

separate deposits of the Ignimbrita Patao from the underlying andésitetedrock, in which case 

aeolian deposition was taking place before 3.1 ± 0.7 Ma (Ramirez and Gardeweg, 1982b). 

Alternatively the gypsum identified in this contact layer may be of volcanic origin.

The hardpan of gypsum and anhydrite found at some 40-50 cm depth in segment 1 indicates 

that leaching of calcium sulphate from the fan surface must have occurred. This suggests that 

in the past there has been calcium sulphate on the fan surface. An aeolian input of the salt is 

suggested by the well developed pavement and soil on this segment, specifically the thick 

vesicular horizon, and also by the gypsum and fines on the hills. It seems that segment 1 had 

a well developed soil before it became abandoned because the hardpan is exposed at the 

segment edge and there is no soil on segment 2. The fact that no calcium sulphate was 

identified on the fan surface, nor any concentrations at depth on segment 2 , suggests that input 

of the salt must have ceased at the latest when segment 2  was formed. There does not seem 

to be a current aeolian input because the top horizon on segment 1  was sandy, not vesicular, 

and wash must be limited because the abundant source of calcium sulphate on the hillslopes 

does not seem to have been washed down. This means that segment 2 may in fact be quite 

stable and the absence of a soil may be due to the lack of an aeolian input of fines and salts 

since it was formed.

A gypsum hardpan just below the surface efflorescence patches in the fan toe seems to result 

from groundwater resurgence. Anhydrite identified in surface sediments in this area of the fan 

may have been washed down when segment 2  was formed or may come from groundwater
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resurgence. In any case it seems that the present efflorescence patches and soil development 

in the fan toe must postdate the formation of segment 2 , but this does not mean that the fault 

line did not exist before the erosion. This further suggests that segment 2 may have been quite 

stable for a long time.

It may be that the aeolian input of calcium sulphate ceased some time before or after the 

deposition of the ignimbrite because there is no cover of fines and salts, overlain by clasts on 

the ignimbrite surfaces in the source area. It is also clear that segment 2 was formed after the 

deposition of the ignimbrite as entrenchment cut through the deposits which infill the channels 

already established in the source area. The small amount of ignimbrite found on segment 1 

may be from light wash events before this incision, since the soil was formed before this time. 

So it seems that the soil on segment 1 was formed before the ignimbrite was deposited or 

sometime between this deposition and incision.

Carbonate is present in similar quantities on both segments so it may have been deposited 

after segment 1 was abandoned and from an aeolian source. Alternatively the relative 

insolubility of calcite may have ensured that it remained on the surface of segment 1  whilst the 

calcium sulphate and any other salts were leached down, and it may have been brought down 

by wash events or exposed at the surface of segment 2. The small amounts of leonardite and 

halite may come from aeolian sources or from weathering, since leonardite was also identified 

on the hills. It seems that these must have been deposited after the leaching events on 

segment 1 since both these salts are more soluble than calcium sulphate.

The reason for the stop in calcium sulphate input must involve changes affecting the source 

of the salt or the transportation of it. It may be that the input of calcium sulphate coincided with 

an input of aeolian fines and soil profile formation during a time of greater aridity. There are 

several sources of calcium sulphate within the basin of the Salar de Atacama, ranging from the 

salt efflorescence patches along the toe of the fan to the salar deposits and the Cordillera de 

la Sal. There are additional sources from the area to the west of the salar in the Central Valley.
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It may be that the salar was drier in the past and the salt less encrusted and easier to 

transport. It is therefore possible that the lack of soil development and rock varnish on segment 

2  is due to an inappropriate environment rather than a young age. The evidence certainly 

indicates that the input of salt has not been continuous.

It is possible that other more soluble salts were also blown onto the fan and the surrounding 

hills, and that these have been leached to greater depths than the calcium sulphate. 

Alternatively calcium sulphate may have been the main salt deposited. It seems that a little 

aeolian deposition is occurring and this may account for the calcite, leonardite and halite 

identified.

The greater age of segment 1 does not involve greater quantities of surface salt and there is 

in fact less weathering than on the younger segment. This may mean that salts or other 

processes are more active on the younger segment or that its surface is more susceptible. 

Differences in lithology may explain this or it may be that as the pavement, vamish and soil 

develop over time the weathering rate decreases.

Surface temperature conditions should not vary much between the segments, nor should the 

moisture input from relative humidity or direct precipitation. Groundwater seems to affect only 

the fan toe so the main difference seems to be that runoff from the fan catchment affects only 

segment 2. As the mean annual precipitation In this area is very low, runoff from precipitation 

in the Andes during the Bolivian Winter and from snow melt in the spring might be important. 

The results from the Portland tablet monitoring suggest that the microenvironment may be 

more conducive to weathering on segment 2 (see Chapter 5, Portland tablet monitoring).

The processes of hydration and thermal expansion should act in a similar way on both 

segments because both the surface salts and the microenvironment seem to be similar. The 

mobility and crystallization of leonardite and halite might be more frequent on segment 2  since 

runoff events should provide additional moisture to this segment and possibly an input of salts.
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It may be that hydration and thermal expansion are in turn more effective on the segment as 

more salt moves into the rock. Altematively it may be that an unidentified salt is present, and 

other weathering processes such as the hydration of clays and chemical weathering might be 

important. There was no evidence of biological weathering, but the differing proportion of rock 

types on the segments may mean that there are more effective clays present on segment 2  

besides more moisture.

It is possible that differences in weathering susceptibility are more important in explaining the 

different weathering than differences controlling the attacking agents. Clast lithological 

composition differs between the segments, and although it is difficult to separate the effect of 

rock type from the other factors which also differ between the segments, it does seem that the 

proportion of ignimbrite is important. Granular disintegration is definitely associated with 

ignimbrite, and the high proportion of ignimbrite clasts which are split on both segments (89- 

100%) indicates that this rock type is particularly susceptible to intense weathering. This means 

that the significantly greater proportion of ignimbrite on segment 2  must explain to an extent 

the greater amount of splitting on this segment. It seems that other factors are also important 

in differentiating the segments because the proportion of non-ignimbrite clasts split on segment 

2  was also greater than that on segment 1  (1 1 % and 2 % respectively), and it seems that the 

Portland tablets lost more weight on this segment. The rock varnish cover and well-developed 

pavement and soil may inhibit weathering on segment 1 but the evidence from the Portland 

tablets suggest that differences in microenvironmental conditioris must also play a role.

So it seems that the more intense weathering on segment 2 may be due in part to 

susceptibility, and also to a more aggressive environment. It may be that differences in the 

microenvironment allow similar weathering agents to be more effective on the segment, or it 

may be that there are differences in the salts present which have not been identified and that 

other weathering processes are also operating.

310



Fan C

Salt weathering processes

Calcium sulphate and carbonate salts clearly dominated in quantity on the fan surface, and 

these salts were identified as gypsum and natron. There was more gypsum than natron 

(Chapter 4).

Crystallization

A rapid decrease in afternoon temperature (52°C in 6  hours) was recorded in December 1990 

(see Chapter 3, Temperature) and it indicates that supersaturation by this mechanism should 

be possible. There was also a considerable fall in temperature (by 31 -35°C) below the surface, 

at 2 and 5 cm depth. Conditions also promote supersaturation by evaporation as ground 

surface temperatures increased rapidly after sunrise (by 69°C in 7 hours) to reach a maximum 

of 60°C at 14.00 hours. These high temperatures were accompanied by low relative humidity 

during the day, with about 12 hours experiencing less than 40% relative humidity, and the 2 

hours or so of peak temperatures recording 5%. In the late afternoon, as temperatures were 

falling, there was a strong westerly wind and relative humidity remained below 30% until 21.00 

hours at least.

At 18.5°C the equilibrium relative humidity of natron is 92% (Goudie, 1985) so both this salt 

and gyspum should be able to crystallize during most of the day in this environment. The rapid 

decrease in solubility of natron with falling temperatures means that supersaturation of a 

solution of this salt can occur with evening cooling as long as ambient relative humidity remains 

less than the equilibrium relative humidity. Supersaturation of a gypsum solution cannot occur 

in this way because gypsum solubility is largely independent of temperature. Gypsum solubility 

is lower than that of natron, so it will be the first to reach supersaturation by evaporation.

The lower molar volume of gypsum means that it will produce a greater crystallization pressure 

than natron. The same relationship means that natron (being a higher hydrate) exerts less
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pressure than thermonatrite and the anhydrous salt. The increase in pressure with rising 

temperatures should affect both salts in a similar way but the increase with the level of 

supersaturation should affect gypsum more than natron. The lower solubility of gypsum also 

means that it should crystallize at a faster rate than natron but that there should be more 

natron in a given concentration of solution. Overall the pressure exerted by the crystallization 

of gypsum by evaporation seems to be greater than that of natron, and the occurrence of 

gypsum as prismatic crystals which may be elongated into acicular forms should make the 

crystallization of this salt more damaging than that of natron, which tends to occur as 

crystalline, granular or columnar crusts and efflorescences in nature.

The crystallization of natron by falling temperatures should take place in the afternoon and 

evening, so the lower temperatures at this time may mean that the pressure produced is a little 

lower than that from evaporation during the day. On the other hand the rate of crystallization 

by a rapid temperature fall is greater than that by evaporation because a larger volume of salt 

is affected per unit time. It may be that natron can crystallize two times a day.

An important control on the effectiveness of crystallization in weathering is the frequency with 

which it can occur. Insolation is probably high throughout the year due to a generally low cloud 

cover and little variation in the number of daylight hours. This means that the temperature 

range, the maximum temperature and relative humidity probably vary mostly in degree and in 

duration with the seasons. The strong westerly wind should also be consistent. Crystallization 

of both salts should be possible by evaporation on a daily basis throughout most of the year, 

as should the crystallization of natron by rapid falls in temperature. Snow during the Chilean 

Winter may inhibit the latter by keeping groundsurface temperatures very low, but ablation 

should restrict this snow cover and indicates that high evaporation occurs even during this 

season. The greatest crystallization pressures should occur with the high summer temperatures 

of the Bolivian Winter if crystallization is not inhibited by high relative humidity. In the case of 

the crystallization of natron by afternoon cooling the greatest pressures should be produced 

in the spring and autumn.
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The main control on the frequency with which crystallization might operate is the availability of 

moisture. Dew was not evident in the field in December 1989, and it is unlikely that relative 

humidity is sufficiently high for dew to form except possibly during the Bolivian and Chilean 

Winters. Capillary migration from groundwater in the fan toe may allow crystallization to occur 

daily in this zone for most of the year. Precipitation is essentially restricted to the summer and 

winter peaks and crystallization may occur diurnally during these periods, although ablation 

probably restricts the moisture available during the Chilean Winter. The low solubility of gypsum 

means that it is unlikely to dissolve with an input of such moisture and then recrystal I ize. 

Instead the crystallization of gypsum probably requires a source of calcium sulphate in solution, 

whereas natron may recrystallize repetitively. It is unlikely that there is such a supply of calcium 

sulphate in solution except in the distal zone where there may be an input from the 

groundwater, so from this point of view the crystallization of natron should be more effective 

than that of gypsum.

Hydration

Gypsum and natron are hydrous forms of calcium sulphate and sodium carbonate respectively.

Ground surface temperatures were lower than the transition temperatures for the sodium 

carbonate hydrates (natron, thermonatrite and the septahydrate) during most of the day except 

between about 10.00 and 17.00 hours. In addition freezing in the early morning may inhibit 

hydration. The transition point of 109°C for the hydration of the anhydrous sodium carbonate 

to thermonatrite should not be exceeded. Ambient relative humidity exceeds the critical relative 

humidity for the hydrates of sodium carbonate only during a few hours early in the morning. 

During these hours hydration between thermonatrite and the septa or decahydrate is the most 

likely, whilst hydration between the septa and decahydrate may be more limited. The hydration 

of natron therefore seems to be restricted to the early hours of the morning. There may not be 

enough time for a full reaction to occur daily but partial hydration is likely since experiments 

indicated that the maximum rate of weight increase occurred in the first 30 minutes (Kwaad, 

1970, in Sperling and Cooke, 1980).
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The ground surface temperature remained below the transition temperature of the reaction 

anhydrite-gypsum during all but some seven hours of the day. It is unlikely that the transition 

temperature of anhydrite-bassanite should be exceeded (97°C). Ambient relative humidity was 

greater than the critical value for the reaction anhydrite-gypsum and bassanite-gypsum only 

for some hours during the night. The critical relative humidities for bassanite-gypsum are lower 

than those for anhydrite-gypsum so the former reaction has a greater chance of occurring and 

probably there are a few more hours in which it can occur diurnally. The critical values for both 

reactions are lower and thus more easily satisfied than those for the reactions of sodium 

carbonate but the time required for a complete transformation means that on a daily basis only 

partial hydration-dehydration may occur.

The relative effectiveness of salt hydration should depend on theoretical hydration pressure, 

but it seems to be more related to salt volume expansion. Hydration pressure depends directly 

on the number of moles of water gained upon hydration so the pressure exerted by the 

hydration of thermonatrite to the septahydrate is greater than that of the reaction septahydrate- 

natron. The hydration pressure produced by both these transformations is less than that 

calculated for the reaction bassanite-gypsum (Sperling and Cooke, 1980). As both temperature 

and relative humidity are low at night, the hydration of bassanite to gypsum should produce 

considerably greater pressures than that of sodium carbonate hydration: at 0°C and 60% 

relative humidity the theoretical hydration pressure of bassanite-gypsum is 1375 atmospheres 

whilst that produced by the hydration of the septa hydrate to natron is only 60 atmospheres.

The volume expansion resulting from the transformation of the anhydrous sodium carbonate 

salt to thermonatrite, the septa and decahydrate is considerable (90-148%) but the expansion 

which results from the reaction septahydrate to natron is similar to that of bassanite-gypsum 

and anhydrite-bassanite (22-32%). There is a volume expansion of 61.35 % with the hydration 

of anhydrite to gypsum, but such a direct transformation does not seem to be feasible (Sperling 

and Cooke, 1980). On the basis of volume expansion the effectiveness of the hydration of 

natron from the septahydrate should be similar to the hydration of anhydrite to bassanite and
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bassanite to gypsum. Most effective should be the hydration of thermonatrite to natron and to 

the septahydrate and the transformation of the anhydrous salt to thermonatrite.

The change in crystallography upon hydration should make calcium sulphate more damaging 

than sodium carbonate. Gyspum may occur as tabular or prismatic crystals with short ends or 

elongated ones into acicular forms, whilst bassanite occurs as microscopic needles and 

anhydrite tends to occur in massive aggregates of varying grain size but occasionally in a 

tabular or prismatic habit. Natron tends to occur in nature as crystalline, granular or columnar 

crusts and efflorescences, and thermonatrite is also usually found as a crust or efflorescence 

so there does not seem to be a damaging change in crystal habit upon hydration.

The frequency of hydration controls in large part the effectiveness of this process in 

weathering. Low relative humidity during the night seems to limit hydration to a few hours and 

this may not be enough for the daily hydration of natron. Instead partial hydration to natron may 

occur daily as also the partial hydration of calcium sulphate. The full dehydration of natron 

should be possible during the day, but it seems that this is not long enough for calcium 

sulphate. The effectiveness of the salts on a daily basis may therefore depend on the relative 

pressure and expansion which may result from partial hydration. During the Bolivian and 

Chilean Winters relative humidity at night might be higher and allow more time for hydration 

to occur, but during the Chilean Winter night temperatures below 0°C might inhibit such 

hydration. So sodium carbonate might be able to hydrate fully on several days during the 

Bolivian Winter and possibly the Chilean Winter. In the case of calcium sulphate the degree 

of hydration reached daily might increase at this time of the year.

The low relative humidity at night suggests that is unlikely that dew should provide a daily 

source of moisture for hydration, except possibly during the Bolivian and Chilean Winters. The 

groundwater in the fan base may allow the hydration or partial hydration of sodium carbonate 

to occur daily in this part of the fan and it may increase the degree of hydration achieved by 

calcium sulphate. Otherwise hydration may be restricted to the days of precipitation during the
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two to three summer and winter months, although ablation may limit the process during the 

winter when most precipitation falls as snow. The fact that only the hydrates of both sodium 

carbonate and calcium sulphate were identified on the fan surface and at depth suggests that 

the problem may be that dehydration is in fact limited.

Thennal expansion

Measurements in early December 1989 gave a diurnal temperature range at the ground surface 

of 69°C and a maximum temperature of 60°C (see Chapter 3, Temperature). Gypsum 

expansion exceeds that of the rock minerals microcline, orthoclase, plagioclase, quartz and 

olivine (Goudie, 1985). Natron may also expand more than these minerals because it seems 

that many salts have a higher coefficient of volumetric expansion than common rocks such as 

granite (Cooke and Smalley, 1968), but the figure for natron is not given in Washburn (1928), 

Skinner (1966), Gray (1972), or Lide (1991). As no moisture is required this process may 

operate diurnally throughout the year. The greatest and fastest temperature differentials should 

occur during the spring and autumn, whilst the highest maxima should be recorded in the 

summer. The ultimate effectiveness of the process must depend on an input of salts and the 

greater solubility of sodium carbonate may increase its effectiveness.

Summary

In terms of quantity calcium sulphate is the dominant salt, but the amount of carbonate (natron) 

is also considerable. The crystallization of both salts should be restricted to the periods of 

summer and winter precipitation, and calcium sulphate crystallization further limited by the need 

for an input of salt in solution or acid precipitation. In the distal fan there may be a continuous 

source of both moisture and salts in solution from the capillary migration of groundwater.

The partial hydration of both salts should be possible throughout the year, and the total 

hydration of natron may occur in the summer. It may be that in partial hydration calcium 

sulphate is more effective than natron since the pressure produced is greater as is the volume 

expansion, except in the case of the hydration of thermonatrite to natron. Crystallization in
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winter and summer may provide an input of salt and this may be continuous in the distal fan. 

So hydration may occur at night subsequent to crystallization during the day or late afternoon. 

Thermal expansion should also contribute throughout the year, but especially during the 

autumn and spring when it may enforce the action of hydration for both salts. The small 

quantities of chlorides present may also contribute and make this action worse.

Association of saits and clast features 

Direct association

Plate 6.4 shows that subsurface salt is directly related to splitting on Fan C. The split pieces 

seem to be forced outwards whilst the centre piece is lowered, and the salt associated with 

another split clast and crack was identified as gypsum (Chapter 4, Table 4.13). Plate 6.5 shows 

that salt accumulations are also directly related to hollows in the clasts in a way similar to that 

described by Wright and Urzua (1963).

Spotting

Splitting intensity seems to increase as the quantity of the major salts increases (Table 6.5). 

There is a significant relationship between splitting frequency and calcium quantity (a 0.05) and 

all associations are stronger than r̂ = 0.600. It seems that splitting frequency may specifically 

be related to the quantity of calcium and calcium sulphate present because its association with 

carbonate is the weakest, and when associated with the sum of the sulphate and carbonate 

anions the relationship is not stronger than that with calcium sulphate alone.

Salts: SO4  % Ca% CaS0 4  % CO3  % SO4 +CO3  %

Split % 0 . 6 8 8 0.759* 0 . 6 8 8 0.643 0.643

n = 7 a 0.05 = 0.714 
a 0.01 = 0.893

Table 6.5 Spearman’s rank correlation coefficients between splitting and salt quantity on Fan
C.2

317



4/vr

Plate 6.4  a) A split porphyritic andésite clast on Fan C.

%

Plate 6.4  b) Salt is directly associated with the splitting just below the surface.
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P late  6 .5  Salt accumulations in hollows of porphyritic andésite clasts from Fan C.
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Figure 6.5 shows that there is a clear increase in splitting frequency and in the quantity of 

calcium sulphate from segment 1 to segment 2  and to segment 3. Carbonate also increases 

with the younger segments but there is no appreciable difference between segments 2 and 3.

In looking at the downfan component (Figure 6 .6 ), irrespective of segments, it can be seen that 

the frequency of split clasts and the quantity of calcium sulphate only increase in the distal 

reaches, and they do so considerably. Carbonate on the other hand increases in clear steps 

from the head fan to the mid fan and then to the distal part.

In the case of both segment and downfan divisions, it seems that the frequency of split clasts 

varies in a very similar way to the distribution of the calcium and sulphate ions, and less so 

with carbonate. This supports the lower correlation coefficient achieved by the latter.

Clast weathering features

The variations in the frequency of weathering features between sites do not exceed the 

possible operational error in the case of hollows and are very close to this error for flaking, pits 

and cavernous weathering, and there is no positive, significant relationship between feature 

frequency and any of the salts (Table 6 .6 ). The clast area covered by all the features except 

hollows differs by amounts greater than the operational error. There is no significant 

relationship between these features and the quantity of salts, but it seems that crack area 

increases with the quantity of calcium, sulphate and calcium sulphate in fairly strong 

associations.

The rock type was porphyritic andésite and rock varnish is similar in thickness, cover and 

presence on the fan (Chapter 5, Tables 5.8 and 5.9). Rock varnish cover was not significantly 

related to the clast area affected by the weathering features but as the prevalence of rock 

varnish increased so did crack frequency in a significant association. There is also a fairly 

strong positive association between rock vamish cover and calcium, sulphate and calcium
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FANC 6 0 4 % Ca% Ùa6&4% 603% 6Ô4+ÛÔ3% RVafea% RV%

.....
CmiAs
Flakino
QDishfeô
Pïte
Omwnoüs

0.452
0.060
0.155
0.399
0.060

0.536
0.167
0.190
0.399
0.167

0.452
0.060
0.155
0.399
0.060

0.244
-0.310
-0.048
0.065

-0.310

0.298
-0.244
-0.018
0.125

-0.244

0.286
-0.405
-0.155
-0.071
0.048

Craches
Rakmo
G D i S B T t e Q

m
Cavernous

0.185 
-0.768 * 
-0.006 
-0.185 
-0 494

0.351 
-0.673 * 
0.018 

-0.351 
-0.399

0.185 
-0.768 * 
-0.006 
-0.185 
-0.494

0.054 
-0.827 * 
-0.244 
-0.173 
-0.565

0.077 
-0.839 ** 
-0.232 
-0.220 
-0.577

0.988 ** 
0.524 

-0.137 
0.381 
0.524

Sumama'& -0.756 * -0.708 * -0.756 * -0.839 ** -0.863 " -0.310 -0.310

RV%arèa
flV %

0.506
0.351

0.601
0.327

0.506
0.351

0.304
0.113

0.363
0.113

NOTE: n = 8  a  0.05 = 0.643
«  0.01 = 0.833 

RV = grade 1 (lithotogy not obscured)

Table 6 . 6  Spearman’s rank correlation coefficients between clast weatfiering features, salt 
quantity, litfiology and rock varnish on Fan C.
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sulphate.

Summary

Gypsum was identified in a split clast and correlation coefficients and distributions downfan and 

between segments suggests that there is a relationship between splitting intensity and the 

quantity of calcium sulphate specifically. There was also a fairly strong association between 

the clast area affected by cracks and the amount of calcium sulphate.

The frequency of clast weathering features did not differ sufficiently to discount operational 

variance, and there was no significant relationship between the clast frequency and area 

affected by features that did and the quantity of salts. The relationships between rock varnish, 

cracking and calcium sulphate quantity seem to reflect the specific increase in all of these in 

segment 3.

The fan context

The evidence indicates that the quantity of calcium sulphate is related to splitting and to clast 

cracking. This may be produced by thermal expansion and hydration throughout the year, and 

by crystallization during the summer and winter precipitation maxima. Crystallization may be 

possible throughout the year in the fan toe and maybe in the distal fan also.

Channel incision means that most of the fan surface should be isolated from runoff and so 

surface salts and fines are probably of atmospheric origin. Most of the salt is probably aeolian, 

but it may also be deposited by the ablation of snow and by weathering. The source of the 

aeolian salt is probably the salar immediately to the west of the fan, with an additional input 

coming from the area further to the west. The greater quantities of salt found in the distal fan 

may result from an increase in aeolian deposition in this area, the closest to the salar, because 

the fan gradient is quite steep. Some of the salt may have been washed down, it may come 

from the interaction of the fan deposits with lake level fluctuations and it may have been
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brought to the surface by capillary migration from groundwater.

A hardpan of calcium sulphate was present at varying depths in the fan toe area. This may be 

due to leaching or it may result from capillary migration. It seems that the secondary 

distribution of salts is restricted essentially to leaching because the incised channels are well 

established and the lake shorelines are well preserved, with the high lake level marks only 

breached by minor deposition in some places. The salar consists essentially of calcium 

sulphate but the carbonate on the fan probably also comes from the salar. The little chloride 

on the fan surface is probably the consequence of a limited source of this salt, which has not 

been mapped in the salar (Gardeweg and Ramfrez, 1985), and not due to leaching because 

then natron should also have been leached below the surface.

All the segments are cut by the highest shoreline and so must predate the last maximum lake 

level. It seems also that the incision which produced the deep central quebrada and deposited 

the baby fan 1 must have occurred before this shoreline was abandoned. It seems that the 

incision on the rest of the fan also took place before this. After the maximum lake level and as 

the lake receded, dissection of the baby fan 1 resulted in the deposition of baby fan 2 , followed 

by some dissection of this fan. This suggests that salt probably began to accumulate on the 

fan surface at some time after the lake began to recede from its maximum level. Any 

secondary movement of the salt may have been limited to leaching as there seems to have 

been very little erosion of the fan since that time. This may be because evaporation rates are 

high when rain falls during the Bolivian Winter and they result in the ablation of winter snow. 

There may have been a largely continuous input of salt onto the fan surface, or this may have 

been episodic.

The quantity of calcium sulphate and the intensity of weathering are both greatest on the 

younger segments in the distal fan, but all three segments predate the highest lake shoreline 

so the difference in age may not be very important. In any case it seems that the salt 

distribution mechanisms are more important than surface age in determining where the salts
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are concentrated, and salt quantity seems to be more important than age for weathering 

intensity.

Variations in microenvironmental conditions may be as or more important than salt quantity in 

explaining the distribution of weathering. Ground surface temperature should be similar over 

the fan, but in the distal fan the freezing point may be reduced to a greater extent by the larger 

quantities of salt present. Moisture from relative humidity, any dew and direct precipitation 

should affect all the fan, but the entrenched quebradas may channel more water to the distal 

fan and groundwater may provide a largely continuous supply of water to this area. The 

Portland tablets exposed for one year indicate that the aggressiveness of the environment is 

similar all over the fan, so the differences in the conditions in the distal fan may not be 

significant.

The thermal expansion and hydration of calcium sulphate may be able to occur on most days 

throughout the year, and crystallization should be possible during the Bolivian Winter and 

probably also during the Chilean Winter. If there is a supply of moisture during most of the year 

in the distal fan, crystallization should be possible more frequently in this area. Ground 

temperatures which may fall below zero during the night for a large part of the year mean that 

frost weathering may also occur when there is moisture available. In addition the hydration of 

clays, chemical action and some biological weathering may be important. If there is moisture 

available more frequently in the distal fan all these processes should be more active here than 

on the rest of the fan surface.

A difference in the susceptibility to weathering of the main fan surface and the distal fan should 

not be important because there is only one rock type present and the development of rock 

varnish, stone pavement and the subsurface zone is similar all over the fan. This means that 

the greater splitting and cracking in the distal fan may be directly related to the larger quantities 

of calcium sulphate there or to the more frequent crystallization and more effective hydration 

and thermal expansion of this salt in this area. Alternatively other processes such as frost
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weathering may be more active in this area.

DISCUSSION

The differing environments of the fans mean that many characteristics of the salt-weathering 

features relationship vary, but some aspects were found to be clearly similar. Relating the 

observed results to those expected in a comparison of the fans allows several observations to 

be made. Firstly the dominant salts and salt distribution mechanisms may be identified, 

secondly the relationship between specific salts and specific weathering features may be 

clarified, and inferences made as to any diagnostic relationship with salt processes. Finally the 

relationship between the quantity of salt and intensity of weathering may be seen in the context 

of the fan environment to assess the controls on the rate of weathering.

Salt distribution

The type, quantity and distribution of salt varied on the fans, but the importance of calcium 

sulphate and its transportation onto the fan by the wind seems to have been prevalent in all 

three areas despite the different environments. This suggests that it is a regional phenomenon 

and that the variations on each fan are controlled by local factors.

It is not surprising that calcium sulphate is widespread because there are abundant sources 

of this salt in the area, but the degree to which it is prevalent, often in segregated 

concentrations, is unexpected. The local salar may be a source of the salt on each fan, and 

regional sources may be important in each case since the terrain drops continuously from the 

east and the prevailing wind comes from the west. The salars in the High Andes consist 

predominantly of sulphates, in the Pre-Cordillera sulphates are present at the edge of the salar 

and they are prominent in deposits of the Cordillera de la Sal and Cordillera Domeyko, whilst
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near the coast abundant calcium sulphate seems to have been deposited on the groundsurface 

from the camanchaca.

The differences in salt type on each fan probably essentially reflect the characteristics of the 

local source area. The natron on Fan C may originate from the salar, whilst calcite on Fan B 

may come from deposits of the El Tambo formation which outcrop to the west in the salar. The 

reason for the small amounts of chlorides on these fans seems to be that there is little chloride 

in the salars of the High Andes, and in the Salar de Atacama the chloride nucleus lies a little 

to the north of the fan. There is very little carbonate and more chloride on Fan A, and this 

probably reflects the predominantly marine origin of the salts. The concentrations of nitrate are 

not unusually high (Mueller, 1968) and the lack of rain may be the reason that the Palaeozoic 

bedrock is not a source of much carbonate on the fan.

Differences in the distribution of salts on each fan are largely due to the interaction of the fan 

surface with the primary input, secondary distribution mechanisms and the preservation of salt 

accumulations. Salt distribution suggests a predominantly atmospheric source, and an aeolian 

input seems to have been important on all three fans. There may be an additional, direct input 

from the camanchaca onto Fan A, ablation of snow may contribute salts in the High Andes, 

and weathering may be the source of additional salts on all three fans.

The importance of the camanchaca was expected on Fan A, as was the absence of 

significantly greater salt concentrations at the base of the fan, due to limited capillary migration, 

resurgence, wash and fan-salar processes. The predominance of calcium sulphate over halite 

and other chlorides in the fan environment was not expected to be so pronounced, and this 

suggests some selection/fractionation in the transportation of sea salts inland, and in the 

aeolian transport of this further on (van Moort, 1985). It may also suggest an input of salts from 

the east. Given the presence of calcite in the Palaeozoic bedrock the absence of this salt on 

the fan was a little surprising, and it seems that quartzite was predominantly exposed in this 

area. Both segments seem very old, and the similar salt content of the two may be due to a
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combination of the timing of salt input and preservation.

An increase in the quantity of salts at the base of the fan was expected in both the Pre- 

Cordillera and the High Andes due to the high relief and greater precipitation regime. Salt was 

in fact concentrated at the base of Fan B due to groundwater resurgence and capillary 

migration, from the erosion of most of segment 1, and possibly from fan-salar interactions. The 

even distribution of salts on the fan itself is unexpected as there should be a greater 

accumulation on the surface of the older segment 1. The absence of calcium sulphate on the 

fan surface is also unexpected. It seems that calcium sulphate at the surface of segment 1 has 

been leached down and that after the formation of segment 2  there has been no important 

input of calcium sulphate but only some aeolian calcite, leonardite and halite. Wash events and 

infiltration also seem to have been limited after this time.

In the High Andes there is a greater concentration of salts in the distal fan, and capillary 

migration and fan-salar interaction seem to be important in explaining the greater salt in the fan 

toe at least. The precipitation regime, relief and fan gradient would suggest that wash should 

be important at least as a secondary mechanism to concentrate the salt in the distal fan, and 

that zonation according to salt solubility might occur. In fact it seems that surface wash on the 

fan is very restricted, that infiltration is more important in the secondary distribution of salts and 

that it is the direct effect of the fan gradient and proximity to the salt pan which causes more 

salt, irrespective of solubility, to be deposited in the distal fan. The limited effect of surface 

wash seems to be the reason for the unexpected preservation of salt accumulations at the 

surface.

Salts and weathering features

Calcium sulphate was observed in split clasts on all three fans, and the evidence indicated that 

as the quantity of calcium sulphate increased so did the intensity of splitting and cracking on
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both Fans A and C. This is unexpected in that calcium sulphate is generally considered to be 

relatively ineffective in weathering, but on the other hand it is consistent with the apparent 

predominance of the salt in this region. The fact that calcium sulphate was associated with 

clast splitting and cracking in two areas of different environmental conditions where other salts 

were also present, means that a strong inference may be made that calcium sulphate quantity 

is important in this weathering.

The quantity of calcium sulphate was specifically related to the weathering features splitting 

and cracking, and not to flaking, granular disintegration, pits, hollows and cavernous 

weathering. Splitting covers various types of weathering in an extreme form, and both this 

feature and cracks affect the clast at depth whereas the other features are essentially 

superficial. This means that greater quantities of salt should be required to penetrate the rock 

and the weathering should therefore be more apparently related to salt quantity. This suggests 

that the degree of splitting and cracking may be diagnostic of calcium sulphate quantity and 

thus calcium sulphate weathering.

Inferences from such a relationship may be taken further and associated specifically with the 

movement of salt into the rock and therefore with the process of salt crystallization. 

Crystallization should be severely restricted on Fan A unless moisture from the camanchaca 

allows deliquescence, whereas it should be possible at least once a year on Fan 0  during the 

summer, and possibly also during the winter. This suggests that the relationship between 

calcium sulphate and the features splitting and cracking is not diagnostic of crystallization in 

a straightforward way, but might require long term stability and involve the continuous action 

by thermal expansion and hydration because this should be possible on a daily basis 

throughout most of the year on both fans. Increases in calcium sulphate solubility, such as with 

the presence of sodium chloride (Magee, 1991), may be important in promoting crystallization, 

but distribution patterns emphasize the poor mobility of this salt in the fan-playa environment 

(Eghbal, 1989).
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There was no calcium sulphate on the surface of Fan B, but there is evidence that it has been 

present on the surface of segment 1 at some time in the past. Calcite was the main salt 

present but it was not related to any of the weathering features. This was not surprising 

because this salt should be ineffective compared to other salts. The relatively intensive splitting 

and clast weathering on this fan was unexpected given the small amounts of other salts 

present, and especially surprising was the fact that weathering was more intense on the 

younger segment.

This means that clast splitting and cracking probably occurred on Fan B without the 

involvement of calcium sulphate, and moreover the intensity of such weathering was not 

associated with the quantity of any other salts. Splitting on this fan seems largely to affect 

ignimbrite clasts in the form of granular disintegration, which suggests that this lithology is more 

susceptible to such extreme weathering than andésite. The greater proportion of ignimbrite on 

the younger segment accounts to a certain extent for the greater splitting on this surface. In 

fact the proportion of split non-ignimbrite clasts on the older segment is negligible and that on 

segment 2 is slightly less than splitting on Fan A. So the evidence indicated a scarcity of both 

effective salts and clast splitting on segment 1. The importance of splitting on segment 2 is 

reduced when the greater density and size of clasts on this fan is taken into account, but 

splitting is still significant despite a general absence of effective salts.

Observations in the field and the identification of calcium sulphate in the crack of a split clast 

suggest that salts are involved in this weathering in one way or another. It may be that the 

microenvironment on segment 2  allows the small quantities of halite and leonardite identified 

to be especially effective, or possibly other processes are operating. Alternatively the surface 

of this segment is more susceptible to weathering because there is little rock vamish, stone 

pavement and soil development. Whatever the reason for this weathering, it means that 

splitting and cracking cannot be taken to be generally diagnostic of calcium sulphate 

weathering only.
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Weathering rate

It Is difficult to compare the rate of weathering on the three fans because so many factors vary, 

but some observations on the controls of the weathering rate may be made. It seems that the 

fan surfaces are of a considerable age (an OSTL date indicated a minimum age of 230,000 

years for Fan A; see Chapter 3, Surface stability), and that they have been affected by an 

aeolian input of calcium sulphate and by a degree of incision. It is difficult further to specify 

regional controls which affect all the fans, but variations in surface development and salt cover 

result from individual fan geomorphology which depends essentially on local conditions.

Differences in the local environment also control the operation of the salt processes on each 

fan. The major differences are controlled by the availability of moisture for crystallization and 

also hydration. The process of thermal expansion should be possible daily throughout most of 

the year on all three fans. Portland tablet weight loss supports the idea that the environment 

in the High Andes is the most aggressive and it suggests that regular moisture from the 

camanchaca is important in differentiating Fan A from the dry Pre-Cordillera. Other weathering 

processes dependent on moisture (such as clay hydration and chemical weathering) should 

be affected in a similar way, specifically the operation of frost weathering in the High Andes 

and possibly in the Pre-Cordillera, and lichen weathering in the Central Valley.

The effect of differing rock types does not seem to have been important on the individual fans 

apart from ignimbrite on Fan B. It seems that rock type is not a very important control of 

cracking or clast splitting, but it does seem to be important for the other weathering features. 

Granular disintegration seems to be related specifically to ignimbrite, and hollows and 

cavernous weathering seem associated with porphyritic andésite, especially in the High Andes. 

Such textural control was expected. Surface characteristics were to a large extent similar on 

Fans A and C and rock varnish did not seem to inhibit weathering. This may be because 

erosion of rock varnish seems to be occurring on both fans. Given the conditions restricting salt 

attack on Fan B it may be that weathering on the older segment was inhibited by the well-
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developed pavement and varnish cover.

So there is evidence that splitting and cracking are related to calcium sulphate quantity in both 

the Central Valley and High Andes. It is not possible to say that this is diagnostic of a single 

process and not even of the salt calcium sulphate because both forms of weathering occur also 

on Fan B without the salt. It may be that conditions at the groundsurface, especially the 

availability of moisture, are more important. But it does seem that cracking and splitting are 

different from the other features, that ignimbrite is more susceptible to weathering than 

andésite, and that granular disintegration and cavernous weathering are specifically controlled 

by lithology.

CONCLUSIONS AND FUTURE WORK 

Conclusions

The main conclusions that can be drawn from the work described in this thesis may be 

summarized as follows:

i) Calcium sulphate is prevalent, and^deposition on the fans seems to have been predominantly 

aeolian.

ii) Calcium sulphate was found inside split clasts, and on Fans A and C it was found to be 

strongly related to clast splitting and cracking. The major salt on Fan B was calcite and it was 

not related to splitting or cracking. Weathering on this fan may be due to small quantities of 

leonardite and halite and other weathering processes; if CaSO^ was present, it has been 

removed.

iii) There was no specific, statistical link between the presence of salts and flaking, granular 

disintegration, pits, hollows and cavernous weathering.
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iv) Greater weathering on the younger segment of Fan B Is partly due to a greater proportion 

of the more susceptible Ignimbrite lithology, and It may also be due to a more aggressive 

microenvironment and more susceptible groundsurface conditions since rock varnish, stone 

pavement and soil are less well developed. Apart from Ignimbrite, lithology does not seem to 

have been an Important control on clast splitting and cracking on any of the fans. Weathering 

by granular disintegration was statistically linked to Ignimbrite, and hollows and cavernous 

weathering may be related to porphyritic andeslte, specifically In the High Andes.

The weathering rate of Portland tablets exposed for one year suggests that the environment 

In the High Andes Is the most aggressive, followed by the Central Valley where the effect of 

the camanchaca Is Important, and It Is the least aggressive In the Pre-Cordlllera. This seems 

to reflect the availability of moisture. Rates comparable to the polluted environment of London, 

U.K., suggest that there Is a potentially aggressive environment despite the aridity. It would 

appear that calcium sulphate hydration and thermal expansion may be the main salt weathering 

processes to occur throughout the year on Fans A and 0. Crystallization should occur when 

enough moisture Is available. This should be possible several times during the year on Fan C 

but the extreme aridity of Fan A suggests that long term stability Is required for continuous 

weathering by crystallization to take place. An OSTL date Indicates that the fan surface Is 

Indeed very stable and at least 230,000 years old.

Future work

The results and questions which arise from this study suggest that further work Is required In 

the following areas:

Calcium sulphate

The way In which calcium sulphate acts as a weathering agent requires more attention. It
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would be useful to specify the conditions in which crystallization can occur, the controls on 

solubility, and the action of partial hydration. A focus on the relationship between the salt and 

microenvironmental conditions and on the quantity of salt in this desert may give insights as 

to why calcium sulphate seems effective here when theoretical studies and laboratory 

experiments indicate that it is not particularly powerful compared to other salts. It may be that 

the operation of the more effective salts is very limited in the conditions of the Atacama Desert 

and that the great age of many of the surfaces is important. This might complement and yield 

insights into calcium sulphate weathering of polluted building stones. '

Origin of clast weathering features

The way that clast weathering features are formed requires further investigation. The difference 

between splitting and cracking and the other weathering features examined in this study may 

be due to controls on how the salt gets into the rock, the quantity of salt involved and the 

relationship between this salt and the surrounding environment in determining the processes 

active. The SEM may offer important insights here.

Sait weathering processes

Investigations into the effect of salt quantity on weathering may clarify the relationships found 

between calcium sulphate and split and cracked clasts, and whether weathering by the small 

quantities of halite and leonardite might explain the weathering on Fan B. In a similar way it 

would pay to focus on the way the salt weathering processes complement each other and on 

how relatively infrequent crystallization complemented by more or less continuous hydration 

and thermal expansion affects the action of calcium sulphate.
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Figure 1 Chart for estimating feature abundance: each quarter of any one square has the same area of black (after Hodgson, 1974, Figure 5).
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Figure 2 Chart for the field estimation of sorting (after Gardiner and Dackom be, 1983, 
Figure 6.4).
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Figure 3 Chart for the description of ped shape and size (after Hodgson, 1974, Figure 8).



Month Time 1983 1984 1985 1986 1987 1988 1989 1990

JANUARY
morning
midday
afternoon

33.48
13.92
10.78

40.99
31.82
25.51

41.96
17.92
15.73_

37.68
20.3

16.41

32.83
10.84 
10.59

27.3
11.64
7.72

26.45
14.15
11.21

28.8
15.4
14.4

FEBRUARY
moming
midday
flftam nnn

23.76
20.24
197R

32.18 
18.39 
22 87

43.37
20.54
17 44

45.31
22.77

2 2 5

24.68 
14.08 
9 49

26.03 
10.46 
10 27

48.4 
37.9 
36 2

38.7
14.94
1293

MARCH
moming
midday
afternoon

21.8
14.5
7.7

25.7
11.2

19.42

43.34
16.27
14.65

30.2
15.48
11.73

37.74
14

15.01

25.42
8.76
8.62

36.61 
25.02 

22 3

APRIL
moming
midday
afternoon

26.1
12.7
8.8

17.9
12.6

10.53

29.09
14.37
13 95

32.15
17.03
1952

21.78
9.7

9  02

27.09
9.95
9.32

32.8
21.8 
2 0 4

MAY
moming
midday
aftemoon

40.9
28.9 
22.8

20.4
10.37
8.19

20.01
10.97
11.36

34.49
15.48
15.16

34.5
10.21
10.2

23.1
10.84

10
28.91
16.89
16.73

JUNE
moming
midday
afternoon

32.5
13.4
12 2

29.2
22.78

8 8 2

37.24
12.46
19 15

35.77
16.73
1543

21.28
6.09
6 0 8

22.15
13.2
9.87

37.25 
28.69 
24 42

JULY
moming
midday
aftemoon

29.2
1.6
2.7

45.16
9.9

8.85

25.41
16.3
9.82_

37.53
15.5

13

26.61
14.11

12
18.8
6.71

4

33.8
27.32
27.78

AUGUST
moming
midday
aftemoon

33
2.71
3 4 3

20.4
16.6

1321

31.3
14.78

17.3_

39.53
15.19
14.48

18.36
5.71
3 9 4

17.8
5.29
4 6 5

18.21
10.6
661

23.3 
13.8 
10 3

SEPTEM BER
moming
midday
aftemoon

37.52
11.3
7.45

35.7
10.5
5.25

24.28
17.32
17.71

16.54
7.04
6.74

12.98
5.95
3.87

21.65
8.15

13.25

24.08
7.85
11.4

OCTOBER
moming
midday
aftemoon

27.7
10.4
13 4

19.75
9.8

9.05

22.88
12.19

11.5

22.22
6.71
7.27

17.3
6.9

7.38

19.43
8.32
4.25

16.04
8.96

10.72

NOVEMBER
moming
midday
afternoon

20
10.1
3 6

25.75
13.45
7.15

22.43
10.34
1543

23
9.35

8 4

16.49
4.2

3.99

19.4
8.11
6 3 2

18.02
11.6
12.9

13.43
5.22
4 1 9

DECEMBER
morning
midday
afternoon.

23.15
12.21
8 2 4

25.75
8.61

tL55„

29.51 
13.84 

, 12,82-

26.56
7.63
5.64

14.19 
4.65 

_ .3.6

21.75
7.65
6.42

21.42
11.08
.9.64

Table 1 Relative humidity data from the Sociedad Chiiena de Litio Ltda, Planta Salar de 
Atacama (1983-1990).
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