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ABSTRACT 

The scientific literature regarding the origin of granite 

landscapes is dominated by climatic geomorphologists who argue 

that these landscapes are the products of deep weathering of 

highly jointed granite under tropical climates, or structural 

geomorphologists who insist that structure and lithology is of 

greater importance than climate. 

This study examines the origin of three distinct 

landscapes found on three granite pediments along the western 

and northern margins of the Santa Catalina Mountains of 

southeastern Arizona. The Oracle granite pediments are 

dominated by boulder inselbergs, those of the Catalina granite 

by domed inselbergs and platforms, while Wilderness 

Suite granite pediments are sloping shelves that lack these 

characteristic landforms. These granites have a similar late 

Cenozoic history of weathering and erosion, but differ in 

structure, lithology, and age. 

Field evidence and labroatory analysis support the 

arguments of structural geomorphologists and indicate that the 

model presented by climatic geomorphologists is not valid for 

the study area. The landf orms found here appear to be the 

products of surface weathering and fluvial erosion guided by 

joints and lithology. 
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1.1 Statement of Problem and Purpose 

The origin of characteristic granite landforms--such as 

inselbergs, bornhardts, and corestones--is debated by 

geomorphologists . European climatic geomorphologists, such as 

J. Budel (1957, 1582), argue rhat such landscapes develop by 

the deep weathering of highly jointed granite under tropical 

climates. This subsurface weathering is guided and controlled 

by the joints in the granite. Later, the deeply weathered 

regolith is removed by stream erosion, leaving a landscape 

that has essentially been produced by subsurface etching of 

the bedrock. Proponents of this theory (Budel 1S57, 1982; 

Stoddart, 196 9; Birot, 1965; Tricart and Cailleux, 1972; 

Thomas, 1974a, 1974b) interpret the granite landforms of 

extratropical regions as relict features developed when 

tropical climates dominaced these areas. Structural 

geomorphologists (Oilier, 1965, 1978b, 1984; Selby, 1977, 

1982b; Twidale, 1971, 1982b) offer an alternative origin, that 

granite landscapes are structural and lithological in nature 

and fonm independent of deep weathering and climatic controls. 

In this model, joint control and rock mass strength are the 

most significant factors in granite landform development, with 

subsurface weathering being of secondary importance. 
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This scudy actempcs zo zesz che assertions of these two 

approaches in the granite landscapes developed on pediments 

along the northern and western margins of the Santa Catalina 

Mountains of southern Arizona {Figure 1.1) . The scope of the 

study is limited to the pediments because they contain the 

characteristic granite landforms, which are not well developed 

on the steep slopes of the mountains. The goal is to 

determine which of the processes described above are 

responsible for the formation of the granite landforms of the 

study area. In turn, these findings may contribute to our 

understanding of how these forms develop. 

1.2 Tenninology 

For clarity in this study it is important to define 

specialized terms used in the literature cn granite 

geomorphology. Domed inselbergs and boulder inselbergs are 

the most common landforms of the study area. Domed inselbergs 

(also called bornhardts; Figure 1.2) are elongated granite 

exfoliation domes that have a horizonal diameter 4 to 5 times 

their height. They are bounded by orthogonal joint sets and 

their domal form and steep slopes conform to underlying 

curvilinear joints. Boulder inselbergs (also known as 

koppies, tors, and nubbins; Figure 1.3) are residual hills 

composed of rounded boulders. These bedrock hills are 
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Figure 1.1. Geologic map of the northern Santa Catalina 

Mountains, showing major lithoiogic units and 

structures (after Dickinson, 1992) . 
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Figure 1.2. Domed inselberg developed in Cacaiina granite. 

Figure 1.3. Bculder inselbergs developed in Oracle granite 
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dominated by orthogonal joint sets. They appear as huge, 

round jumbles of joint blocks, and lack the graceful 

structural form cf domed inselbergs (Cooke et al, 1993, p. 

130; Twidale, 1981, 1982a, 1982b). 

Platforms (Figure 1.4), relatively level or slightly 

domed expanses of granite bedrock (Thomas, 1974; Twidale, 

1971, 1982b) are common features on the Catalir.a granite. 

They are recently exposed crests of great granite sheets 

bounded by gently dipping curvilinear joints. 

A number of characteristic, small-scale geomorphic 

features are found on the domed inselbergs, granite platforms 

and, to a lesser extent, the boulder inselbergs in the study 

area. Gnaxima.s are rock holes of varying shape--pits, pans, 

armchairs, canoes--that have weathered into granite surfaces 

(Twidale, 1963) . Flarad slopes are the steepened and, in some 

cases, overhanging lower slopes of inselbergs. Gutters 

{gra.n± trill en) are shallow, narrow channels that score the 

slopes of domed inselbergs and platforms. They tend to 

be regularly spaced and parallel to one another (Twidale, 

1971) . Corestones {kernels) , in situ rounded granite boulders 

set in a matrix of grus, are exposed in some road cuts and in 

the spillway walls at Colder Dam. Other small scale features 

common in the study area, such as tafoni, are not unique to 
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Figure 1.4. Platforin developed on Catalina granite. 
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granite reeks and will be defined as chey are introduced in 

the text. 

1.3 Theories of Granite Landscape Evolution 

As stated above, the evolution of granme landforms is a 

matter of controversy. Two schools of chought--one stressing 

climatic control, the other emphasizing structural control--

dominate the literature. The main assertions of each of these 

views are summarized in the following pages. 

A. Climatic Control 

Tenecs of climatic geomorphology, the view that 

climatically controlled processes produce assemblages of 

landforms unique no and characteristic of particular climates, 

are commonly used eo explain the evolution of granite 

landscapes. According to advocates cf this perspective 

(Stoddart, 196 9; Birot, 196 8; Tricart, 1972; Tricart and 

Cailleux, 1972); Thomas, 1965, 1974b, Goudie, 1973), granitic 

landforms develop by deep weathering of highly jointed granite 

under tropical climates. Weathering is guided and controlled 

by joints. Later, the weathered regolith is removed by 

slopewash and fluvial erosion, leaving a landscape that has 

essentially been produced by subsurface etching of the 



bedrock. Proponents of this view interpret the domed and 

boulder inselbergs, corestones and similar landforms of 

extratropical regions as relict features that developed when 

tropical climates dominated these areas. 

Evidence used tc support the climatic control theory of 

the development of granitic landforms include the following 

observations: 

1. That deep chemical weathering is common over large 

areas of tropical shields and is, therefore, a process 

associated with tropical climates !3udel, 1982; Tricart 

and Cailleux, 1972). 

2. Mumerous road and rail cuts in tropical and extra 

tropical areas reveal that the basal surface cf the 

subsurface weathering front has basin and domal 

profile, and is favorable to the production of domes 

and spheroidal form.s (Thomas, 1974b; Tricart, 1972) . 

3. That the basal surface of the v/eathering zone is sharp, 

and provides a clear boundary between unweathered 

bedrock and weathered regolith which may be easily 

exploited by fluvial erosion, leading tc the exhumation 

of the bedrock surface (Thomas, 1974b; Tricart and 
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Cailleux, 1S72) . 

4. Deeply weathered scream channels found in some 

granitic landscapes of extratropical zones have been 

interpreted as evidence of the superimposition of 

drainage upon basal weathering surfaces produced during 

earlier periods v/hen tropical climates were dominant 

(Thomas, 1974b; Tricart, 1372) . 

5. The close association of deep weathering along joint 

sets and domed inselbergs is evidenced by the presence 

of deeply weathered troughs bordering these domical 

outcrops, the steep plunge of the basal surface around 

many of these outcrops, and the persistence of deeply 

weathered troughs in bedrock, surfaces that have 

been stripped of their regolith cover 'Thomas, 1374b; 

Twidale, 1980, 1981, 1982b). 

6. On some inselberg crests are residual clays and silts 

(saprolite) and laterite that seem to be remnants of 

a former deeply weathered landsurface of moderate to 

low relief above the level of the inselbergs (Goudie, 

1973, Thomas, 1974b). 

7. Corestones in the regolith around the inselbergs and 



resting against their sides indicate that both features 

are products of deep weathering. Spheroidal tors 

on the crests and flanks of domed inselbergs are 

viewed as evidence that these structures are products 

of deep weathering, and the tors are weathered 

remnants of curved sheets that form the tops and sides 

of domed inselbergs (Thomas, 1965, 1974b; Tricart, 

1972; Budel, 1982) . 

8. Flares, basins, gutters, flutings, tafoni and other 

minor features on the curved shoulders of domed 

inselbergs are evidence that these domal hills are the 

products of weathering due to concentrated moisture in 

the piedmont zone. Location of these minor features on 

the upper slopes of the domed inselbergs mark 

the former levels of hill-plain junctions. As 

the surface of the surrounding plain has been 

repeatedly lowered over time, these features persist as 

"relief markers" high on the slopes of the domed hills 

(Twidale, 1982b, 1980, 1981; Thomas, 1974b). 

Structural Control 

A second view, from the perspective of structural 



24 

geomorphology, is chat geologic structure corxtrols the 

characteristic forms of granite landscapes. Climatic history 

is held to be secondary or largely irrelevant. According to 

this interpretation, the details of erosion are dictated by 

such factors as joints, faults and lithology. King (1966, 

1975), for example, felt that domed inselbergs evolved as 

joint-controlled streams cut into a surface of low relief. As 

scarp retreat and pedimentation proceeded from the river 

valleys, a pediplain surface was created, broken only by 

erosional remnants (inselbergs). King placed heavy emphasis 

on joint control and argued that weathering under deep covers 

and subsequent stripping of the granite surface were not 

necessary factors in the evolution of characteristic granite 

forms. 

Selby (1982b) found that structure and rock mass strength 

are the most significant factors in the development of granite 

landforms, concluding that theories based on climatic control 

should be treated with caution. 

Twidale (1982a, 1982b) advocated a theory of 

compressional jointing to explain the evolution of domed 

inselbergs and associated features. He viewed such forms as 

bodies of granite that have relatively widely spaced, tight 

jointing due to compression. Weathering cannot penetrate 

these massive areas as easily as it does highly fractured 

adjacent zones, and a differential relief is established that 
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is self-enhancing. Water runs off the forming dcmal 

structures and collects in the less tightly jointed Icwer 

areas, increasing their rate of weathering, lowering, and 

collection of water. The sheet jointing chat is so common in 

domed inselbergs develops as this landform is exposed by 

erosion. Pye (1986) reported that foliation may also be 

important in weakening the highly jointed areas bordering 

domed inselbergs. 

Twidale (1986) stressed that che sameness cf landform 

assemblages on granites in diverse environments is due to the 

interaction of bedrock and groundwater. He viewed groundwater 

weathering, not surface processes, as the major factor 

contributing to the azonality and commonality of granite 

landforms. The landforms produced by groundwater weathering 

are essentially etched features chat form independently from 

the climate of the region in question. 

Geomorphologists who argue for the structural and 

lithological control of granite landscapes offer the following 

general observations in support of their theory: 

I. .Major joint sets control the initial compartments 

that eventually develop into domes, but that 

secondary joints determine the shape of smaller 

features, such as tors (Gerrard, 1974; Twidale, 

1980, 1981, 1982a, 1982b). 
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2. The drainage net of granitic areas is controlled by 

the major joint sets and, consequently, so are the 

major landforms. 

3. The general process of joint block reduction is 

taking place under diverse contem.porary climatic 

conditions, even in arid zones, and does not require 

subsurface weathering in moist, tropical climatic 

conditions. The granite is weathered mainly by 

surface processes that involve the partial 

alteration of biotite, the release of ferric 

hydroxides and loosening of feldspar and quartz 

crystals (Selby, 1982b) . 

4. Destruction of the granite domal forms by surface 

weathering and erosion is also controlled by 

structure. Selby (1982b) concludes that most large, 

straight, concinucus joints are probably 

tectonically controlled, whereas small, 

discontinuous joints are due to the local release of 

internal stress. As the local joints become 

continuous, the outer sheeting units of the domes 

break into joint blocks that, slide, roll or rotate 

down the slopes of the structure. These slopes then 

become a massive talus, or assume a stepped slope 



profile that is adjusted so that the slope angle is 

in a strength equilibrium with the granite bedrock. 

Some domes appear to ha^-e formed during the 

emplacement of the granite pluton. Selby 

(1982b) , working with granite domes in the Namib 

Desert, points to conformable folding of 

unweathered schist around and over the domes, 

penetration of pegmatite and apiite dikes through 

the granite and into the schist, and the survival 

of schist xenoliths in che roofs of the domes as 

evidence of the early formation of such structures 

in the cooling pluton. 

There is a strong relationship becween the thickness 

of the curved sheeting units and the slope angles of 

granite domes. Selby {19a2b) noted that where 

sheeting units are thin (1-10 meters) they are 

nearly parallel with the dome surface. Where such 

units are thicker than 10 meters they have a greater 

curvature than that of the dome. The exfoliation of 

thin sheets preserves the form of the dome, but the 

loss of thick sheets results in a loss of high 

relief and steep sides as the slope of the dome is 

reduced. Hence, the reduction of domed inselberg 
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landscapes is ccncrolled by structure and is 

independent; of weathering. 

7. Selby (1981), studying granite domes in nhe Namib 

Desert, concluded that rock faces undergoing uniform 

weathering retreat to form slopes which are in 

conformity with the mass strength of their rocks. 

Even minor changes in jointing can affect the mass 

strength of granites and, thus, the evolution of 

domed inselbergs and other granite landforms. 

8. It is difficult, if not impossible, to distinguish 

between rock-rot caused by subsurface weathering and 

that resulting from pneumatolysis. Some structural 

geomorpholcgists (Cunningham, 1571; believe that 

altered zones resulting from chemical interchanges 

between plutons and their cap rocks and roof 

pendants have been misinterpreted as products of 

tropical weathering. 

9. Recurrent stresses along fracture systems that 

developed at the time of pluton emplacement, or due 

to later crustal pressures seem to determine the 

form of granite landscapes. Twidale (1982a, 1982b, 

1986), for example, states that the granite 
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ccmpartmencs becween orthcgcnal fracture systems are 

dominated by upward-arching sheeting fractures 

because they are in compression. It is these 

antifcrm fractures that give the domal form to 

domed inselbergs, which are both structural and 

topographical domes. Repeated stress along the 

orthogonal fractures transforms the original 

quadrangular ccmpartments into rhomboidal shapes and 

creates secondary fractures along their margins. 

Each domed inselberg is a massive stressed core set 

in a matrix of fractured rock (Twidale, 1982). 

10. Mineralogy and crystalline texture can influence the 

resistance of a particular granite to erosion and, 

in turn, the landforms that will result. Granites 

rich in biotita and plagioclase, for example, tend 

to weather more rapidly than those containing more 

quartz and microcline iTwidale, 1982b) . Pye, Goudie 

and Thomas (19 84) report that coarse-grained 

porphyritic granites are more resistant than less 

porphyritic granites, and that sealing of cooling 

joints by quartz and feldspar that crystallized from 

metasomatic fluids may also strengthen granite. 

11. Domed inselbergs have a highly variable morphology 



--vercical faces, a high degree of asymmecry, 

variable shape ac ~he junction between, hiilslope and 

plain that are the result of the interaction cf 

structural control and weathering by groundwater. 

12. The domed inselbergs are not simply the 

eroded/weathered remnants cf larger rock masses, as 

some researchers have suggested. These landforms 

formed as domes, exhibiting a significant variety 

of shapes and sizes, and are common features in 

many areas where granite is exposed at the earth's 

surface. 

13. The wide variety of topographical locations cf 

domed inselbergs is also evidence for the 

importance of structural control. These landforms 

occur on valley sides, along escarpments, on 

drainage divides, and on heavily dissected 

surfaces--locations where they could not have been 

produced by deep weathering by groundwater. 

Structural geomorphologists disagree, however, on the 

origin of many specific granite landforms. The relationship 

between two of the most common granite features--domed and 



boulder inselbergs-- is a matter cf ccntrcversy. Some 

observers (King, 1951; Selby, 1977; Kesel, 1977) believe that 

domed inselbergs weather into boulder inselbergs (Figure 1.5) . 

Twidale (1932a) feels that domed inselbergs form where granite 

compartments are massive and lack a dense network of joints 

(Figure 1.6). He considers boulder inselbergs to be 

accumulations of corestcnes produced by subsurface weathering 

of closely jointed granite and later exposed by fluvial 

removal of weathered regolith (Figure 1.7) . 

Some structural geomorphologists (King, 1951) insist that 

inselbergs evolve by parallel retreat of slopes. Moisture 

concentrates where the free face cf the inselberg joins the 

adjacent plain. This concentration of moisture accelerates 

weathering and causes the collapse and retreat of the 

inselberg face. Twidale •.1932a, 1936) rejects this idea of 

parallel slope retreat and proposes a two-stage mechanism for 

the evolution of domed inselberg landscapes (Figure 1.6) . 

During the first stage, subsurface weathering proceeds, 

penetrating deep into the granite bedrock where joints are 

more dense and in areas of softer roc.k. In time, incipient 

domed inselbergs form where harder, less jointed bedrock 

projects into the weathered regolith. In the second stage, 

fluvial erosion strips away the weathered regolith and exposes 

the domed inselbergs. Other observers deny that weathering is 
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Figure 1.5. Schematic model illustrating the theory that 

domed inselbergs weather to form boulder 

inselbergs (Thomas, 1974) . 
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Figure 1.6. a) Diagram illustrating the formation of domed 

inselbergs from compartments of granite with 

widely spaced joints, where weathering 

progresses slowly. Low areas develop where 

joints are closely spaced, giving weathering 

more avenues to penetrate deeply into bedrock. 

b) After the original surface has been lowered by 

erosion, the more highly fractured, deeply 

weathered areas become lowlands, while he less 

fractrured, more resistant compartments of 

granite are left as domed inselberg highlands 

(Twidale, 1971). 
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Figure 1.7. Diagram illustrating theory of the formation of 

boulder inselbergs. Closely jointed granite 

disintegrates by subsurface weathering to form 

corestones. Subsequent erosion removes the 

weathered regolith, leaving piles cf corestones 

as domed inselbergs (Twidale, 1982). 
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a significant factor and maintain tnat such granite landscapes 

can develcp under surficial processes operating in current 

arid and semi-arid climates. 

Disagreement exists regarding the origin of smaller 

granite landforms commonly fcund on domed and boulder 

inselbergs. Are such features as tafoni, basins, gutters, 

flared slopes, rills, spalling and crusts and mineral 

varnishes produced by surface processes, or, are at least some 

of them relict features formed by subsurface weathering? An 

understanding of their origin could shed light on the 

geomorphic evolution of a landscape dominated by inselbergs. 

The origin of the joints that appear to control domed and 

boulder inselbergs and other granite landforms is another 

point of controversy. Twidale :i58i; argues that the widely 

spaced curvilinear joints of dom.ed inselbergs are found in the 

lower, compressional parts of intrusions, while the dense 

joint networks that define corestones and boulder inselbergs 

are tensional structures found in the upper parts of granite 

bodies. Others (Pye, 1986; Selby, 198 2b) report that che 

joints bordering domed inselbergs are cooling fractures, 

produced by the slow cooling of later-emplaced magmas that 

deformed earlier, partly cooled material. 
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In summary, two schools cf thought dominate the 

scientific literature regarding the origin of granite 

landscapes. Climatic geomorphologists insist that such 

landscapes are the product cf deep weathering of highly 

jointed granite under tropical climates. Structural 

geomorphologists argue that the formation of such landscapes 

is controlled by structure and lithology, independent of 

climate, and that subsurface weathering is of secondary 

importance. Evidence supporting each of these approaches is 

summarized above. Some of this evidence will be field tested 

in the granite landscapes along the western and northern 

margins of the Santa Catalina Mountains, .Arizona. This 

research is expected to improve cur understanding of the 

processes that form those granite landforms found in the study 

area--landforms that are also common in other granite 

landscapes worldwide. 

1.4 Granite Landscapes of the Study Area 

The pediments along the western and northern margins of 

the Santa Catalina Mountains (Figure 1.1) contain a wide range 

of granite landforms. Three distinct granite landscapes have 

formed on the pediments of three granitic intrusions that 

differ greatly in structure, age, and lithology. A boulder 
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inselberg landscape has develop on pediment: rerr.nant.s of the 

Precambrian (ca. 1450 Ma) Oracle Granite along zhe northern 

flanks of che range Figure 1.3) . Domed inselbergs and 

platforms dominate "he pediment-floored reentrants and 

intervening ridges cut into mid-Tertiary (ca. 25 Ma) Catalina 

Granite on the western side of the mountains Figure 1.8) . 

South of the Catalina Granite, the Eocene ca. 45-50 Ma) 

Wilderness Suite Granite forms a landscape of towering spires, 

best developed at Catalina State Park. Pediments cut into the 

Wilderness Suite Granite are narrow, sloping shelves and 

exhibit neither boulder nor domed inselbergs (Figure 1.9). 

Gnammas, gutters, and mineral rinds are common on domed 

inselbergs and, to a lesser extent, on boulder inselbergs. 

Flared slopes and tafoni are uncommon and were found only in 

the Oracle and Catalina granites. Exposures cf core stones 

are rare in the study area, and were only observed in "he 

Catalina granite in the spillway cut at Golder Dam. Core 

stones are more common in the Oracle granite and were observed 

in eleven road cuts. The pediment surfaces of zhe Wilderness 

Suite granite contain gnammas and gutters, as well as rock 

varnished and case hardened areas, but are devoid of flared 

slopes and tafoni. 

The following pages focus on the factors that led to the 

evolution of these three distinctive landscapes. The findings 

presented here improve our understanding of the origin of the 
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Figure 1.3. Domed inselbegs of Cacalina granice developed on 

pediment-floored reentrant cut into the western 

face of the Santa Catalina Mountains. 

Figure 1.9. Pediment surface developed in the Wilderness 

Suite granite along the western face of the Santa 

Catalina Mountains. 





common granite landforms found in the scudy area and, 

hopefully, can be applied in otner regicns where thev fonr. 

distinctive landscapes. 

1.5 Geologic Setting 

Enough is kncwn of the geologic history of the study area 

to establish some general time frames for the exposure of 

Oracle, Catalina and Wilderness Suites granite pediments to 

subaerial and subsurface processes (Figure 1.1) . The steep 

western face of the Santa Catalina Mountains was produced by 

Basin-and-Range period (12-6 million years ago) uplift along 

the Pirate Fault. Streams carved embayments {reentrants) into 

the rising mountain front and, as uplift slowed or ceased, 

formed pediments chat slope from chis front to the Canada del 

Oro (Dickinson, 1S94) . 

These pediments were mainly cuc 2 zo 6 million years ago 

(Morrison, 1985) . Tectonic activity cn the Pirate Fault is 

thought to have ended 5 to 6 million years ago (Woodward, 

1990). Later, Pleistocene alluvial fans built out from the 

retreating mountain front, covered the pediments, and joined 

fans from the Tortclita .Mountains to cover older basin fill in 

the Oro Valley graben. Soils developed on one of these fan 

surfaces (Cordones surface) have an approximate age of over 

one million years (McFadden, 1978, 1981, and personal 

communication, 1997) . By 500,000 years ago, the present 



44 

Canada del Oro had cut headward into this basin fill (carving 

the Twin Lakes Surface) and exhumed most of rhe pediments cut 

into the Catalina and Wilderness Suites granites. Most 

pediments cut into the Oracle granite on the northwestern side 

of the range remain covered by these Pleistocene fans. On the 

northeastern side of the range tributaries of the San Pedro 

River have removed much of the fan gravels and incised the 

underlying pediments of the Oracle granite. Other cycles of 

fan building and pedimentacion occurred during the 

Pleistocene. Woodward (1990) reports multiple pediment levels 

cut into the Wilderness Suites granite at rhe base of Pusch 

Ridge. At least three pediment levels can be obser'/ed in the 

Catalina and Oracle granites. 

It can be stated with some degree of certainty that 

subaerial processes, and perhaps subsurface processes, first 

began to alter the pediments of che Oracle, Catalina and 

Wilderness Suites granites 2 to 6 million years ago. 

Subsurface processes could have been active on these surfaces 

when they were covered by fans during the early Pleistocene, 

and may still be in progress on the buried pediments cut into 

the Oracle granite. Subaerial processes were again free to 

modify the Catalina and Wilderness Suites granite pediments 

500,000 years ago when the Canada del Oro began to strip away 

the covering fans. 
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1.6 Climate 

The study area is a steppe BSh) according to the Koeppen 

climatic classification. Average annual precipitation varies 

from 25 cm to over 50 cm in the higher elevations near Oracle, 

Arizona (Sellers, et. al., 1985). Over 65% of the moisture 

falls as rain from thunderstorms during the summer monsoon 

period of July-September. Average annual temperature is also 

a function of elevation, and ranges from 12" to 22°C. 

Since Late Cretaceous-Early Tertiary time the climate of 

southern A.ri2ona appears to have changed from that of a 

tropical savanna to steppe and desert (Axelrod, 1979). 

Pleistocene glacial periods are thought to have been cooler 

and wetter than today. During the Wisconsin full glacial 

peak, around 13,000 years ago winters were cooler with about 

60% more precipitation than current levels. Summers were also 

cool, perhaps 7° to S'C centigrade lower than today, but much 

drier. Winter jet stream flows may have been stronger, 

resulting in a dominant pattern of winter frontal 

precipitation, but in the absence of well developed summer 

monsoon seasons (Delcourt, et. al. , 1991; Meko, 1992; Van de 

Water, 1992; Axelrod, 1979). 

1.7 Natural Vegetation 

Sonoran Desert scrub is the dominant vegetation type on 

the Wilderness Suites granite and lower exposures of the 



Catalina granite. Oak-juniper wocdiand is common above 

123 0 meters on outcrops of Catalina and Oracle granites. 

Vegetation is most dense along joint-aligned drainages due to 

greater availability of moisture and soil. 

Late Cretaceous and Tertiary fossil plant and animal 

remains suggest chat during these time periods a progression 

of vegetation--savanna, dry cropic forest, short-tree forest, 

woodland-chaparral, and thorn forest--may have dominated "he 

study area (Axelrod, 1979). During the cooler, wecter glacial 

periods of the Pleistocene in southern Arizona, plant species 

from ranges such as the Santa Catalina Mountains appear to 

have extended their ranges into adjacent valleys '3etancourt, 

Van Eevender, Thomas, and Martin, 1990; .Martin, 1963). During 

drier interglacial periods the vegetation was probably desert 

grassland {Van Devender, Thompson, and Benancourt, 1987). 

1.8 Previous Geologic Research in the Study Area 

No previous studies of the granite landfor^ns of the study 

area could be found in the geologic literature . A number of 

published and unpublished sources dealing with other aspects 

of the geology of the Santa Catalina Mountains did provide 

valuable information for the research at hand. Banerjee 

(1957) conducted an intensive study of the structure and 

petrology of the Oracle granite. Hoelle (1976) completed a 
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struccurai and geochemicai analysis of the Cacalina granite. 

McCullough '1365) scudied the struccure of the Pusch Ridge-

Romero Canyon area. Suemnichn (1977) mapped the geology of 

the headwaters of the Canada del Oro. Pashley 1963) provides 

a discussion of an anticlinal structure in the western margins 

of the Santa Catalirxa Mountains ; his later study of the Tucson 

Basin (1966) contains a good description of the Wilderness 

Suite granite. Woodward '1990) analyzed "he development of 

pediment surfaces adjacent to the Pusch Ridge portion of the 

Range. The general geology and structure of the range has 

been mapped by Banks (1976) and Dic.kinson (1992) . Bull and 

other researchers (19 90) discussed various geologic hazards in 

the study area and provided a general framework for landscape 

evolution and tectonic activity for the region. The Pirate 

Fault has been studied by Davis and ethers •1994) and mapped 

in detail by Dickinson (1994; . Keich and cchers (1980? and 

Creasey and others (1977) provide a good description of the 

Wilderness Suite granite. McFadden (1978a, 1978b) studied the 

stream terraces and soils of this part of the Canada del Oro. 

Menges and McFadden (1981) and McFadden (1981) detail the 

development of alluvial fans, pediments, and stream terraces 

along the same drainage. Force (19 97) describes the Oracle 

granite in the study area and the Catalina and Wilderness 

Suite granite to the east of the study area. 
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2. TECHNIQUES OF RESEARCH 

In order zo test the assertions of che climatic and 

structural approaches to the genesis of granite landscapes the 

following techniques were applied in the study area. 

2.1 Field Methods 

A. Field Observations cuid Analysis 

Much of research for this project consisted of extensive 

searching in the field for evidence to support or contest the 

theories of granite landscape evolution presented in the 

beginning pages of this report. During the period 1991-1998, 

132 field days were spent examining the study area on foot. 

Three overflights were made to acquire aerial photography and 

to search for features (i.e., pediment levels) observed more 

easily from the air than from the ground. The search for 

evidence of deep weathering required a thorough examination of 

deep open joints and artificial excavations, such as a dam 

spillway and roadcuts. The distribution of grus and of small 

scale features, such as solution pans, tafoni, flared slopes, 

and weathering rinds, on pediment levels was noted during the 

period of field investigation. The greatest amount of field 

research was spent examining the joint weathering and filling 

by dikes. 



A Schmidt rock hammer was used to obtain rock hardness 

measurements. Readings were taken cn fresh rock, weathered 

rock, and grus for each of the chree granites. Values were 

obtained at 6 different locations for each type of material 

that was tested, producing 54 different measurements. 

B. Mapping and Aerial Photography-

Observation and mapping of the joinc pattern developed on 

the pediments of the three granites was completed in order to 

gain an understanding of the relationship between jointing and 

major landforms in the study area. Particular emphasis was 

placed on field examination of these joints regarding the 

degree of openness, weathering, and filling by dikes. Maps 

showing primary joints were produced at a 1:24,GOO scale for 

representative areas using 1996 U.S. Department of Agriculture 

color aerial photographs .1:24,000), published geological 

reports, and field mapping. These maps makes it possible to 

compare major joint patterns in the Oracle, Catalina, and 

Wilderness Suites granites. Maps of secondary joints were not 

produced. 

Aerial photographs at a scale of 1:3450 were taken to 

show the spatial relationships of vertical joint sets and 

landforms for representative areas of each of the three 

granites. These photographs were taken during overflights in 

November 1996, September 1997, and February 1998. At this 
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scale it: was possible to identify Tiany features not visible on 

the 1:24,000 U.S.D.A. photographs. 

2 . 2 Ledsoratory Methods 

Samples of fresh bedrock, weaiihered bedrock, and grus 

were collected from each of the three granites exposed in the 

study area and analysed co determine che mineral products of 

chemical and physical weathering. The laboratory analysis was 

performed by Ms. Chiaki Oguchi of the Postgraduace Research 

Institute for Geoscience, University of Tsukuba, Japan, in 

August 19 97. 

Combined information from map, field, and laboratory 

sources results was analyzed in conjunct:ion with published 

findings on the chronology of the region, lithological data, 

and the paleoclimatic record for this part of che Southwest. 

The results of this research are described in detail in 

Chapter III. The conclusions regarding the relative roles of 

climatic and structural factors in the development: of granite 

landscapes in this part of Arizona are discussed and 

summarized in Chapter IV. 
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3. RESULTS 

3.1 Landscapes of the Oracle Granite 

A. The Oracle Grauiite 

The mosc northerly of the chree granite landscapes of the 

study area is developed on the Oracle granite (Figure 3.1) . 

This Precambrian ^Middle Proterozoic, 1450 m.y. , Dickinson, 

1992; Suemnicht, 1977; plutonic rock is separated from the 

older (1800-16G0 m.y.) Pinal Schist on the south by the Mogul 

Fault, and has eroded and weathered into rounded ridges of 

moderate elevation that form the northern end of the Santa 

Catalina Mountains. 

Fresh surfaces of the granite are light grey to pinkish-

grey in color, but most exposures have been weathered to 

orange or orange-red. .Mesoscopically, the granice has large 

(1.5-3.0 cm) phenocrysts of plagioclase and orthoclase 

feldspar in. a medium-grained matrix of feldspar, quartz, and 

biotite (Suemnicht, 1977) . Microscopic analysis reveals that 

quartz, orthoclase, plagioclase and biotite as dominant 

minerals, and chlorite, sericite, magnetite, ilmenite, 

epidote, sphene, tourmaline, and zircon as accessory minerals 

(Suemnicht, 1977; Bannerjee, 1957; Creasey, 1967). Mineral 

alteration is relatively high: 3 0% of the orthoclase exhibits 

sericite alteration, nearly 100% of the plagioclase has 

sericite or saussurite alteration, and almost 20% of the 
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Figure 3.1. Primary joint in the northwestern Oracle 

granite area, northern Santa Cataiina Mountains. 

Boulder inselbergs are numbered l-ll. Map scale 

is 1:24000. 
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biocite is altered to chlorite ' Suemr.icht, 1977 ) . 

The Oracle granite varies compcsiticnally from granite to 

granodiorite. Bannerjee •1957} states that potash 

metasomatism changed much of the original granodiorite to 

quarcz monzonite, possibly during the intense tectonic 

movements of Jurassic or Cretaceous cime or even during the 

Precambrian. The Oracle granite is locally gneissic along 

Oracle Ridge and "he Canada del Ore. This gneissic fabric is 

characterized by fractured feldspars, sutured quartz, and 

shredded biotite (Suemnicht, 1977). Most of che Oracle 

granite exhibits a weak Precambrian foliation wich a principal 

northeast-southwesL trend, crossed by a secondary 

northwesterly foliation. The major elements of the granite 

that indicate structure by their preferred orientation are 

biotite, feldspar, and schlieren ^Bannerjee, 1957}. Suemnicht 

(1977) interprens the extremely irac-ured quartz, 

recrystallized biotite and xenoblastic granular crthcclase and 

plagioclase as evidence of cacaclastic emplacement of the 

granite. 

Dikes are common in the Oracle granite and are of two 

ages. The earlier sequence of northwest trending dikes are 

diabase, aplite, pegmanite, quartz and latite, and were 

injected into fractures apparently caused by strike-slip 

movement along the Mogul fault. A later sequence of andesite 

and rhyolite dikes were emplaced by renewed strike-slip 



movement along this fauir during Jurassic or Cretaceous times 

(Bannerjee, 1557) . Bannerjee no^ed that the granite between 

the Mogul fault and the ccwn of Oracle forms a mountainous 

ridge because diabase dike swarms have reduced the race of 

granitic disintegration. Field reconnaissance confirmed this, 

particularly in the 12 O'clock Kill area south of the town of 

Oracle. Granite exposure without this protective network of 

dikes have been reduced zo grus-covered pediments and boulder 

inselbergs. 

All exposures of the Oracle granite exhibit a dense 

network of joints. This fracture pattern is complex. Some 

may be original cooling joints; others are undoubtedly the 

result of the numerous post -Prcterozoic tectonic movements 

that has stressed the bedrock. Joints are closely spaced, 

commonly one to six meners on most of the inselbergs. .An even 

denser network of smaller joints, between 6 and 15 

centimeters, dominates extensive areas of the granite Figure 

16) . 

Bannerjee reports a strong northeast trend of both the 

primary foliation and the major joints, with a secondary joint: 

trend of northwest and west-northwest. He also notes a third 

set of north-south trending fractures over the entire granite 

area, formed at a later time than the other joints. 

These three sets of vertical joints, together with the 

horizontal joints that are common throughout all exposures. 
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greacly influence the landforT.s chat have developed on the 

Oracle granite. Most commonly these fractures serve as 

pathways for weathering to penetrate the bedrock. The more 

dense the joint network the greater* the degree of weathering. 

This can be obser^/ed on a number of pediment remnants to the 

east and northeast of Oracle Ridge, where tightly jointed 

granite has been weathered to grus containing residual 

corestones. Joints also control the alignment of streams that 

are cutting into the Oracle granite. On Oracle Ridge, 

however, where many joints are filled with quartz and diabase 

that strengthen the granite against weathering, steep mountain 

slopes and ridges make up the topography. 

B. Desciption, of Landforms Developed on the Oracle Granite 

Oracle Ridge which forms this northern part of the Santa 

Catalina Mountains is a block of Oracle granite that has been 

uplifted over 1600 meters along the Mogul fault iTuan, 1959) . 

South of the fault, Oracle Ridge is higher and steeper because 

it is eroded from more resistant Paleozoic limestones and the 

Proterozoic Apache Group and Troy Quartzite. Most of the 

Oracle granite, except for that making up Oracle Ridge, has 

been beveled to pediments that were formerly covered by 

gravels and cobbles worn from these sedimentary and 

metamorphic units. Today, tributaries of the San Pedro River, 

such as Flag and Smelter Washes and Bonito Creek, are 



stripping away this alluvial cover and, in the process, 

exposing and cutting into the granite pediment below. Zozens 

of isolated hills of rounded granite boulders (boulder 

inselbergs) have developed from the exposed remnants of 

pediments found on the Oracle granite (Figures 3.2 and 3.3). 

Farther downslope, where the pediment is still covered by 

outwash, the inselbergs project through the thin alluvial 

veneer as low, boulder hills rising above the gently sloping 

bajada surface. They are the characteristic landform of the 

Oracle granite pediments. 

i. Boulder Inselbergs 

These boulder inselbergs are most numerous and best 

developed on eroding remnants of the Oracle granite pediment 

that are exposed along the northern and northeastern margins 

of Oracle Ridge. Here entrenched, headward-eroding, joint-

controlled streams have cut the pediment into north- and 

northeast- trending ridges, each approximately 250 meters wide 

and 2.5 to 3 kilometers long. The bedrock of these ridges has 

been cairved into boulder inselbergs. The ridges slope toward 

the San Pedro River, from elevations of IS65 meters at the 

base of Oracle Ridge to approximately 1465 meters near the Mt. 

Lemmon Road. At this lower elevation the ridges become buried 

by the younger, dissected alluvium of the modern bajada. 

The height of the inselbergs decreases as one moves down 



Figure 3.2. Aerial oblique view of boulder inselbergs imid-

and foreground) southeast of Grade, Arizona. 

Figure 3.3. Boulder inselberg on Oracle granite, east of the 

Highj inks Ranch. 





these ridges coward zhe San Pedro River. This change can be 

easily observed on the ridge becween "he Highjinks Ranch and 

the American Flag Ranch 'Figure 3.1). Inselberg number 1, 

located approximately 100 meters east of the Highjinks Ranch, 

towers 110 meters above the alluvial surface to the east. 

Much of the relief at this location is due to the active 

headward erosion cf joint-controlled streams into the eastern 

face of the Oracle granite pediment. 

Boulder inselbergs number 2 through 6, located 1.75 

kilometers down this same ridge, at the American Flag Ranch 

and also in the viciniuy cf Ray Springs Hill and American Flag 

Hill, stand only 25 to 3 5 meters above rhe adjacent bajada-

pediment surface. Northeast: of the Mount Lemmon Road these 

remnants of the old pediment are buried by the alluvium of the 

modern bajada. The few boulder inselbergs i number 7-11) that 

project above the alluvial cover are only 6 zo IZ meters high. 

Beyond these ouLliers, the Oracle granite pediment is exposed 

in only a few locations where wet-weather drainages are 

entrenched in the bajada slope. 

ii. Case-hardened Surfaces 

Most inselberg surfaces contain a discontinuous, 

indurated crust of silica and iron oxide averaging 1-3 mm in 

thickness (Figure 3.4). The crust is formed by a process 

called case-hardening. The case-hardened granite surfaces are 



Figure 3.4. Case-hardened rind cn boulder of Oracle grani 

Figure 3.5. Rock varr.ish cn Oracle granice surfaces 





coated with a durable film cf arncrphous silica. Some 

researchers (Conca and Rossman, 1S82' believe chat small 

quantities of this mineral are leached from the bedrock each 

time it is wetted by rain, dew, or perhaps groundwater. The 

silica is then deposited on the surface cf the rock when the 

moisture evaporates. In time, the rock surface becomes 

hardened by the accumulation of that mineral. Iron oxides may 

be concentrated on the surface by lichens iTwidale, 1964). 

The development of case-hardened surfaces is not well 

understood and may be the product of both subsurface and 

surface processes. In the study area, this indurated rind 

appears to be the result of surface processes because it has 

formed on and conforms to recently exposed surfaces that are 

also the product of surface processes. 

Case-hardening protects surfaces of zhe Oracle granite 

frcm chemical weathering and low energy erosion. Case-

hardened surfaces are discontinuous but are found on all 

outcrops and may have once encased most granite exposures. 

Where this protective mineral crust is broken or stripped 

away, the softer and weaker weathered zone below is being 

removed by subaerial weathering and erosion. This zone is 

very crumbly and contains protruding quartz and feldspar 

crystals that can be easily dislodged by hand. 



€4 

iii. Colluvixua 

The colluvial slopes ac the base cf bculder inseibergs 

consist of grus transported downslope by gravicy and slope 

wash. Weathering differences between upper and lower rock 

faces of the inseibergs offer evidence that chis colluvial 

cover was once thicker and more extensive. Upper faces are 

case hardened and varnished, and in rare cases are pitted with 

tafoni. Lower faces, once covered by gr"ussy cclluvium, lack 

these small-scale features. Also, they commonly exhibit 

flared slopes produced by subsurface weathering when soil 

moisture was in contact wich these buried rock faces. This 

"grussy" colluvium may have accumulated to its highesc levels 

during wetter periods of the Pleistocene when freeze-"haw 

processes may have been more active than today. Fluvial 

erosion and slope wash are now removing ihis colluvial co^'er. 

iv. Rock Varnish 

Many Oracle granite surfaces are lightly varnished 

(Figure 3.5) . According to some researchers (Corn 1391; 

Potter and Rossman, 1977, 1979) , the varnish is a chin coating 

of clay minerals (illite, montmorillonite, and kaolinice) 

stained by heavy concentrations of iron and manganese cxides. 

The clay settles as dust from the atmosphere. Iron and 

manganese, also derived from windborne dust and rain, produces 

a black to dark brown coloration on exposed surfaces. 



Micrccclcnies of lichens and bacteria actach themselves to 

rock surfaces with the clay particles and gain energy by 

oxidizing the manganese In tin:\e, the iron and naanganese 

becomes bonded to and darkens the clay. 

The varnish is best developed on case hardened surfaces 

and in scattered locations on faces that were not previously 

covered with colluvium. 

V. Tafoni 

In a few places the case hardened surfaces have developed 

cavities called tafoni. The origin of tafoni is still 

debated. Some researchers (Twidale and Bourne, 1976; Twidale, 

1982a) believe that it is a product of subsurface weathering 

that is associated with the developmenc of flared slopes 

commonly found around che basal margins of inselbergs. Others 

(Mustoe, 1983; Winkler, 1973; believe that -afoni is the 

result of surface weathering processes, particularly granular 

disintegration by expansion of clays and salts, and freeze-

thaw action of moisture on tafoni walls. 

Tafoni on the Oracle granite is not common and, where 

present, is not well developed. It is found at all levels on 

inselberg slopes, and appears to be actively forming on case 

hardened surfaces by granular disintegration associated with 

clay and salt expansion and, perhaps, ice crystals during 

winter freezes. Tafoni walls are very friable and lack the 
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rock varnish, lichen encruscacion, and redeveloped case 

hardened surfaces than are typical of fossil tafcni. It is 

not found in continuous bands nor in association with flared 

slopes, as would be expected if these cavicies were fcrmed by 

groundwater weathering along the base of the inselberg slopes. 

vi. Joints 

Vertical and horizontal joint sets clearly indicate that 

boulder inselbergs here are not residual piles of corestones, 

as some researchers have reported from other locations 

(Twidale, 1982a) . These joints divide the bedrock into 

individual joint blocks and reveal that che inselbergs are 

projections of granite that have retained their structural 

integrity. 

The joints have been widened by surface weathering. At 

ground level they are only 2 to 4 centimeters in width, but 

widen rapidly with increased height. At 1 meter above the 

ground level vertical joints are commonly .5 to 1 meter in 

width. Near the crest of the inselbergs, weathering at joint 

intersections has progressed to the point that joint blocks 

are rounded boulders. 

Ground level joints are open and can be easily penetrated 

by percolating water. As groundwacer enters the granite along 

these cracks it weakens the adjacent bedrock by chemical 

alteration of mineral crystals. Mineralogical and chemical 



analysis of highly weachered and relaciveiy unweathered Oracle 

granite (Oguchi, 1557' revealed that bictitie is particularly 

susceptable rc this c-^-pe of decay. Here it has been changed 

by hydration to chlorites and the mica clay rnineral illite. 

In the process, hematitic iron was released and oxidized, 

imparting a brownish-red tint to the weachered granite. 

Hematite staining is particularly apparent on joint planes 

chroughouc. exposures of the Grade granite. Generally the 

plagioclase and potash feldspars of granites are altered by 

hydrolysis and hydration to clays --particularly kaolin. But 

in the dry environmental condition of southern Arizona these 

minerals are more resistant to chemical decay. Quartz, being 

very resistant to such chemical alteration, is reduced mainly 

by slow solution. As a result, feldspar and quartz crystals 

are the major components of the grus derived from the Oracle 

granite. 

Figure 3.6 shows the density cf vertical joints along a 

pediment remnant in the vicinity of American Flag Hill. The 

joints were mapped from 1:3450 scale aerial photographs. 

Average spacing between the major joints varies from one to 

six meters. Weathering has widened the joints and softened 

intervening angular rock faces, producing a ridge cf rounded 

joint blocks. 

The joint blocks that make up inselbergs close to Oracle 

Ridge have not shifted from their original position, so the 
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Figure 3.5. Vertical aerial photograph showing typical joint 

pattern of boulder inselbergs in Grade granite. 

Photo scale is 1:3450. 

Figure 3.7. Dense joints network, in Oracle granite. 
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joint pattern of the bedrock is well displayed. Even farther 

to the north and east, where the inselbergs have been reduced 

by erosion and partially buried by younger alluvium or their 

own debris, the structural integrity of the bedrock is still 

preserved. Corestones separated by grus or stacked as 

residual boulders by lowering of the ground surface is a ver^' 

uncommon constructional component of the inselbergs. This 

preserved joint pattern is clear evidence that the boulder 

inselbergs are structural rather than residual landforms. 

This joint pattern also indicates that the boulder 

inselbergs of the Oracle granite did not evolve from domed 

inselbergs, as some researchers (King, 1951; Selby, 1977; 

Kesel, 1977) have reported from other regions. Vertical 

joints are clearly dominant over curvilenear joints in 

determining the morphology of the boulder inselbergs. 

This is particularly evident in the vicinity of the 

Highjinks Ranch. Here boulder inselbergs are forming along 

the eroding edge of the Grade granite pediment. Weathering 

and erosion are actively widening the vertical joints which, 

in turn, deliniate the form and shape of the resulting 

landforms. Curvilinear joints are not as numerous as the 

vertical joints. Where these curvilinear jcints are being 

widened by weathering and erosion, they define the sloping 

tops/bottoms of joint blocks. However, nowhere in the study 

area do these curved joints produce the massive, steeply 



dipping sheeting struccure chan is so characteristic of domed 

inselbergs. Examination of 50 curvilinear joints in boulder 

inselbergs at various stages of development indicate that: 1) 

they are not closed fractures under stress, 2' that their dip 

is too shallow to have been produced in tightly compressed 

compartments of domed, unloading granite, and 3) that their 

curviture does net define the shape cf the inselbergs in which 

they occur found. In short, domed inselbergs have not formed 

on the Oracle granite; the boulder inselbergs found here did 

not evolve from such forms. 

It is possible that the densely jointed, highly weathered 

nature cf the Oracle granite reduces its strength to the point 

that tightly arched rock sheets of domed inselbergs can not be 

supported. This high degree cf fracturing also relieves 

internal rock stress, precluding the development of the 

compressional compartments cf granite with clcsed joints that 

are so necessary for the formation cf domed inselbergs. 

Extensive areas of the Grade granite are dominated by a 

secondary network of joints that are spaced 6 to 10 

centimeters apart (Figure 3.7). These highly jointed areas 

are most easily observed in very limited areas on the bedrock 

of the inselbergs, but are most common in grus-covered bedrock 

exposures between the inselbergs. In the latter areas the 

granite does not weather to boulders, but forms either flat 

bedrock surfaces or shallow depressions. 
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vii. Corestones 

Corestones are residual boulders, developed in. place by-

Che subsurface weathering of joint blocks. It is difficult to 

determine how common corestones are in the Oracle granite 

study area. In locations where only the upper part of a 

single boulder or group of boulders project above the bajada 

surface it is impossible to distinguish between corestones and 

projections of bedrock without digging deep test pits. 

Nevertheless, by studying a sequence of corestones exposed in 

roadcuts between the Highjinks Ranch and the town of Oracle, 

along the Oracle-San Manuel highway, and at locations along 

the Mt. Lemmon road it was possible to determine the 

relationship between these residual boulders and the Oracle 

granite pediment. 

The bulldozed cut Figure 3.8) , located 5 0 meters 

northwest of the Highjinks ranch house, provides a good 

profile of the sediments and differentially weathered granite 

of the pediment surface. The veneer of alluvial material (A) 

is a high remnant of the old bajada that once buried the 

Oracle pediment. It contains clasts of Paleozoic limestones 

and the Proterozoic Apache Group and Troy quartzite and 

diabase, a common intrusive in this part of the range. Below 

the alluvium is a five-meter-thick exposure of highly 

weathered Oracle granite (E) . Within the weathered zone and. 
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Figure 3.3. Bulldczed cut: 50 meters northwest cf the 

Highj inks ranch house. 

Figure 3.3. Road cut located at mile 101.5, Highway 77, 

between Oracle and San Manuel, Arizona. 
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xn. some cases proiacting thrcugn tne a^_uvium are corestcnes 

(C) . Both corestones and the adjacent granite are reddish-tan 

in color, due to minute quantities of hematite in the rock. 

Typical corestones are 1 meter wide and 2 meters long, 

and are bounded by orthogonal joints that are still preser^/ed 

in the adjacent highly weathered granite. They are clearly 

resistant kernals of granite that have survived the subsurface 

weathering of this part of che pediment surface. Variations 

in joint block hardness or in the openess of the bounding 

joints may have determined which joint bloc.ks survived as 

corestones and which weathered to a mass that crumbles easily 

when tapped with a rock hammer. 

The corestones are weathered, but not as much as the 

surrounding crumbly granite. Schmidt rock hammer tests on the 

corestones gave hardness readings of 18-20, compared tc 

readings of 0 for the decomposed granite. Readings of 24-23 

are representative of the less weathered Oracle granite of the 

inselbergs. Hardness test values fcr unweathered Oracle 

granite exposed in the bottoms of drainages in the headwaters 

of Bonita Creek were 36-42. 

Ten other groups of corestones visible in natural 

exposures, in roadcuts in the town of Oracle, and along 

Highway 77 and the Mount Lemmon road exhibit a similar degree 

of weathering and spacing between joints. Schmidt rock hammer 
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hardness readings for chese corescones v/ere also between 18 

and 2 0. 

The corestcne visible in a rcadcut ac T>ile 101.5 on 

Highway "7 : Figure 2.9) , becv/een Oracle and ^an Manuel is 

larger and has a fresher appearance than the other corestones 

studied. It is approximately ten meters wide and three metiers 

high. The interior of the corestone is exposed by the highway 

cut, so differences in degree of weathering are easily 

observed. 

The corestone is broken into six blocl-is by joints that 

are two meters aparc. The three center blccks (labeled A on 

Figure IS) are only slightly discolored by v/eathering and 

yield Schmidt rock hammer readings of 24 rc 28. These are 

lower than those of unweathered granite cut greater than 

readings for all other corescones tested. Blccks labeled 3 on 

Figure 18 are more highly weachered, ar.d have hardness 

readings of 18 to 21, similar to that of "he ccher corestones 

in the area. In contrast, the highly weachered granite (C) 

surrounding the corestone registered hardness readings of 0. 

The exterior of the corestone has been altered to a 

crumbly texture and is rich in illite frcm the alteration of 

biotite. Joint plane surfaces contain a hard layer of 

hematite deposited by groundwater circulating along these 

fractures. 

This corestone is larger and less weathered than other 



corescones observed on the Oracle granite pediment because of 

greater joint spacing. Also, the joints that divide this 

corestone display far less decomposition than these of other 

corestones and may have developed more recently. 

All of the corestones are located in the deeply 

weathered zone of the Oracle granite pediment. The corestone 

located in the bulldozed cut near the Highjinks Ranch is in 

the upper part of the weathered zone; the other corestones are 

at lower levels in this zone. 

viii. The Weathering Front 

The boundary between strongly weathered and virtually 

unweathered granite, termed the weathering front, is normally 

quite variable. The most deeply decomposed areas are located 

along joints and joint-aligned drainages where groundwater 

penetrates farthest into the bedrock. 

The variability of the depth of the weathering front in 

the Oracle granite in the study area was not determined. The 

weathering front is exposed only along three streambeds in the 

headwaters of Bonita Creek. Fresh Oracle granite here is 66 

to 70 meters below the corestones visible in the above 

described cut near the Highjinks ranch house. Schmidt, rock 

hammer hardness tesns on these unweathered granite exposures 

yielded values of 3 8 to 42, considerably greater than the 24-

28 values recorded for most inselberg surface rocks. 
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Unfortunately, without similar exposures of the weathering 

front elsewhere in the study area maximum and minimum 

weathering depths could not be established. 

Attempts to locace the depths of the weathering front in 

other parts of the Oracle granite pediment by examining well 

records were unsuccessful. The Office of the Pinal County 

Engineer (William Clements, 19971, the Arizona Geological 

Survey (Fellows, 1597) and che Basic Data unit, Arizona 

Department of Water Resources (Winder, 19 97) do not have 

records of wells drilled into che Grade granite in the study 

area. 

Descriptions of cores from the Tiger Mine near San 

Manuel, Arizona indicate that the weathering front is 167 to 

233 meters below the top of the pluton at that location 

(Sutton, 1997) . This site is ever 5 00 meters lower in 

elevation than che sudy area. The granite in the rr.ine area is 

predisposed to deeper weathering due to a high fracture 

density (30 fractures per meter) and its location near the 

water table of the San Pedro basin (Sutton, 1997) . While the 

Tiger Mine site is not representative of conditions in the 

study area, it does indicate how variable the depth of che 

weathering front is in che region. 

ix. Gnammas 

Weathering depressions, sometimes called gnammas or 



solution pans, are not common features on the Cracle granite. 

They are best developed on flat granite surfaces by localised 

granular disintegration, particularly where case hardened 

surfaces have been breached. Ponded water, with the aid of 

organic acids, increases the rate of granular disintegration 

and the size of these depressions. Weathered debris is 

periodicly flushed out of the enlarging gnammas by heavy rains 

and, perhaps, wind. Because of the dense .^.etwork of joints 

and the relatively rapid rate at which Cracle granite outcrops 

are rounded by surface weathering, flat surfaces are very 

limited. This precludes the widespread formation of these 

small-scale features in the Oracle granite. 

Gnammas, rock varnish and case hardening can be used to 

distinguish granite surfaces that are the product of subaerial 

weathering from recently exposed surfaces shaped by subsurface 

weathering processes. Presumably the greater the development 

of these small-scale features, the longer the granite surfaces 

on which they have formed have been exposed to the atmosphere. 

C. Conclusions 

The boulder inselbergs developed on the Oracle granite in 

the study area appear to be structural landforms, rather than 

accumulations of incipient boulders (corestonesj let down from 

subsequent lowering ground surface. Inselberg morphology is 
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determined by the dense pantern of vertical and horizontal 

joints that divide rhe granite into joinc blocks. Subaerial 

processes then round che subangular edges and corners of these 

joint blocks along newly exposed rock faces. Granular 

disintegration by expansion of salt and clay particles and 

growth of ice crystals during winter freezes appear to be the 

most important of these subaerial processes. 

Weakening of che granite during emplacement and by later 

subsurface weathering may also have played a role in che 

evolution of today's landscape. The granite was predisposed 

to deep weathering because of dense joints and che fact that 

the mineral crystals were weakened by alteracion and 

shattering thac accompanied metasomatism and cataclastic 

emplacement of che pluton. Later, subsurface weathering 

penetrated along crystal boundaries and ;cinc planes, 

wea.kening che mineral fabric and producing ccresccr.es near che 

surface of the pediment. Such chemical and physical processes 

then, in turn, preconditioned the badly weathered granite for 

later shaping by surface processes. After erosion exposed the 

weathered granite, subaerial weathering rounded the joint 

blocks that form the boulder inselbergs. 



3.2 Lcmdscapes o£ the Catalina Granite 

A. The Catalina Granite 

The second of che three granice landscapes of the study-

area is developed on the Catalina granite--a porphyritic 

biotite-hornblende quartz monzonite (Hoelle, 1976). This 

late-Oligccene (26 nn.y., Dickinson 1992; Keith and others, 

1980), half-circle-shaped plutcn in the northwestern Catalina 

Mountains intrudes the Pinal Schist to the north and the 

Wilderness Suites granite to the south [Figure 1.1). Unlike 

the Oracle granite, the Catalina pluton lacks cataclastic 

deformation and is interpreted (Suemnicht, 1977) to have been 

eraolacement passively. Force (1997) notes the concentric 

structure of the pluton and speculates that it may be a ring 

dike complex. 

The Catalina granite is of similar mineralogy to the 

Oracle granite. Both granites contain comparable amounts of 

quartz, plagioclase, K-feldspar, andbiotite, but the Catalina 

granite differs in the accessory minerals hornblende and 

sphene, which are absent in the Oracle granite (Keith, et. 

al., 1980) . The Catalina granite is also distinguished by the 

presence of large (up to 4 cm) pink orthoclase feldspar 

phenocrysts, biotite, hornblende (up to 1 cm) mafic fractions 

and large sphene crystals in a medium-grained groundmass 

(Suemnicht, 1977). 
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Field idencificacion of the Catalina and Grade granites 

in che study area is not difficult. Exposures of Catalina 

granite are massive and exhibit only slight weathering, while 

the Oracle granite is highly fractured and deeply weathered, 

with fresh rock occurring only in the bottoms of a few 

canyons. 

The Catalina granite contains schlieren, mafic inclusions 

and aclite dikes in most exposures. In some places mafic 

inclusions are 40% of the rock surface i'Koelle, 1976) . Aplite 

dikes are found throughout the granite and have either a 

northwest or northeast trend, parallel to that of the major 

joint sets. Unlike the dikes in the highly weathered Oracle 

granite, these dikes do not form erosion resistant highlands. 

The Catalina granite in the study area is relatively 

unweathered and only slightly less resistant to weathering and 

erosion than "he aplite dikes, which normally project only 50-

70 centimeters above the general surface of the granite. 

Dikes dikes cut across the landforms that have developed on 

the Catalina granite and have little or no influence on the 

morphology cf the landscape. 

The post-crystallization history of the Catalina granite 

is much different from that of the Oracle granite. The lack 

of penetrative deformation and rock alteration in the Catalina 

granite suggest that it has not undergone subsolidus reheating 

(Creasey and others, 1977) . Because its mineral components 
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have not changed since crystallization, the inherent strength 

of the Catalina granite has net been diminished, as in the 

case of the Oracle granite. 

Vertical and curvilinear jointing is the most important 

element of the Catalina granite in terms of landscape 

development. Vertical joints are long, planar cracks that can 

be traced for several kilometers. On aerial photographs and 

on the landscape they are visually the dominant structural 

features of this granite. Hoelle (1976) mapped three sets of 

vertical joints in this part of the Catalina granite. The 

major sets in the area between the Pinal schist-Catalina 

granite contact and the Charouleau Gap road trend roughly N60E 

and N35W. A secondary set, found mainly in the western part 

of the granite, has a north trend. Traces of joints, called 

linears, have the sam.e trend as the major joint sets and were 

used by Hoelle to map joint orientation. These trends were 

verified for this study by field work and aerial photo 

analysis. 

Orientation of vertical joints is of interest to the 

research at hand because such joints determine the plan and 

orientation of domed inselbergs, the major geomorphic feature 

of the Catalina granite. These vertical joints have divided 

the surface of the granite into rhomboidal blocks (Figures 

3.10, 3.11, 3.12, and 3.13} . This pattern may be the result 

of stress deformation of the initial orthogonal joint system. 
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Figure 3.10. Map of joint pattern developed in Catalina 

granite south of Golder Dam; 1. Figure 3.11, 2. 

Figure 3.12, 3. Figure 3.13. .Map scale is 

1:24000. 



.y Goider /' 

^ Dam 



86 

Figure 3.11. Typical joint pattern associated with the 

development of domed inselbergs in the Catalina 

granite south of Colder Dam. The dirt road is 

the Charouleau Gap road. Scale of photograph is 

1: 3450 . 
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Figure 3.12. Typical joint pacterr. associated with the 

development of domed ir.selbergs in the Catalina 

granice south of Golder Dam. Photograph scale 

is 1:3450 . 





Figxire 3.13. Typical joint paccern associated with the 

development of dorr.ed inselbergs in the Catalina 

granite south of Golder Dam. Photograph scale 

is 1:345C. 
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Smaller,secondary joints are very common along the margins of 

most rhomboidal blocks. These smaller, parallel fractures 

have been interpreted in other areas (Twidale, 1982b) to be 

the product of repeated stress along the major vertical 

joints. 

Cur^/ilinear joints (Figure 3.14) play an equally 

important role in the evolution of landforms on the Catalina 

granite. The closely spaced, curved cracks dominate m.ost 

exposures of this granite and clearly control che form of 

domed inselbergs. These joints are not easily visible on 

vertical aerial photographs and must be studied at ground 

level. The joints of the Catalina granite, unlike those of 

the Oracle and Wilderness Suite granites, are not as commonly 

filled with di.kes. 

The steep orientation of near vertical joints and ether 

major structural elements of the Catalina granite may reflect 

the nearly vertical movement of the magma during emplacement 

of the pluton. Hoelle (1976) considered the joint pattern to 

be possible evidence that two chemically indistinguishable 

lobes of magma intruded at slightly different times to form 

the pluton. Similarly, Banks (1576) noted that the radial 

and concentric jointing found near the Pirate Fault at the NW 

1/4 of Section 13, TllS, R14E, suggests a local, vertical, 

cylindrical body of magma. If these interpretations are 

correct, the vertical joints that play a major role in the 
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Figure 3.14. Curvilinear jo:.nC3 on flank, of domed inselberg 

developed in Cacalina granite. 

Figure 3.15. .\-tenc structure on flan.k of domed inselberg 

developed in Catalina granite. 





95 

formation of domed inselbergs and ccher geomorphic features of 

the Catalina granite appear zo be cooling joints. They formed 

in the cooling pluton after the development of schlieren, the 

inclusion of xenolirhs, and the crystallization of feldspars. 

A small percentage of che joints were later filled wich aplite 

(Hoelle, 1976; Suemnicht, 1977) . Suernnicht '.1S11) points to 

lack of cauaclasis along intrusive contacts wich the Oracle 

granice as evidence of passive emplacement of -he Catalina 

granite. 

B. Descriptions of Landfonns Developed on Catalina Granite 

The Cacalina granire is not parcicularly resistant co 

erosion. This cenural-western front of the range has 

retreated eastward more chan 5 Icilomecers frcn che Pirace 

Fault. Five re-encrants are rarved into zhe Cacalina granice 

of Samaniego Ridge ''Figure l.S) . Hach re-entranc and the low 

ridges that, separate chem contain a domed inselberg landscape 

that is unique to this part of the range. The geomorphic 

features that ma.ke up this landscape are described below. 

i. Domed Inselbergs 

Dome-shaped bedrock hills, called dom.ed inselbergs or 

bornhardts, dominate the exhumed pediments cut into the 
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Catalina granite between the Canada del Ore and "he western 

face of the Catalina Mountains. Although "heir origin is 

still debated it is clear that each hill is a resistant block 

of granite that appears "c be under compressional stress. 

The morphology of the domed inselbergs is determined by 

vertical and curvilinear joints. 

The plan or outline of the inselbergs is controlled by 

two major sets of primary, vertical joints that trend from 

N39-47E and N35-44W. These fractures have been widened and 

deepened by weathering and erosion and control the drainage 

network that has developed on the granite. They divide the 

surface of the Catalina granite into sub-rectangular and 

rhomboidal structural compartments. Secondary joincs, 1 to 4 

meters apart, parallel the primary vertical joints and become 

more widely spaced as one moves from the margins to the center 

of each compartment. Each compartment of compressed rock has 

a massive core--a domed inselberg in varying states of 

development--surrounded by a matrix of highly jointed rock. 

The curved crest of each inselberg is controlled by long, 

curved joints of secondary origin that parallel nhe ground 

surface. These cracks, sometimes termed lift joints, are 

caused by the release of compressive pressure within the 

granite as erosion removes the overlying rock. Compression 

may also be due tc lateral stresses caused by emplacement or 
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by post: emplacement: tecccnic accivicy. The spillway at Golder 

Dam offers an excellent cross - sectional view of these 

curvilinear joints. 

Many fractures appear tc be expanding. Their 

terminations are fresh in appearance and lack the rock varnish 

found on more open fractures. These fresh fractures are 

interpreted as evidence of the continued expansion of the 

domes. 

As lift joints widen they divide the elastically 

expanding granite into curved sheets that become more widely 

spaced with depth. The sheeting is best developed in areas 

where the granite is relatively free of primary vertical 

joints. This is probably because the stress which causes the 

sheeting would be absorbed by movement along the already 

existing vertical joints. 

Other evidence that the domes are under compressive 

stress is found in displaced slabs. A-tents (Figure 3.15) and 

wedges within the sheeting, similar to those described by 

Twidale and Sved (1978) in the Eyre Peninsula, Australia. 

These small scale features are most common on the higher domes 

that have experienced erosional offloading and, presumably, 

pressure release. Such small scale features were not observed 

in the sheeting of platforms. Nor were they found in outcrops 

of Oracle or Wilderness Suite granites, neither of which 

contain domed inselbergs. 



Each ccmpressional ccmpartmenc has developed its own set 

of lift joints that terminate against the vertical joints that 

bound the compartment. It is the geometry of this rock 

sheeting that determines the profile of nhe individual 

inselberg that developes on each compartment. The sheets are 

discontinuous, lenticular partings rather than parallel planar 

joints. Along the crests of the inselbergs sheet joint dips 

vary frcm lOo co 25c,• along inselberg margins they commonly 

plunge at 60^ to IS^ . Because cf these differences in the 

angle of sheet joint, particularly along their margins, domed 

inselbergs usually have asymmetrical profiles. 

The density cf secondary vertical joincs appears to be a 

key factor in the evolution of dcmed inselbergs as topographic 

landforms. Secondary joints are most widely spaced in the 

massive cores of the rhombcidal compartm.ents. Field 

measurement at 15 study sites in these core areas yielded 

average joint spacing of 4 7 to 6 0 meters. Secondary joint 

density on the margins of these same compartments is .75 to 4 

meters. The cores form the crest of domed inselbergs; the 

densly jointed margins are the valleys between the inselbergs. 

The influence cf dense vertical jointing on landscape 

evolution is particularly apparent in the northwestern part of 

the Catalina granite pluton. The granite sheets between the 

Pinal Schist and the Pirate Fault has a dense network of 

joints that has weathered to produce a boulder-strewn 



landscape (Figure 3.15' . The density of vertical joints 

herevaries from 1 to € meters, and may be due to post 

emplacement tectonic stress in this pare of the pluton. 

The degree to which the joints are opened is also a 

factor. One thousand vertical joints were measured at twenty 

sites on the Catalina granite with rhe following results. 

Joints on domed inselbergs are closed, averaging less than 2 

centimeters on the surface. They are complecely closed at 

adepth of 4 centimeters below the surface. In the low areas 

between the domed inselbergs vertical joints are widened and 

deepened by weathering and erosion. Their upper portions have 

widths that vary from 14 centimeters to 3 meters, apparently 

depending on the moisture conditions at each sice. Below this 

zone of intensive weathering, at depths of .5 to 1 meter, 

average joint: widths are 3 to 4 centimeters. Ic was not 

possible zo follow chese joints to cotal closure. Twidale 

(1982b) suggests that these differences in the degree of joint 

openess may be due to the compressional forces that exist 

within the domed inselbergs. 

The density and degree of openess of the vertical joint 

sets appears to have a positive feedback effect on the 

development of domed inselbergs as topographic highs. These 

compressed, massive, closed-jointed cores of the rhomboidal 

compartments shed moisture and are, therefore, less 

susceptible to physical and chemical weathering and erosion. 



Figure 3.16. Boulder-strewn landscape developed in densely 

jointed Catalina granite between the Pirate 

Fault and the Pinal Schist. 

Figure 3.17. Black patina of iron oxide that has developed 

on many Catalina granite surfaces. 
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The highly fractured, open-jointed marginal zones of these 

compartments pool the moisture that drains from the cores and 

are, therefore, more deeply penetrated by weathering and 

erosion. In time these highly fractured zones develop into 

lowlands. This feedback mechanism is enhanced with increased 

relief. The structural domes in the centers of the 

compartments gradually develop into topographic domes. The 

domal shape of these inselbergs is controlled by their 

internal sheeting structure, which continues to expand as 

erosion removes the confining bedrock of the adjacent 

lowlands. This is the reason that the highest and best 

developed boulder inselbergs form the high interfluves that 

separate the reentrants carved into the western face of the 

Catalina Mountains. 

Some of these domed inselbergs may also be highlands 

because the compartments in which they have developed are 

uplifted by faulting. However, extensive field analysis 

failed to produce any evidence of vertical displacement along 

faults, which are difficult to recognize in granite 

landscapes. 

The domed inselbergs of the Catalina granite are 

developed on four distinct pediment surfaces. The highest 

surface exhibits the greatest relief and contains the best 

developed of the domed inselbergs in the study area. The 

pediment surfaces below this consist of large bedrock expanses 
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containing low, domed inseibergs and platforms. These are 

deeply encised by joint-aligned streams that drain to the 

Canada del Oro. 

Each of these exhumed surfaces contains a thin veneer of 

grus that is being removed by fluvial erosion. The veneer 

remains as a patchy cover on the more gentle slopes of the 

domed inseibergs and in those few low areas that have not been 

completely stripped of sediment by fluvial action. The 

thickness of this grus cover averages .35 to .75 meters on the 

crests inseibergs, and frcm 1.3 to 1.7 meters in some of the 

adjacent valleys. Inselberg slopes greater than 42o consist 

of granite sheets and rarely contain grus. 

The origin of the grus varies. Seme is material that has 

weathered in situ from the underlying bedrock. Other grus has 

been transported from higher levels of the pediment and 

adjacent mountain front. In places where these accumulations 

of grus are incised they commonly exhibit a slight sorting of 

fragments by size, as if deposited by running water. Still 

other grus deposits appear to be a mixture cf transported 

material, colluvium, and fragments that have weathered in 

place. Because of its limited and patchy nature, it is not 

possible to determine what the maximum depth and extent of the 

grus veneer may have . een. Most of this cover appears to have 

been stripped from the pediment by fluvial erosion. 
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ii. Platforms 

Level expanses of bedrock, called platforxs or ruwares 

(Figure 1.4) , are also common features on the Catalina 

granite. They are found where the dip of the sheet structures 

is so gentle that the ground surface appears nearly flat. 

They are most widespread lowest pediment level where fluvial 

erosion has removed vast expanses of the thin grus cover. 

Vertical joints on platforms are tighly closed, usually less 

than 2 centimeters; horizontal spacing averages 30 to 40 

meters. 

Some platforms in other areas have been interpreted as 

both etched features and planation surfaces. Twidale (1990) 

views some of these as the crests of incipient domes, as is 

evidenced by the increased thickness of regclith outward from 

the crests. The sheet structure of platforms on the Catalina 

granite, exposed along entrenched streams, is clearly that zf 

very gentle domes. Although the surfaces of many of these 

platforms exhibit slight beveling for distances of 70 to 90 

meters, their nearly level character is due to the fact that 

they are the tops of low angle granite sheets. 

Just as sheet structure and vertical jointing control the 

development of domed inselbergs, these structural elements 

also determine the manner in which the inselbergs are reduced 

by weathering and erosion. Since unweathered granite is 
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nearly impermeable, joint planes are the main paths chat allow 

corrosive water to penetrate "he rock. The deepest 

penetration occurs in two places on the newly forming domes: 

in the small, open, tensional fractures along the crest, and 

in the primary vertical joints along their margins. 

Water percolates down the vertical tensional fractures 

along the domal crest then follows the curvilinear joint that 

separates the topmost sheet from the one below. Curvilinear 

joints lower in the dome .have not opened sufficiently to 

permit deep water penetration. This uppermost sheet is then 

weathered to grus from above and below. Grus accumulates on 

top of the dome and along the upper curvilinear joint plane. 

The grus acts as a sponge, keeping water in contact with the 

adjacent decaying rock surfaces. This appears to be the 

initial, granular disintegration process by which the upper 

sheets cf domed inselbergs are weakened. Continued 

disintegration of the undersides cf these top sheets causes 

them to settle, leading to increased fracturing and 

accelerated weathering. 

Laboratory analysis of these weathered zones (Oguchi, 

1997) indicates that, as expected, the micas have been altered 

to illite clay, and the feldspars and quartz remain as 

resistant crystals in the regolith. Gerrard (1994) points out 

that the presence of a single clay mineral might not be 

diagnostic of environmental conditions during weathering, and 
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that, illite is a particuiarly poor indicator. So, the clay 

here may offer little information about the weathering 

environment under which it formed. 

Rock surfaces beneath most curvilinear joints contain a 

black patina of iron oxide (Figure 3.17) that may have been 

deposited when the granite above weathered to grus. This 

mineral rind is currently being removed from surfaces exposed 

to subaerial processes. Since this mineral rind is found also 

on surfaces that have not been exposed to surface weathering 

processes, it is probably a product of subsurface weathering. 

This iron oxide patina does not, however, provide any 

information about the climatic conditions that existed at the 

time of deposition. 

Weathering progresses mosc rapidly in the open vertical 

joints along the margins of zhe form.ing domes. Moisture is 

concentrated in these deepening fractures and, consequently, 

so is vegetation. Granular disintegration is accelerated by 

acid from decaying plants. Field observations indicate that 

root wedging by shrubs and trees is also a major form of 

mechanical weathering along these fractures. In all but the 

most recently formed small cracks, deep root systems have 

shattered the adjacent bedrock. 

A number of small scale features, found on the domed 

inselbergs of the Catalina granite, have been interpreted as 

evidence of subsurface weathering in other areas (Twidale, 



107 

1982b). These features include: flared slopes, tafoni, rock 

varnish, case-hardened surf aces, gnarr.mas, corestones, gutters, 

a-tent structures, and spalled boulders. Other researchers 

(Blackwelder, 1929; Dorn, 1991; Mustoe, 1965 ; Oilier, 1965, 

1967, 1984; Potter and Rossman, 1977; Winkler, 1979) however, 

believe that some of these forms are the products of subaerial 

processes. The following features were examined in great 

detail in numerous locations to determine if they offer clues 

as to the roles that subsurface and subaerial processes have 

played in shaping this landscape. 

ill. Flared Slopes 

Flared slopes, weathered into the basal zones of granite 

outcrops by moisture in the adjacent grus, are common features 

on the Catalina granite. They are mosc common in the 

interdomal valleys where fluvial erosion has removed the 

former grus cover. Field measurements of 300 flared slopes 

recorded average heights of 1 to 1.75 meters. This provides 

some measure of the local depth of accumulated grus on the 

flanks of these low areas before che last episode of fluvial 

downcutting. Flared slopes, however, are not sufficiently 

continuous to offer any clues as to the past regional depth of 

regolith over the Catalina granite pediments. Flared slopes 

are not common on the high slopes of domed inselbergs, as has 

been reported from other areas (Twidale, 1988, 1990), and 
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cherefore, reveal little about tne episodic lowering that has 

occured here. 

The basal w-athering of flared slopes appears to 

undermine the cuter niost sheets cf some of the domed 

inselbergs. These sheets, already weakened on their under 

side by weathering along curvilinear joints, eventually break 

into joint blocks after exposure to surficial processes. Some 

of the blocks slide down the sides of domes 'Figures 3.13 and 

3.19) that are expanding due to erosional removal of the 

surrounding confining rock. Other blocks remain cn the dome 

as remnants of the former sheet and eventually weather to 

rounded boulders. In this manner, basal weathering 

contributes to the sheet by sheet destruction of the domed 

inselbergs. 

iv. Tafoni 

Pits and small cavaties cavaties on rock faces, called 

tafoni (Figure 3.20) , was observed in only two locations on 

the Catalina granite. Both are on the surfaces of outcrops, 

about 2 to 5 meters above the present ground surface. 

Tafoni is most commonly developed in case-hardened 

surfaces, and is considered by some (Blackwelder, 192S; Bryan, 

1925; Mustoe, 1983 ; and Winkler, 1979) to be the work of 

siibaerial processes, particularly granular disintegration due 
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Figure 3.18. Sheec of Cataiina granite that has slid down 

the slooe cf a domed inselbercr. 

Figure 3.15. Face cf sheec of Cacalina granite chac has slid 

down the slope of a domed inselberg. 
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Ill 

Figure 3.20. Tafoni developed in Catalina granice 
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to the expansion of wetted clay particles, the growth of ice 

crystals, and the weachering of biotite uo clay. Others 

(Twidale (197S, 1990) believe "hey are etched features 

weathered below a mantle of grus. The tafcni on the Catalina 

granite could have developed in either manner. Its limited 

distribution here, however, reveals noching about the depth 

and extent of subsurface weathering on the Catalina granite. 

Gnaimnas. 

These solution pits with flared rims are common on 

platforms and the more gentle slopes of domed inselbergs 

(Figure 3.21) . As observed on the Grade granite, they are 

best developed on surfaces level enough to pond water. On the 

Catalina granite, they are found on both case hardened and 

non-case hardened surfaces. In many places gnammas have 

breached surfaces coated with an iron cxide pacina thought co 

be formed by subsurface weathering. This, plus cheir drainage 

relationship to adjacent shallow gutters indicated that 

gnammas are produced by surface weathering. 

vi. Corestones. 

The only corestones observed in the Canalina granite are 

exposed in the spillway cut of Colder Dam 'Figure 3.22) . 

These are clearly residual boulders developed in place by 

deep, subsurface weathering along vertical and curvilinear 



114 

Figure 3.21. Gnamma weachered in Cacalina granite. 

Figure 3.22. Catalina granite corescones, exposed in 

spillway of Golder Dam. 
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joints. The weachered granite between the boulders easily 

crumbles when lighcly snruck with a rock hammer. 

These corestones appear to be "he result of localized 

weathering by groundwater along the flood plain of the Canada 

del Oro. The low dome that contains the corestones is below 

the level of the terraces along this drainage that contain 

soils that have been assigned ages of 250,300 years vMcFadden, 

197S, 1981; and, has probably been in a flocdplain zone for 

much of this time. The restricted discribucion cf corestcnes 

to this single, topographically low size does not permit 

interpretation about che extent of deep weathering on the 

pediments cf the Catalina granite. 

vii. Gutters. 

Twidale (1971, 199G) staces that these shallow bedrock; 

drainages scarred into the flanks of domed inselbergs .Figure 

3.23) are produced by both subsurface and subaerial 

weathering. Field observations confirm the dual origin of 

these small-scale features on the Catalina granite. They are 

best developd on bare rock slopes and have been deepened by 

the flow of surface water. Many of these channels can be 

followed upslope to source areas beneath granite sheets, where 

they are filled with grus and appear to be caused by 

subsurface weathering. Although gutters are often regularly 

spaced and sub-parallel, their pattern is controlled by the 



Figure 3.23. Gutter on Catalina granite. 
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slope of sceeply inclined sheecing and rarely has any clear 

relationship zo jointing. While gutters are, in part, the 

result of corrosion along sheeting joints, they reveal nothing 

about the depth and extent of subsurface weathering on the 

pediment surface nor of its importance in the formation of 

domed inselbergs. 

viii. Rock Varnish. 

Rock varnish has not developed on the Catalina granite to 

the extent that it has on the Oracle granite. The reasons for 

this are not clear. It may be that sheetwash flushing of grus 

particles removes this mineral rind more effectively from the 

sloping surfaces of domed inselbergs and pla-forms than from 

the more vertical slopes of boulder inselbergs. Or, it may be 

that the Catalina pediment is more recently exhumed and there 

has not been sufficienc cime fcr the varnish rc develop to che 

same degree. Extensive surfaces containing well developed 

varnish are not found on either granite. This is probably 

due to the relatively rapid rate of granular disintegration 

that occurs on this type of rock. The varnish is darkest on 

boulder remnants located on older, higher inselbergs that have 

been exposed to subaerial weathering for the greatest length 

of time (Figure 3.24). 
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Figure 3.24. Catalina granite bculders with rock varnish and 

case-hardened surface. 





122 

ix. Case-hardened Surfaces. 

As with rock varnish, case-hardened surfaces are less 

cor--.cn on che Catalina granice ~han on che Oracle granite. 

They too are best developed on the higher, cider inselbergs 

(Figure 3.24) . Because this protective mineral crust is found 

on che broken faces of gravity slide sheets displaced after 

the dome was exposed to the atmosphere, it is considered to be 

a prcduct of subaerial weathering. 

X. Spheroidal Boulders. 

It is common to find rounded boulders perched on the 

crests of domed inselbergs iFigure 3.24). Field observation 

indicates that these are the remnants of curved sheets that 

once formed the tops of the domes. Surface weathering rounds 

any angular corners and converts sheet remnants into rounded 

boulders. 

Some boulders also weather to a rounded form by spa1ling 

intc thin layers concencric wich their surface. This process, 

termed exfoliation, involves the expansion of the outer layers 

of the rock surface. It is generally (Oilier, 1967, 1571; 

Cocke, et. al., 1993) thought to be caused by the hydration 

and conversion of potassium feldspar to kaolinite, which has 

a greater volume than the original feldspar. 
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C. Conclusions 

The small scale features discussed above actually reveal 

little about the weathering environment in which "he domed 

inselbergs formed. Of these, corescones and, perhaps, tafoni 

are produced by subsurface weathering, and their occurance is 

too limited to be of value. Gnammas, gutters, rock varnish, 

case hardened surfaces and spheroidal "coulders are formed by 

subaerial processes. Their presence here indicates only that 

the granite outcrops on which they occur have been exposed to 

the atmosphere for some indeterm.inate period of time. This 

period of exposure to atmospheric processes may or may not 

have been preceded by a substantial period of deep, subsurface 

weathering. 

Extensive field observation did not find eviden.ce thac 

the landscape developed on the Catalina granite is a produce 

of etching by deep, subsurface weathering, as described in the 

two-stage model presented above (pages 23 -25) . No deeply 

weathered zone, such as that found on the upper pediment 

remnants of the Oracle granite, was located on the Catalina 

granite. The grus on the lower 3 pediment surfaces is not 

deep enough nor sufficiencly extensive to provide any idea of 

its original depth. Debris remaining on the highest pedimient 

surface is very thin, and the surface of the bedrock beneath 

it is either level or gently undulating. Field observation 
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failed to locate rerr.nants of weathering fronts that conforni to 

the buried surfaces of incipient domed inselbergs, flared 

slopes, basins, fluting or other similar features. 

The growth and destruction of domed inselbergs appears to 

be a continuous process involving the release of compressive 

forces within the dome and the weatheing of granite sheeting 

along marginal vertical and cur^/ilinear joints. 

From the evidence observed in the field, the domed 

inselbergs of the Catalina granite appear to be primarily 

structual landforms. All evidence indicates that joint 

spacing controls the evolution of these features. The massive 

sheet structure of the inselbergs, truncated by large-scale 

vertical joints kilometers in length, is exposed in section in 

the spillway cut at Golder Dam and at a cut on the Charleau 

Gap road. The more gentle sheet structure of the platforms, 

exposed along incised drainages, reveals that they are crests 

of domed inselbergs in the early stages of formation. 
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3 .3 LANDSCAPES OF THE WILDERNESS SUITE GRANITE 

A. The Wilderness Suite Granite 

The Eocene {45-EO m.y.) Wilderness Suite granite and 

gneiss forms the western face of the range south of Cargodera 

Canyon (Figure 1.1). This peraluminous two-mica granite and 

the mylonitic gneiss derived from it •>Dickinson, 1994; Keith 

and others, 1980) form the crest of ?usch Ridge and the 

spectacular pinnacles of Catalina State Park (Figures 3.25 and 

3.26). The Lemmon Rock leucogranite phase of the Wilderness 

Suite granite is the predominant rock type. It is highly 

foliated and contains numerous dikes of pegmatite, aplite and 

alaskite that appear to differ greatly in age (Keith and 

others, 1980) . It is locally intruded by the Catalina 

granite, and differs from both the Oracle and Catalina 

granites in its high content of garnets and both bictite and 

muscovite mica, mineral parallelism, and banding (Keith and 

others, 19 80; McCullough, 1963). 

The mineral parallelism is mainly the result of alignment 

of individual bictite "books". Alignment of muscovite is of 

importance in some areas. Quartz and feldspar are the major 

minerals; mica ranges from 1 to 20 percent (McCullough, 1963) . 
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Figure 3.25. Pinnacles of Wilderness Suice granite in 

Cacalina State Park. 

Figure 3.26. Anticlinal structure in Wilderness Suite 

granite. 
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B. Description of Landfonns Developed on the Wilderness 

Suite Granite 

Differerxial erosion of gneiss bands scrcngly influences 

the topography in this part of the range. Fashley (1966) 

noted rhat relative percentages of minerals in the bands vary 

substantially. As a result, some of the bands are more 

erosion resistant than cchers and produce a cliff-and-slope 

topography thac is parallel to the foliation in the bedrock. 

Woodward (199G) identified two phases of the Wilderness Suite 

granite that control the slopes of Pusch Ridge. A. prominent 

cliff is formed from a late phase, light tan, biotite-poor, 

lightly foliaced, garnec-bearing unic. The slopes are eroded 

from an earlier phase that is dark, biotice-rich, garnet-poor, 

highly foliated. 

McCullough (1963) noted thac the amount of biocite 

present in the granitic gneiss of the pedimenc surfaces, which 

varies from 1 to 20 percent, depends on che degree of 

weathering thac has occurred. On exposed peaks and ridge 

lines the biotite has been almost completely weathered to clay 

and the gneiss can be crumbled by hand. Laboratory analysis 

of Wilderness Suite granite fOguchi, 1997) also indicates a 

high degree of alteration of biotite to illite. 

Folds in the gneiss also have a pronounced influence on 

the morphology of the west face of the range south of 
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Cargodera Canyon.. For example, massive fcliaticn in the 

highly eroded northwest: limb of the ?usch Ridge anticline 

controls the mountain face north of Alamo Canyon. Similarly, 

south of Alamo Canycn, the cliffs of Pusch Ridge are thick 

layers of gneiss (Figure 35) forming the southeast limb of 

this anticline (Pashley, 1963 and 1966) . Other, unmapped 

folds appear to control the ridges of gneiss that project from 

the mountain front between Alamo and Cargodera Canyons. 

The dominant joints of the Wilderness Suite granite are 

vertical. Their principal orientations 'Figure 3.27) are 

northwest-southeast, northeast-southwest, and north (Woodward, 

1990; fieldwork, 1996-7). These vertical fractures direct the 

course of weathering and erosion, and control the location of 

streams crossing bedrock (Figures 3.28 and 3.29) . The 

concentrated action of these processes in widely spaced 

vertical joints, combined with the resistant nature of massive 

granite between the joints, produces the towering pinnacles of 

the Catalina State Park area. 

Most secondary, vertical joints have been filled by 

several generations of di.klets of leucogranite, pegmatite, 

alaskite, and aplite (Keith and others, 1980; Force, 1997). 

Extensive field measurements on the pediment surfaces of the 

Wilderness Suite granite revealed that open, vertical joints 



Figure 3.27. Map of typical pattern of master joints 

developed on pediment in Wilderness Suite 

granite south of Catalina State Park. Map 

scale is 1:24G00. 



road 
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Figure 3.28. Vertical aerial chcccgracn cf t^'pical joint 

pattern on the pediments cf the Wilderness 

Suite granite south cf Catalina State Park. 

Photo scale is 1:3450. 

Figure 3.29. Vertical aerial photograph cf t\'pical joint 

pattern on the pediments cf the Wilderness 

Suite granite south of Catalina State Park. 

Photo scale is 1:3450. 





are tew in. number, and have an average spacing of 110 to 140 

meters. Diklets have so completely plugged these fractures 

that the bedrock is welded into a highly resistant unit that 

offers few vertical avenues for the penetration of weathering 

and erosion (Figure 3.30) . Weathering has made only limited 

progress along the few horizontal joints that break the 

granite. 

These vertical joints do not divide the surface of the 

Wilderness Suite granite inco rhom±>oidal blocks that are under 

stress, as is the case with the Catalina granite. Lacking the 

compressive stress associated with these blocks, the 

Wilderness Suites granite has not developed numerous 

curvilinear joints. Without the ubiquitous open vertical 

joints so characteristic of the Grade granite, or the 

curvilinear joints common to the Catalina granite, the 

pediments of the Wilderness Suites granite have not weathered 

to either boulder or domed inselbergs or platforms, but remain 

as sloping shelves that lack the characteristic landforms of 

other granitic areas (Figure 3.31) . 

Horizontal joints are widely spaced and of only secondary 

structural importance. Such fractures tend to be closed and 

and appear to exert little influence on the development of 

landforms on the Wilderness Suites granite. 

The structure and mineral banding of the gneiss reduces 

the effectiveness of weathering processes that are dominant in 



Figure 3.30. Dikelec- filled joints in Wilderness Suite 

aranite. 

Figure 3.31 Pediment cut into Wilderness Suite granit 
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granite landscapes. The gneiss is neither as we_i jointed nor 

as massive as the Zatalina or Cracle granites, such that 

unloading is net a common crccess. The segregation of 

minerals into bands greatly affects the total strength of the 

gneiss. This results in pronounced differential erosion and 

weathering based on the resistance of the mineral in each 

band. Because of the strong mineral orientation of the 

gneiss, exfoliation and granular disintegration are not as 

significant as in the Catalina and Oracle granites. 

The Wilderness Suite granite is more resistant to erosion 

than the Catalina or vOracle granites. This is clearly 

suggested by the differing widths of pediments carved into the 

three granites. Pediments on the Wilderness Suite granite are 

only .25 to 1.0 kilometers in width Figure 3.3i: , while those 

of the Catalina and Cracle granites exceed 4 and 5 kilometers 

respectively. 

This resistance to erosion is born out by Schmidt rock 

hardness data for the Wilderness Suite granite. Average 

hardness readings for relatively unweathered outcrops are 41-

45; weathered surfaces recorded hardnesses of 32-37. 

Woodward (1990) recognized three distinct pediment levels 

cut into the Wilderness Suite granite and presented time 

parameters for their formation (Figure 3.32) . According to 

this interpretation, cutting of Pediment 1 began during cooler 
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Figure 3.32. Map of pedimenc surfaces in Wilderness Suite 

granite south of Catalina State Park (Woodward, 

1990; . 
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and/or weccer ciimatic conditions cf the Pliocene, perhaps as 

early as 5 million years ago. This surface was then buried 

2.5 to 2 million years ago by the late Pliocene-early 

Pleistocene alluvial fans of the Ft. Lowell Formation. The 

deposition cf this coarse, poorly sorted material may have 

been triggered by dryer climatic conditions during the early 

Pleistocene, which led to reduced vegetative cover and 

increased runoff on the adjacent slopes of Pusch Ridge. 

Pediment 2 was beveled between 1 million and 7,500 years 

ago. This occurred as the Ft.Lowell Formation v/as stripped 

from Pediment 1, perhaps as a result of increased 

precipitation and/or decreased sediment supply cn the slopes 

of Pusch Ridge. Local base-level dropped nearly ICO meters, 

and Pediment 2 was cut by late Pleistocene-early Kolocene 

streams swinging freely across its surface. The continued 

drop in local base-level during the early Holocene, 

accompanied by the eastward migration of the Canada del Oro to 

the toes of the Ft. Lowell fan deposits, and the deposition of 

boulder levees on Pediment 2 is interpreted by Woodward as a 

response to increasingly arid climatic conditions. The 

boulder levees channelized the streams that flowed across this 

pediment, causing them to downcut their beds 3 to 6 meters 

into the bedrock. Pediment 3 is a strath, that continues to 

be cut by streams flowing into the Canada del Oro. 
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C. Small Scale Features 

The pedimencs of the Wilderness Suite granite contain few 

of the characteristic small scale features found on the Oracle 

and Catalina granite pediments. Xo ccrestones, tafcni. A-tent 

structures, or flared slopes were observed. Gutters and 

gnammas are few and, as on the Oracle and Catalina granites, 

appear to be the products of subaerial processes. 

The grus mantle is far thinner and more discontinuous on 

this granite than on the Oracle and Catalina granites. It 

appears that the strong mineral orientation the Wilderness 

Suites granite reduces the rate of granular disintegration and 

grus production. Because of the patchy nature of the grus, it 

was not possible to determine if a thick grus covering once 

existed that could have contributed to subsurface weathering 

on the Wilderness pediments. 

No distinct weathering front could be found. Weathering 

is greatly influenced by the mineral banding of the gneissic 

zones of the granite. As noted by McCullough (1963) , and 

confirmed by field observations, biotite-rich bands are the 

most heavily weathered. Feldspar-rich bands are the most 

resistant and form mere elevated surfaces on the pediments. 

Case hardening is ubiquitious on the pediment surfaces of 

the Wilderness Suites granite. As on the Oracle and Catalina 

granites, case hardening here appears to be a product of 

surface weathering processes because it is not found on 



142 

recencly exposed rock surfaces. 

Rock varr-ish-surfaces are more common cn the Wilderness 

Suices granite than on the Oracle and Catalina granites. This 

may be due to the greater hardness of the former granite, 

which provides a more stable surface on which the varnish can 

form. This mineral varnish is interpreted to be the result of 

subaerial weathering because it v/as not observed on rock faces 

that were recently exposed by erosion. The varnish is darkest 

on higher pediment surfaces that presumably have been exposed 

to the atmosphere for a longer period of time. 

O. Conclusions 

The Wilderness Suite granite is dominated by widely 

spaced vertical joints. Weathering and erosion has widened 

and deepened these joints, leaving the massive granite in 

between standing as the towering pinnacles that are best 

developed in Catalina State Park. These joint sets do not 

divide the granite into the stressed rhomboidal compartments 

that characterize the pediments of the Catalina granite. As 

a result, unloading, curvilinear joints, and domed inselbergs 

are not found on the Wilderness Suite granite pediments. 

Most secondary vertical joints are filled by several 

generations of diklets, welding the bedrock into a highly 

resistant unit that offers few avenues for penetration by 
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weathering and erosion. Horizcncal joints are v/idely spaced, 

closed, of secondary importance, and exert little influence on 

the development of landforms. Because of these factors, 

boulder inselbergs have not developed on the pediments of the 

Wilderness Suite granite. 

The gneissic nature of the Wilderness Suite granite 

results in pronounced differential weathering and erosion 

based on hardness bands. Because of the strong mineral 

orientation of the banded granite, exfoliation and granular 

disintegration are not as effective as in the the Catalina and 

Oracle granites. 

The small-scale features found on the pediments of the 

Wilderness Suite granite do not indicate that subsurface 

weathering has played a major role in shaping the modern 

landscape. As observed on the Oracle and Catalina pediments, 

surface weathering and stream erosion, guided by rock 

structure and lithology, appear to control the morphology of 

landforms found in the study area. 
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4. DISCUSSION AND CONCLUSIONS 

This study examirxed the granite landscapes along the 

northern and western margins of the Catalina Mountains in an 

effort to understand the processes respons:Lble for their 

formation. Particular attention was given to the field 

evidence, as outlined in the Introduction, used by climatic 

and structural geomorphologists to support their theories of 

granite landscape evolution. The results of this field study, 

presented below, are discussed separately for the landscapes 

developed on the Oracle, Catalina, and Wilderness Suite 

granites. This is followed by some general conclusions. 

4.1 The Landscape of the Oracle Granite. 

Little evidence was found indicating that deep subsurface 

weathering has played a major role in shaping the landforms 

that have developed on the Oracle granite. Subsurface 

weathering has weakened the bedrock, but the zone of 

disintegration to grus seems to be limited to a depth of 1 to 

2 meters. Bedrock below this grus zone is still relatively 

resistant, registering Schmidt rock hardness values of 12 to 

14. The landforms developed from this bedrock are not 

residuals exhumed from a mantle of regolith, but appear to be 

the result of surface weathering processes and fluvial erosion 

guided by a dense network of secondary vertical and horizontal 

joints. 



The depth of the weathering front on the Oracle granite 

could not be accurately determined due to lack of exposures 

and drilling logs. Exposures of unweathered granite are 

limited to two locations along stream beds cut into pediment 

remnants. The depth of the weathering front at these sites 

was 66 to 70 meters. 

Some features are clearly the prcduct of subsurface 

weathering. Cores tones are exposed in 11 cuts near the 

surface of the pediment remnants. These rounded, residual 

joint blocks occur where subsurface weathering has 

disintegrated the intervening, highly jointed granite to grus . 

No accumulations of lag boulders in the form of boulder 

inselbergs were found that could be interpreted as evidence of 

a former deeply weathered landsurface that has been lowered by 

fluvial removal of grus. The formation of corestones is not 

direcrly related to the development of boulder inselbergs, the 

most prominant landforms of the Oracle granite. 

Flared slopes also have developed within the zone of 

subsurface weathering. They are found along the basal 

portions of boulder inselbergs once covered by grussy 

colluvium. Their distribution is discontinuous and does not 

form a level that can be followed from one inselberg to the 

next. Judging from the height of most flared slopes, 1 to 2 

meters, the former colluvial cover was derived from the 

adjacent bedrock faces, and was shallow and localized. 
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Small scale features, such as gnammas, case hardened 

surfaces, rock varnish and cafoni, appear co be produced by 

subaerial processes rather than deep subsurface weathering. 

They are found on "he higher, older surfaces of boulder 

inselbergs that have been exposed to the atmosphere for a 

considerable period of time. They are absent frem faces that 

have been recently uncovered by erosion. 

The boulder inselbergs and the ~oint sets preserved in 

their slopes point to a structural control of this landscape. 

The outcrops and boulders that make up the inselbergs are 

defined by vertical and horizontal joint sets. These 

fractures, which vary from 4 3 centimeters -o 3 meters in 

width, have been enlarged by surface weathering processes and 

define individual joint blocks that form the inselbergs. 

However, at ground level these fractures narrow co 2 to 4 

centimeters, indicating chat subsurface weathering has not 

significantly widened these joint planes. The inselbergs are 

clearly projections of bedrock that have retained their 

structural integrity. They are not etched landforms produced 

by the corrosive action of groundwater within a zone of deep 

weathering. 

The subangular nature of the recently exposed outcrops 

found along the retreating faces of the pediment remnants is 

further evidence of the subaerial origin of the boulder 

inselbergs. Joint-defined edges found along the base of these 



faces are shairp, :i.n.dicacing chat granular disintegration along 

joint planes at these locations has not been intense. As one 

moves up the rock faces these edges beccrr.e progressively 

rounded, case hardened and coated v/ith rock varnish. This 

seems to indicate that, with increased time, joints widen and 

edges smooth until joint-bounded blocks are rounded to 

boulders. This is the process by which pediment remnants are 

gradually reduced to bouldered upland surfaces that are, in 

turn, reduced to separate boulder inselbergs. The process 

consists primarily of surface weathering processes, aided by 

fluvial erosion, both of which are essentially guided by joint 

sets. 

The type and spacing of joint sets largely determines 

the type of sequential landfor~>s that v/ill develop on a 

particular granite. Vertical and horizontal joint spacing in 

the Oracle granite is 1 to € meters. As these joints are 

widened by surface weathering and erosion, joint blocks of 

commensurate dimensions result. Continued weathering rounds 

the corners of the joint blocks, producing boulders. Bedrock 

areas containing widely spaced joint sets are more resistant 

to weathering and erosion and form ridges with surmounting 

boulder inselbergs; areas that are highly fractured are less 

resistant and become valleys and lowlands. 

Field observations indicate that the boulder inselbergs 

of the Oracle granite have not developed from domed 
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inselbergs. The latter landfcrm is not present, in any stage 

of development, cn the Oracle granite. The dense network of 

vertical joints riay have released internal rock stress and 

weakened the strength cf the granite to the point that 

compressional compartments and cheir associated cur^/ilinear 

and sheeting are poorly developed. Without these structural 

elements domed inselbergs do not appear to form. 

The cataclastic emplacement cf the Oracle granite may 

have weakened crystal bonds and predisposed the rock to 

relatively rapid breakdown by granular disintegration. The 

highly fractured nature of the quartz, the recrystallized 

biotite, and the xenoblastic granular orthoclase and 

plagioclase would facilitate moisture penetration into the 

reek mass. This may be the reason that the Oracle granite is 

more deeply weathered than the Catalina and Wilderness Suite 

granites. More research into the relationship between 

cataclastic emplacement, rock mass strength, and weathering is 

needed. 

The boulder inselbergs of the Oracle granite appear to be 

forming, under today's climatic conditions, by joint bloc.k 

reduction due to granular disintigration and fluvial erosion. 

The predominant weathering is from surface processes that 

result in the alteration of biotite and the grain by grain 

separation of feldspar and quartz crystals. 
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Subsurface weachering appears to have had little 

essential influence en the morphology' of surface features. 

Subsurface weathering has weakened the granite to a depth of 

at least "^0 meters, and probably reaches its greatest depth 

along vertical joint planes. Yet, except for corestones and 

flared slopes that formed in the upper 1 or 2 meters of the 

weathered zone, there is no evidence that subsurface 

weathering has widened joints at depth or shaped by etching 

the boulder inselbergs that dominate the landscape. 

4.2 The Landscape o£ the Catalina Granite 

Extensive field observation indicates that the domed 

inselberg landscape developed on the Catalina granite is not 

a result of etching by deep, subsurface weathering as 

described in the two-stage model presented earlier in this 

work (see Linton, 1555; 3udel, 1957) . Field evidence leads tc 

the conclusion that domed inselbergs are structurally 

contitioned forms that are exposed by subaerial weathering and 

fluvial erosion. These features appear to have formed 

independently of subsurface weathering. 

There is less evidence of subsurface weathering on the 

Catalina granite than exists on the Oracle granite. A 

continuous, well defined weathering front could not be found 

for the Catalina granite. Shallow weathering of granite 

surfaces by subsurface processes is common along many open. 



cur^/ilinear joint planes. Alcng these fractures a 30 to SO 

centimeter-wide zone can be found where the granite has 

disintegrated to grus. Vert:Lcal joints do not exhibit signs 

of granular disintegration that can be attributed with 

confidence to subsurface weathering. If a t.hick cover of 

regolith once existed over these pediment surfaces, it and any 

evidence of its depth and extent have been stripped away by 

fluvial erosion. 

Nor can the thin, patchy veneer of grus that covers 

about 3 5% of the pediment surfaces be viewed as evidence of 

deep weathering. Some of the grus is from subsurface 

weathering, but much of it also appears to be colluvium from 

subaerial weathering, or a mixture of cclluvial and slope wash 

material. Where present; grus varies in "hic.kness from 10 to 

3 0 centimeter near the tops of dcmed inselbergs and to 1 to 2 

meters in the adjacenc valleys. Grus in rhe lanter locaticns 

appears to have been flushed from higher slopes by fluvial 

action. Discontinuous flared bedroc.k slopes are present on 

valley margins, but reflect only local depths of grus 

accumulation. The grus patches are not easily interpreted as 

remnants of a former deeply weathered landsurface from which 

today's landscape has been exumed. 

The low areas between dcmed inselbergs do not exhibit 

deeply weathered troughs, as has been reported from other 

regions containing these landforms. While these low areas do 



have a greater density of fracnures than nhe dcmes, the 

bedrock here is r.c- particularly weakened by granular 

disintegration. Fluvial erosion appears "o be the dominant 

process in these areas. 

The spheroidal boulders resting on the crests and flanks 

of the domed inselbergs are not corescones . That is, they are 

not the products cf subsurface disintegration. They are the 

remnants of curved sheens, rhac have been reduced and rounded 

by surface processes. The only corescones found in the 

Catalina granite were exposed in the spillway of Golder Dam 

and are thought to be the result of groundwater saturation 

associated with once higher floodplain levels of the Canada 

del Oro. 

Small scale features found on the Catalina granite--

such as tafoni, gnammas, gutters, rock varnish, case-hardened 

surfaces, and spheroidal boulders--do .ict: indicate that 

subsurface weathering has been a significann process. Of 

these, only tafoni could have been produced by grcundwacer, 

and the occurance is too limited to be of interpretive value. 

The other features are clearly formed by subaerial processes. 

Their presence here indicates chat -he granite outcrops on 

which they cccur have been exposed to zhe atmosphere for some 

long but indeterminate period of time. Evidence that this 

period of exposure was preceded by a period(s) of subsurface 

weathering was not found. 
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Evidence for che structural control of landforms on the 

Catalina granite is abundant. It is clear from mapping and 

aerial photo analysis that raajcr rhombodal joint sets bound 

the initial compartments that eventually develop into domed 

inselbergs. The margins of the compartments are highly 

fractured by a dense net of smaller joints and erode into 

topographically low areas between the domes. Outline of the 

domes is a function of structure. 

Artificial cuts reveal that the dome interiors have a 

massive sheetstructure truncated by large-scale vertical 

joints that are kilometers in length. Stream cuts exposing 

the gently inclined sheeting of platforms indicate that they 

are the crests of domed inselbergs in the early stages of 

formation. 

The morphology of the domes is also structurally 

controlled. Their slopes conform to the sheet structure 

caused by the development of curvilinear joints. These joints 

and the sheets they separate are discontinuous in platforms 

and incipient domes. As these small landforms expand to form 

domes, the curved joints and sheets extend due to the release 

of internal stress within the rock mass. The angle of the 

outer sheet controls the slope angle of the inselberg. 

The topographical locations of the domed inselbergs of 

the Catalina granite also argue against any significant role 

for groundwater weathering in the evolution of these 
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landforms. They are found cn the beveled pediment surfaces, 

the crests of drainage divides, and cn the side-slopes of 

canyons. The latter locations cculd not have been subjected 

to deep subsurface weathering. 

As the outer sheets become more fractured they break, into 

joint blocks. These, in turn, are rounded by surfaces process 

to boulders that slide or role down the slopes of the dome. As 

pointed out by Selby .1982a), the -exfoliation and joint block 

destruction of thin sheets has little effect on dome form; the 

loss of thick sheets can greatly reduce height and slope 

angle. 

The growth and destruction of the domed inselbergs on the 

pediment.s of the Caralina granite is a continuous process, 

involving the release of compressive forces and the 

development and reduction cf sheeting. This process is a 

function cf structure and is virtually independent of any 

subsurface weathering that may have occurred. 

4.3 The Lcuidscape of the Wilderness Suite Granite 

Field evidence indicates that the landscape developed on 

the Wilderness Suite granite is appropriate to its lithology, 

sturcture and surface relief, and that the influence of 

subsurface weathering has been minimal. 

The Wilderness Suite granite is dominated by widely 

spaced vertical joints. Weathering and erosion has widened 



and deepened chese joinns, leaving che rr.assive granica in 

between standing as towering pinnacles. These joint sets do 

not divide the granite into the highly stressed rhomboidal 

compartT.ents that is so typical of the Catalina granice. As 

a result, curvilinear joints are not common. 

In addition, most secondary vertical joints are filled by 

several generations of dikelets, welding the bedrock into a 

highly resistant unit that offers few avenues fcr penetration 

by weathering and erosion. Horizontal joints are widely 

spaced, closed, of secondary importance and exert little 

influence on the developm>ent of landforms. 

The gneissic nature of the Wilderness Suite granite 

reduces the effectiveness of weathering processes that are 

dominant in granite landscapes. Unloading is not common 

because curvilinear joint sets are not well developed. The 

segregation of -inerals into bands net only increases the 

overall strength of the bedrock, but results in pronounced 

differential weathering and erosion based on hardness of the 

mineral in each band. Because of the strong mineral 

orientation of the rock, exfoliation and granular 

disintegration are not as effective as in the Catalina and 

Oracle granites. 

The landscape of the Wilderness Suite granite reflects 

the resistance of the bedrock to weathering and erosion as 

well as the control exerted by joint sets on landf orm 
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development:. The role zz hardness is illuseraced by the 

narrowness of the wilderness Suite pediTients, which is only 

.25 to l.C kilometers. Those cut into the Catalina and Oracle 

granites exceed 4 and 3 kilometers respectively. The lack of 

a dense network cf open, secondary vertical joints has 

precluded the formation of bouldered inselbergs on the 

Wilderness Suite granite. The lack of stressed rhomboidal 

compartments and their asscciaced curvilinear joints accounts 

for the absence cf domed inselbergs on this granite. Because 

of these structural factors the resulting landscape is 

dominated by three sloping pediments that contain almost none 

of the characteristic landforms found cn ether granite 

surfaces. 

Many of the small scale features usually associated with 

granite landscapes are also not widespread on the pediments of 

the Wilderness Suice granite. No corestones, tafcni. A-tent 

structures, flared slopes or platforms were obser^^ed. Gutters 

and gnammas are few and, as on the Oracle and Catalina 

granites, appear to be the products of subaerial processes. 

Grus occurs in ver^- thin, discontinuous patches, and provides 

no information about the importance of subsurface weathering 

in shaping this landscape. 

No distinct weathering front could be found. Weathering 

is greatly influenced by banding in the gneissic zones of the 

granite, as noted earlier by McCullough (1963) and confirmed 



by field cbservacion. Biocite-rich zones are most heavily-

weathered; feldspar-rich bands are the most resistant and form 

the more elevated expanses of the pediment surfaces. 

Case-hardened outcrops are ubiquitous on these pediments. 

As on the Oracle and Catalina granites, case-hardening here 

appears to be a subaerial weathering process because it is not 

found on rock faces rock surfaces recently exposed by erosion. 

Rock varnish is also common on the pediments. This 

mineral rind is also interpreted as a product of surface 

weathering because it was not observed on recently exposed 

rock faces. The varnish appears to be darkest on the higher, 

older pediment surfaces . 

4.4 General Conclusions 

From the field evidence presented above it is clear that 

the climatic control model for the genesis of granite 

landscapes is not valid for the area examined in this study. 

None of the features attributed to deep weathering under 

a tropical climate by climatic geomorphologists were found. 

Natural and artificial cuts did not exhibit weathering fronts 

with basin and domal profiles. Stream channels and joint 

planes in the study area are not deeply weathered. Neither 

residual clays and silts (saprolite), nor laterite remnants 

were found on the domes of inselbergs. Spheroidal boulders 

found on the crests and flanks of domed inselbergs are not 
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corestones due to subsurface weathering, but are the products 

of subaerial weathering. Easins, gutters, flutings and other 

small scale features, interpreted as "relief markers" by many 

climatic geomorphologists, appear to be the products of 

subaerial rather than subsurface weathering. 

The structural concrol model, thaz geologic structure 

determines the characteristic forms of granite landscapes, 

appears to be valid for che study area. The landscapes thac 

have developed on the pediments of the Oracle, Catalina, and 

Wilderness Suite granites are the products of surface 

weathering and fluvial erosion, guided by structure and 

lithology. Field observations indicate that jointing is the 

principal structural control. The boulder inselbergs of the 

Oracle granite have formed where che bedrock is broken into 

rectangular blocks by a relatively dense network of vertical 

and horizonnal secondary joints. These blocks are then 

rounded by surface processes into che boulders that make up 

the inselbergs. 

The domed inselbergs of the Catalina granite developed 

from rhomboidal compartments of granite bounded by vertical 

joints. The curvilinear joints that dominate each compartment 

are perhaps caused by internal stress. This combination of 

curvilinear joints terminated by vertical joints results in 

the high-angle sheeting that controls the shape of che domed 

inselbergs and platforms thac, make up this landscape. 



158 

The pedimenrs cf the -Wilderness Suite granite have not 

developed eicher che boulder inselbergs of the Oracle granite 

nor the domed inselbergs and platforms that are so typical cf 

the Canalina granice. The Wilderness Suite granite is 

dominated by primary joints that are widely spaced and 

vertical. At higher elevations, weathering and erosion has 

widened these joints to form the ticwering pinnacles that are 

best developed in Catalina State ParK. Secondary joints, 

however, are filled with dikes --making this granite very 

resistant to weathering and erosion. As a result, che 

pediments here are sloping shelves that contain none of the 

major landforms and few of che minor features found on the 

pediments of the other two granites. 

Lithology also seems to be a factor in the development of 

landscapes on the Oracle and Wilderness Suite granites. The 

weakening of the mineral fabric of the Oracle pluton during 

metasomatism and its cataclastic emplacement may have 

preconditicned the granite so that subsequent subsurface 

weathering could penetrate along crystal boundaries and 

joints. This, in turn, assisted in the development of a 

distinctive weathering front and corestones. The greater 

hardness and banded nature cf gneissic zones within the 

Wilderness Suite granite seems to have made the bedrock more 

resistant to exfoliation and granular disintegration, 

precluding the development of many of the small-scale features 
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that are so common in the Oracle and Wilderness Suite 

granices. 

Field obsesrvation and laboraeory analysis did not produce 

evidence of significant subsurface weathering. Although such 

weathering certainly operates in conjunction with surface 

processes, as it did in the past, no v/idespread features 

attributable soley to chemical and physical disintegration 

within the regolith were found. These features may cnce have 

existed, but have since been removed by erosion. Therefore, 

it is concluded that subsurface weathering is of only 

secondary importance in shaping the granite landforms found 

along the western and northern margins of the Santa Catalina 

Mountains. 

If these findings do accurately describe the processes 

that have shaped the granite landscapes of the study area, 

they cannot automatically be transfered to similar landscapes 

in other arid or semi-arid climates. The evolution cf each 

granite landscape is influenced by many factors; rock 

texture, grain size, mineralogy, tectonic history, structure, 

and climatic history. It is probable that certain 

combinations of these factors produce specific types of 

granite landforms. It also probable that in many locations 

granite landforms have developed under climatic conditions 

different from those of today. 
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The concepc of convergence or equifinality--chat 

different processes working on for:ns of different origin can 

produce similar results (Ehlen, 1990)--may be of greater value 

in understanding the origin of granitic landforns than the 

comprehensive explanatory models offered by geomorphologists 

who argue for simple climatic or structural/lithological 

controls. To understand the origin of any landscape it is 

necessary to evaluate all of the variables than can contribute 

to the development of its landforms. A comprehensive 

evaluation of all variables is of greater value than seeking 

a single theory that will serve in all areas. 
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