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Introduction (by Jon Spencer, Arizona Geological Survey) 

K-Ar data files from the Laboratory oflsotope Geochemistry at the Department of 
Geosciences, University of Arizona, were transferred to the Arizona Geological Survey in about 
2003. This report, originally part of a proposal to the National Science Foundation, was found in 
those files following Professor Damon's death in 2005. It is being made available because it 
contains valuable and interesting information regarding the timing of movement on the Catalina 
detachment fault and uplift and exhumation of the Rincon Mountains. 

Sample locations are known only as well as can be approximated from the map figure in 
the text and from location information given for two of the samples by Damon et al. (1996). 
Additional mapping of the area by Richard et al. (2004) allows restriction of possible sample 
locations to the well-mapped fault zone. The types of rock in the hanging-wall of the fault at the 
sample areas are specified in the text of this report, but these do not match well with the rock 
types mapped by Richard et al. (2004). Handwritten UTM sample coordinates in this report are 
only estimated positions from information in this report, from Damon et al. (1996), and from 
Richard et al. (2004). 

Damon, P.E., Shafiqullah, M., Harris, R.C., and Spencer, J.E., 1996, Compilation of unpublished K-Ar 
dates from the University of Arizona Laboratory ofIsotope Geochemistry, 1971-1991, (updated 
April, 1997): Arizona Geological Survey Open-File Report 96-18,56 p. 

Richard, S.M., Spencer, J.E., Youberg, A., and Ferguson, C.A., 2004, Geologic map of the northern part 
ofthe Vail 7 W Quadrangle and adjacent areas up to the edge of Saguaro National Park, Pima 
County, Arizona: Arizona Geological Survey Digital Geologic Map 44 (DGM-44), scale 1:24,000. 

Related reports 

Shafiqullah, M., Pierce, H.W., and Damon, P.E., 1988, Illite K-Ar dating and the Catalina detachment 
fault: Geological Society of America, Abstracts with Programs, v. 20, no. 7, p. A230-A231. 

Shafiqullah, M., Davis, G.H., Damon, P.E., Glasmann, J.R., and Derner, LJ., 1989, Exploring application 
ofK-Ar isotopic analyses to fault gouges; is age of faulting disclosed?: Proceeding of AAPG-SEPM­
SEG-SPWLA Pacific Section annual meeting: American Association of Petroleum Geologists 
Bulletin, v. 73, n. 4, p. 551. 

Shafiqullah, M., and Damon, P.E., 1990, Fault chronology; a K-Ar technique, in Cuffney, B., ed., 
Geology and ore deposits of the Great Basin: Geological Society of Nevada, Program with Abstracts, 
p. 111. 

Shafiqullah, M., and Damon, P.E., 1991, Fault gouge clay dates; how meaningful are they?: Clay 
Minerals Society, Program and Abstracts, Annual Clay Minerals Conference (Clay Minerals Society, 
28th annual meeting. Houston, TX, Oct. 5-10, 1991), v. 28, p. 139. 
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Preliminary work on submicron illitic clays, from thin gouge zones (Figure 1) exposed 
locally along the Catalina fault, yielded concordant K-Ar dates of approximately 21 Ma. The ages 
are consistent with known geologic constraints. 

Three gouge and one ultracataclasite sample were sampled. The gouge samples were 
collected along parts of the fault zone separating a mylonitized granitic footwall from a variety of 
hanging-wall upper-plate rocks: Lower Cretaceous Bisbee Group sedimentary rocks at site 1; 
Permian limestones at site 2; and Proterozoic Rincon Valley granite at site 3. Ultracataclasite 
collected at site 4 was derived from mylonitized lower plate Precambrian granite. Although K and 
Ar contents vary considerably, the calculated K-Ar dates are concordant at about 21.1 ± 0.4 Ma 
(Table 1) and suggests that the extraneous component, if any, is negligible (Shafiqullah et aI., 
1988, 1989, 1990). 

Table 1. 

K-Ar data on samples from the Catalina Fault lower plate rocks are Precambrian; upper plate rocks 
are different at samples sites. Radiogenic argon in pico moles. 

Site %K Ar Rad. % Atrnos Date ± , (5:" 

1. Clay, below upper plate 3.063 112.0 14.6 21.0 0.5 
Mesozoic clastic 3.049 110.2 12.8 
sediments I,(A~A 3.048 113.3 13.5 

2. Clay, below upper plate 3.956 145.1 15.1 21.0 0.5 
Paleozoic limestone 3.922 144.7 20.1 

4.020 144.5 19.9 
3.926 144.5 19.8 

3), ~\\:) ,.. SS',"oo 
3. Clay, between upper and 5.040 184.2 18.0 20.9 0.4 

lower plate crystalline 5.021 184.1 25.8 
rocks 5.061 182.8 26.3 
'5 3S5'770 

4. Ultracataclasite above 2.873 105.9 5.6 21.4 0.5 
lower plate crystalline 2.837 108.17 5.0 
rocks 2.871 107.4 5.2 

2.943 107.7 5.1 

Gouge clays 

Analyses employing XRD and TEM reveal that the clays consist mainly of illite and 
chlorite, with well defined crystal habits, along with minor calcite, quartz and feldspar (Figure 3). 
The composition of the gouge clays reflects the chemistry and P-T conditions. The illite-chlorite 
assemblage noted in the clays analyzed was interpreted to have formed authigenically from fluids in 
the temperature range of 180° to 230°C (Shafiqullah et al., 1989, 1990). 

These fault-gouges were derived from Precambrian, Paleozoic, and/or Mesozoic protoliths. 
The 21 Ma age may represent a minimum age of faulting, provided the time needed to transform 
finely powdered rocks to clays. However, the steep temperature gradient precludes an illite age 



Figure 1. Geologic map of the Tanque Verde Ridge area within the Catalina-
Rincon Core Complex, southeast of Tucson, after Dickinson, 1988. Dated samples 
are marked. The 21.4 Ma ultracataclasite sample is from the tip of Tanque Verde 
Ridge. The clayey gouge samples are from along the Catalina Fault south of the 
Ridge. The Precambrian dates are from Marvin and Cole, 1978. Other Tertiary 
dates are unpublished data from this Laboratory. 
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related to the Santa Catalina-Tortolita-Rincon Metamorphic Core Complex assemblages: 9 
hornblende, 43 biotite, 21 muscovite, 3 plagioclase, 3 whole rock, 2 K-feldspar, 1 garnet and 1 
sericite. In addition, there were 10 U-isotopic lead dates on zircon and 2 on monazite. Fission 
track dates included 10 on apatite, 5 on zircon, and 4 on sphene. In addition, 10 Rb-Sr whole rock 
isochrons were available with several Rb-Sr mineral dates. 

From these data, we have constituted the following latest Cretaceous through early Miocene 
thermal history of the complex. In the Summerhaven area, around 9000 feet elevation, the 
Leatherwood Quartz Diorite intruded at about 850°C and 73 Ma ago. It cooled at a decreasing rate 
ranging from 40°C per Ma to around 20°C/Ma when it was intruded by the Wilderness Suite two­
mica granite between 570°C and 660°C. The intruded complex cooled to about 450°C at about 48 
Ma and continued to cool until the Catalina Granite thermal event again raised its temperature at 
Summerhaven to about 310°C. 

Deeper in the complex, at the level of the present detachment fault, about 3000 feet eleva­
tion, the temperature fell from 450°C at 24 Ma to 26 Ma to 110°C at about 20 Ma (Figure 2). This 
represents a high cooling rate of 55°C to 85°C per Ma. The very high cooling rate enables us to 
restrain the formation of gouge and the illite-chlorite mineral assemblage to the time between 22 Ma 
and 21 Ma. 

A low-angle detachment or decollement fault of extensional origin separates two plates with 
contrasting styles - the lower plate of mylonitic gneiss and an upper plate of unmetamorphosed 
brittlely deformed rocks (Davis, 1980, 1983; De Tullio, 1983). The late Precambrian through 
Tertiary rocks of the upper plate are extensively faulted, brittlely distended and rotated within tilted 
fault blocks that have a sense of motion consistent with that of the detachment fault. These rocks 
have not been affected by mylonitic deformation and metamorphism, as has the lower plate. 

Lower plate rocks consist of Proterozoic to Tertiary plutonic and metasedimentary rocks 
that are fairly unfaulted, except in the zone of chlorite breccia and microbreccia at high structural 
levels directly beneath the detachment fault. These rocks contain mylonitic foliation and lineation 
that varies from concordant to discordant, from the chloritic breccia zone to the overlying 
detachment fault, respectively. A Tertiary thermal and/or uplift event in the Catalinas is reflected 
by widespread resetting of K-Ar ages. This thermal event is coeval with mid-Tertiary plutonism 
and final uplift of the Catalinas. 

The chloritic breccia zone associated with the Catalina detachment fault ranges in thickness 
up to 300 m and commonly contains 4 rock types (Reynolds et aI., 1988). The mineralogic 
changes during the chlorite breccia formation are essentially retrograde metamorphic reactions 
involving hydration. 

1. Fine-grained lineated mylonitic rocks within the chloritic breccia zone represent early ductile 
deformation. ' 

2. Chlorite breccia, most common, is highly fractured and brecciated with chlorite-epidote­
hematite alteration. 

3. Just below the detachment fault, i.e., at highest structural levels, the chloritic breccia is capped 
by resistant microbreccia or cataclasite, a very fine-grained, flinty rock composed of micro­
scopic angular fragments. 

4. Pseudotachylite or friction melt occur in injection veins adjacent to the fault. 
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Figure 2. If we ignore the two discordant hornblende dates that may be due to alteration, there are two limiting interpretations of the 
cooling history following the intrusion of the Quartz Monzonite of Samaniego Ridge (Catalina Granite): cooling through the K-Ar date 
on gouge illite or cooling to 110°C followed by a little less than 100°C increase in temperature as a result of heat generated by faulting 
affecting the fault wallrocks. The frictional heating hypothesis is preferred. Circles are data for Samaniego Ridge quartz monzonite; 
squares are for the Fore Range gneiss; triangle is for the fault rock gouge. Data from Creasey et aI., 1977; Keith et al., 1980; and 
unpublished data from this Laboratory. 
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Figure 3. TEM micrograph of submicron clay showing crystallinity. Illite-chlorite (Mg-rich) assemblage is indicative of clay 
fonnation at 180-230°C from Mg-rich solutions. 



greater than 22 Ma. The apatite fission track date average 20.0 ± 0.8 (0") Ma. Hence, cooling of 
the Catalina Core Complex through the 100°C isotherm appears to correlate with a major uplift of 
the Catalina core complex that produced brittle deformation along the Catalina detachment fault. 

U ltracatac lasite 

The ultracataclasite or pseudotachylite sample was collected from an injection vein within 
footwall rocks directly beneath the low angle Catalina detachment fault. At the Catalina fault, the 
ultracatac1asite appeared similar to fine-grained basalt or glassy rock, with conchoidal fracture 
patterns, in hand specimen. We interpreted it as having been formed by extreme comminution of 
mylonitic gneiss derived originally from Proterozoic granite in a dry, high-stress environment or 
from a near-melt at depth to develop microcrystallinity. There is ample evidence of chlorite-rich 
groundmass from devitrification of glass. 

The ultracataclasite or pseudotachylite (Wenk, 1978; Magloughlin, 1989) is black and 
chert-like in appearance and has intrusive contacts with sharp interfingering and cross cutting rela­
tionships. It has about 80-95% matrix, 0.5 to 5 micron in grain size, an aphanitic luster, con­
choidal fracture and the included cataclasite fragments are angular to subrounded. Chlorite is the 
dominant alteration mineral and disseminated throughout the matrix. Optically, the mineralogy is 
unidentifiable. X-Ray diffraction and TEM micrographs reveal that it consists of quartz, feldspar, 
chlorite and sericite. The most abundant inclusion in the ultracataclasite is quartz, angular to 
rounded, and is strained with deformational bands. Common cataclasite inclusions suggest a 
genetic link. 

Mylonitization in the Catalinas took place under middle greenschist to lower amphibolite 
facies conditions, at temperatures 550°C at deeper crustal levels to less than 400°C at shallower 
levels and pressures of 5±1 kb (Anderson, 1988; Reynolds et a1., 1988). Gapais (1989) notes a 
sharp drop in bulk strength within wet granites around 500°C that corresponds to the brittle-ductile 
transition within feldspar, the principal mineral constituent. Thus, cataclasite might have provided 
the weakened zone as well as the water-rich reactive material for near total melting to occur to form 
the ultracataclasite (pseudotachylite) sampled. Absence of vesicles (Maddock et al., 1987) and the 
presence of microcrystalline materials are also suggestive of its formation at intermediate crustal 
level P-T conditions. 

The slightly older date on the ultracatac1asite/pseudotachylite in the pilot study could be 
interpreted to imply, as a first order approximation, that this fault rock formed prior to the gouge. 
Such a scenario might be expected if the former formed deeper in the crust and then was 
transported to shallower depths. If so, with reference to the thermal history, the ultracataclasite 
formed at only about 20°C above the formation temperature of the illite-chlorite assemblage (190°C) 
and a slightly greater depth, about 0.25 km deeper. The beginning of faulting would then be 
slightly constrained at about 21.4 Ma. Such refinement is only made possible by the fast rate of 
cooling (82°C/Ma). 

iii. Summary 

We conclude from our pilot study that the technique of dating the termination of fault­
movement through K-Ar age analysis of fault-gouge minerals is very promising. Submicron «0.1 

J.lm) illitic gouge clay and ultracataclasite or pseudotachylite from the Catalina detachment yielded 
ages of 21 Ma that apparently reflect the age of clay formation associated with hydrothermal fluid 
circulation during and following fault-movement. The 21 Ma age is not affected by the radically 
older age of fault-bounding rocks (Precambrian to Mesozoic upper plate and Precambrian lower 



plate), indicating that the prepared fault-gouge sample had not inherited radiogenic argon from the 
pulverized wall rock. 

Characterization of Catalina fault-gouge samples using TEM, SEM, and XRD yields 
information concerning the P-T and chemical environment of gouge formation. For example, the 
illite-chlorite assemblage of the clay gouge from the Santa Catalina detachment fault indicates a 
temperature of formation between 180°-230°C from magnesium-rich solutions. Coupling this 
information with the thermal history as obtained by numerous dates by various dating methods 
narrowly restricts the time of major fault movement between 21.5 Ma and 21 Ma. 

II. Analytical Technique 

a. Submicron clay separation 

Clay minerals were disaggregated by mild ultrasonic treatment. Carbonate was removed by 
dilute acid leaching. A floor model high speed centrifuge was used in order to separate the submi­
cron «0.1 micron) clay fraction. The final separates were Mg-saturated to minimize interference 
of exchangeable K and then rinsed with absolute methanol until free of chloride ions. 

b. K-analysis 

Potassium is analyzed on a Perkin-Elmer model 403 atomic absorption spectrophotometer. 
Three splits of each sample are taken in solution with HF, buffered with NaCI, and brought to a 
standard volume. A rock standard is run concurrently with each sample to monitor precision. 
Analyses are repeated if the spread between extreme measured values exceed 1.5% and/or the 
measured potassium content of the standard differs by more than 2% from the accepted value. 

c. Ar-analysis 

Samples for argon analyses are fused in induction-heated molybdenum crucibles suspended 
in 90 mm air cooled pyrex fusion envelopes, which have first been evacuated and baked overnight 
at 200°C. The gas resulting from each fusion, after purification, is divided into two or more 
aliquots for analyses by static mode using either Nier type or MS-10 gas source mass 
spectrometer. A dedicated microcomputer is used to focus each ion beam on a Faraday cup 
collector and then measure and store the voltages generated. Measurements are time regressed to 
the time gas is introduced, using linear, quadratic and cubic least squares regression routines, and 
also on mass intensity ratios. If analyses in different aliquots do not fall within statistical limits, 
additional fusions and analyses are performed until satisfactory results are obtained. The coeffi­
cients for quadratic and cubic fits usually approach zero and reduce to the linear equations. How­
ever, they are useful as a check on variance. 

d. SEM-TEM analyses 

Carefully prepared pseudotachylite, microbreccia, and chloritic breccia samples can also be 
used in dating fault events. However, the presence of contaminants, such as xenocrysts and par­
tially assimilated parent rock, tend to give hybrid ages. The use of electron microscopy makes it 
possible to characterize the samples under investigation and differentiate some of the contaminants 
from the desired components. For example, xenocrysts with complex histories are commonly 
zoned, and display intergrowths of minerals belonging to several generations. 

We have been using a relatively simple system of sample preparation, which entails 
grinding to less than 0.1 micron size for TEM work. Since ion milling or thinning accentuates the 
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contrast between regions of intra-crystalline materials, and is commonly used in TEM work, we 
intend to use the technique in characterizing the samples. SEM samples, on the other hand, need to 
be polished prior to analyses, and will be supplemented with an energy dispersive X-ray analyses 
and mapping. Both TEM and SEM facilities are available at the University of Arizona. In 
addition, resources at the NSF-supported Regional Facility of High Resolution Electron 
Microscopy Center at Arizona State University are available for collaborative work to supplement 
the work on our campus. Dr. J.R. Glasmann, clay mineralogist, UNOCAL, will collaborate with 
us in this phase of study. 

e. Thermochronology 

The 40 Arj39 Ar method is not effective for dating submicron size minerals because of the 
loss of 39 Ar by recoil. However, it would be very useful in studying the thermal history of wall­
rocks adjacent to the faults under study. For thermochronologic studies, a state-of-the-art low 
blank VG-S400 mass spectrometer for noble gas analysis is available. 

III. Quality Control 

Quality control is critical in any research and we use the following procedures. With 
experience in this phase of investigation, additional controls may appear useful and would be 
implemented, in concert, for optimal results. This section supplements our work plan. 

a. Sampling 

Sampling is a critical step in a study of this type. It is essential to know exactly what is 
being "collected" and how to isolate the contaminants from the material of interest. In selecting 
sample sites for this study, it is best to have good stratigraphic and structural controls so that the 
limitations of the technique can be evaluated properly. 

b. Contaminants in fault gouge clays 

Although coarse mineralogic contaminants can be removed during sample preparation, it is 
extremely important and also difficult to avoid contamination with extraneous clayey material. The 
rationale for separating the <0.1 micron fraction is to maximize authigenic illite, and to minimize 
the detrital illitic contaminants, as far as possible. 

The authigenic clay is normally very fine grained «0.1 micron), with short stacking order, 
while detrital clays are of micron or larger size. Since the proportion of authigenic illite increases 
with decreasing grain size, submicron clays «0.1 micron size, 10-30 AO thickness) appear to yield 
consistent K-Ar dates; however, if the detrital and authigenic illite components are of similar size, 
or detrital core with illitic overgrowth is present, the detrital component tends to contribute toward 
older dates (Aronson and Hower, 1976). In such a case, the proportion and contribution of the 
detrital component would have to be quantified. It might be necessary to separate less than O.OS 
micron grain size. 

The ideal case would be to date illitic clays with the sure knowledge that the illite was pro­
duced during or immediately after faulting. Illite has considerable K-content (10 to 12 percent), 
compared to usually less than 0.1 percent in other clays, such as smectite, kaolinite, and chlorite. 
The difference of two orders of magnitude in K permits the dating of mixed layer illite-smectite or 
illite-chlorite. In samples with more than 2.S percent K, the effect of smectite contaminants is 
minimal. 



There is always a nagging possibility that the submicron illite samples dated may contain a 
minor detrital component (e.g. mica, feldspar and recycled illite); if so, the calculated dates may be 
a maximum. The dates, in theory, will progressively approach the time of faulting as the propor­
tion of extraneous detrital component becomes smaller and smaller. If a detrital component is 
present, a correction may be estimated based on a knowledge of the level of contamination. Preci­
sion of K-Ar data on multiple samples and/or grain sizes with different mineralogic composition is 
a fairly good test on the level of contamination. XRD, TEM, SEM and/or chemical data are always 
useful in supplementing the inferences drawn. 

Sedimentary wallrocks may contain submicron illite formed during diagenesis. Where this 
is suspected, it will be necessary to investigate illite assemblages from the wallrock as well as the 
fault gouge. 

We have not explored the effect of chlorite in dating gouge samples because chlorite is 
usually potassium-poor and acts as an inert component in K-Ar systematics. However, in some 
hydrothermal environments chlorite may have scavenged environmental argon to give anomalous 
ages. We intend to separate out chlorite in refining the technique. 

Another potential problem for valuation is the effect of dilute acid washes on submicron 
clays. mite is usually considered resistant to weak acid and occurs as a secondary mineral in many 
mineral deposits that formed under acidic conditions. 

c. Contaminants in non-gouge fault rocks 

Pseudotachylite, ultracataclasite, and micro breccia require special attention in the use of 
standard magnetic and heavy liquid separation techniques from 100-150 micron size fractions. 
Volume increase associated with friction melting results in fairly uniform properties, such as lighter 
density and lower magnetic susceptibility than the host rocks. Our unpublished data on glassy 
pseudotachylite from the Salton Sea area showed that the relatively denser glassy fraction with or 
without microlites is useful for K -Ar dating since it is least altered, and it lost the inherited 
argon-40 component before quenching and solidification. 

The cataclasite and microbreccia are finely comminuted at a sub micron scale and have a 
relatively wider range in their density and magnetic susceptibility, in comparison to the pseudo­
tachylites. They mayor may not contain inherited radiogenic argon. After separating the sample 
with respect to density and magnetic susceptibility, the median fraction appears to yield dates 
within analytical limits. Although our limited studies with microbreccia and chlorite breccia from 
other areas (Shafiqullah and Damon, 1990) gave geologically reasonable dates, the presence of 
inherited radiogenic argon-40, if any, needs to be quantified. 

We intend to investigate both K-rich and K-poor coexisting minerals and different size 
fractions. 
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