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Mr. Joseph J. Holonich, Director
Repository Licensing & Quality Assurance
Project Directorate
Division of High~-Level Waste Management
Office of Nuclear Material Safety
and Safeguards
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

References: Ltr, Loux to Bartlett, dtd 6/16/92
Dear Mr. Holonich:

Enclosed are those references from the U.S. Department of
Energy’s topical report, "Evaluation of the Potentially Adverse
Condition of Extreme Erosion During the Quaternary Period at
Yucca Mountain, Nevada," for which copyright clearances have been
acquired. A follow-up transmittal will send a small package of
references for which copyright clearances are still in process.
These references provide the data that the Yucca Mountain Site
Characterization Project Office (YMPO) used to develop the
report. The data packages used by project scientists to develop
the technical basis for the report are identified in the YMPO
Technical Data Catalog (TDC). The December 1992 TDC, which will
be transmitted under separate cover, lists the data packages
submitted as of that date. The packages supporting the erosion
topical report were still being entered into YMPO’s technical
data management system.

The March 1993 edition of the TDC will contain a complete
itemization of the data packages that are available from erosion
studies. If the U.S. Nuclear Regqulatory Commission (NRC) wants
to acquire any data packages, we ask that the NRC use the same
process as the project participants. The NRC should identify the
data packages that they want in the catalog and request them
through the YMPO Technical Data Manager, whereupon a separate
transmittal will be arranged.

The technical assessment and supporting documentation that was
conducted to qualify erosion data will be transmitted under
separate cover. .

Per the request for the erosion data from the State of Nevada
(reference), YMPO is transmitting this package of references _
separately to the State of Nevada under specific cover from YMPO. !
Any affected counties that would like to receive copies of these J
references should request them through Thomas Bjerstedt at (702) :
794-7590. Data packages should be requested in writing through
Ardyth M. Simmons, Technical Data Manager, at (702) 794-7998. fi'gy
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If you have any questions in general, please contact Chris
Einberg of my office at (202) 586-8869.

Sincerely,

T3S,
Dwight E. Shelor

Associate Director for
Systems and Compliance
office of civilian Radioactive
Waste Management
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Accuracy of rock-varnish chemical analyses: Implications for

cation-ratio dating

Paul R. Bierman, Alan R. Gillespie

Department of Geological Sciences, University of Washington

ABSTRACT

Seattle, Washington 98195

To compare methods of rock-varnish chemical analysis and cation-ratio determination,
we prepared three glass standards, synthetic analogues of rock varmish. Analysis of these
standards demonstrates that material of varnishlike composition can be accurately and pre-
cisely analyzed by means of quantitative, energy-dispersive electron microscopy (SEM-EDS).
However, a blind interlaboratory comparison and reexamination of published data show that
most published cation ratios of varnish are probably inaccurate because the technique used
most frequently to determine rock-varnish composition, proton-induced X-ray emission
(PIXE), did not accurately measure the concentration of Ti in the presence of Ba, a ubiquitous
component of rock varnish. This inaccuracy suggests that the premise of cation-ratio dating
and dates generated by this method should be reevaiuated.

INTRODUCTION

Rock-vamish cation-ratio dating of geomor-
phic surfaces was first proposed nine years ago
(Dorn and Oberlander, 1981) and is based on
the premise that in rock varnish, the ratio (Ca +
K)/Ti decreases with exposure age. Numerical
ages have been generated by using calibration
curves constructed from cation-ratio determina-
tions made on independently dated surfaces.

The method has been used, almost exclusively
by R. L. Dorn and co-workers, to date a variety
of Pleistocene and Holocene arid-region surfaces
including lava flows, shorelines, alluvial fans,
glacial moraines, artifacts. petroglyphs, and col-
luvial deposits (Dorn, 1983. 1989a. 1989b;
Dorn and Oberlander, 1981; Do et al., 1986,
1987. 1990; Nobbs and Dorn, 1988). Results of
rock-varnish cation-ratio dating have been used
to revise the Sierra Nevada glacial chronology
(Dorn et al., 1990), to challenge accepted petro-
glyph chronologies (Nobbs and Dorn, 1988)
and to characterize seismic and volcanic hazards
near the proposed Yucca Mountain high-level
waste repository (Dorn. 1989a). Harrington and
Whitney (1987), Pineda et al. (1988), Dethier et
al. {1988), and Liu and Zhang (1990) have ob-
served temporal changes in what were presumed
10 be three-element rock-varnish cation ratios.
Of these other workers, only Dethier and Har-
rington have used cation ratios to date geomor-
phic surfaces.

Most published cation ratios (those of R. 1.
Dorn and co-workers) have been determined by
proton-induced X-ray emission at the University
of California, Davis (PIXE UCD). Cation ratios

have also been determined by electron micros-
copy using energy-dispersive (SEM-EDS, aiso
referred to as SEM-EDAX) and wavelength-
dispersive spectrometers (SEM-WDS) (Harring-
ton and Whitney, 1987; Dethier et al., 1988;
Dragovich, 1988; Do, 1989a, 1989; Dom et
al., 1990). Dorn (1989b) and Dorn et al. (1990)
determined ratios by inductively coupled argon-
plasma spectroscopy (ICP). Domn (1983) de-
termined ratios by using X-ray fluorescence
(XRF-unspecified detector).

Meaningful cation-ratio dates will be gener-
ated only if the three-element ratio (Ca + KY/Ti
is accurately determined. However, the accuracy
of methods used to determine this ratio has
never been demonstrated by analysis of stand-
ards of varnishlike composition. Of particular
concern is the accurate measurement of Ti be-
cause (1) if Ba is also present, the concentration
of Ti is difficult to measure by energy-dispersive
(EDS) X-ray fluorescence (XRF) techniques
such as SEM-EDS, XRF-EDS, and PIXE (Fig.
1; Cahill, 1975; Harrington et al., 1990; Dorn,
19892, 1989b; Dorn et al., 1990) and (2) pub-
lished analyses of rock varnish, made by meth-
ods known to measure Ba and Ti accurately,
indicate that they are both present in varnish at
concentrations of 5000 to 15000 ppm (Engle
and Sharp, 1958; Bard. 1979; Dragovich, 1988;
Harrington et al, 1990; Do, 1980, 1989b;
Dorn et al., 1990; Raymond et al., 1990). Ba
does not affect Ti measurements made by
neutron-activation analysis (NAA), ICP, SEM-
WDS, and XRF-WDS.

Because we are using SEM-EDS (Bierman et

\

f.—- Ba L (4.465 keV)
!

Al — Ti K (4.508 keV)
i
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Figure 1. Ti K and Ba L peaks overlap in
energy-dispersive X-ray spectra. It Ba peaks
are not deconvolved, apparent Ti K, (4.508
keV) and K, (4.931 keV) peaks shift to lower
energies as they are superimposed upon Ba
L, (4.465 keV) and L4 (4.828 keV) peaks.

al., 1991) to determine varnish chemistry and
because the accuracy of SEM-EDS measure-
ments of Ti has been questioned (Dorn, 1989,
1989b; Dorn et al., 1990), we prepared stand-
ards of specific composition to test the ac-
curacy of our anaiyses. To allow meaningful
comparison of our SEM measurements of var-
nish chemistry with those made by other meth-
ods, we conducted a blind interlaboratory test.
We used synthetic varnish standards because, in
contrast to natural varnish, these standards are
of known composition.

METHODS
Using reagent-grade chemicals, we prepared
three glass analogues of rock varnish spanning

Note: Additional material for this article is Supplementary Data 9108, available on request from the GSA Documents Secretary (see footnote 1).
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the range of Ba/Ti and cation ratios measured in
natural varnish. In a blind test, aliquots of the
glasses were analyzed by XRF-WDS, ICP,
PIXE UCD, and PIXE microprobe (PIXE
MCP). We analyzed other aliquots at the Uni-
versity of Washington (UW) by quantitative
SEM-EDS and SEM-WDS.! Varnish standards

by quantitative, standard-based SEM-EDS agree
with known compositions and are similar to
those determined by most other methods (Table
1, Fig. 2).

However, our interiaboratory comparison
shows that cation ratios and concentrations
measured by PIXE UCD are inaccurate (Table

1, Fig. 2). There are two sources of error in
PIXE UCD cation-ratio determinations, (Ca +
K) and Ti. The error in (Ca + K) is similar for ail
three synthetic varnishes, is not correlated with
Ba content, and averages 16%; in contrast, the

14
are available from Bierman. WOS-XRF L
124 cp Ty
- SEM-WOS ;
bl SEM-ED:!
ANALYTICAL RESULTS AND Figure 2. SEM-EDS cation ratios are accurate i 107 | SEM-EDS (MULTIPLE STANDARDS)
DISCUSSION and comparable to those measured by all = ol PIXE (MCP)
The chemical composition and cation ratios  other methods except PIXE UCD. PIXE UCD 3 PIXE (UCD) .
of synthetic rock-varnish standards determined  efror increases with Ba/Ti ratio, suggesting =~ [-
that Ba, inciuded in Ti abundances, lowers cat-
ion ratio. Uncertainties, calculated according P R
to Bierman et al. (1991), are shown if they ex- - .
1 Detailed Methodology, GSA Supplementary Data  ceed width of symbol. Ratios in same order for 2 . L .
9108, is available on request from Documents Secre-  FV-1 and lfV-3 as for FV-2. CR = cation ratio, oo AN b
tary, GSA, P.O. Box 9140, Boulder, CO 80301. (K + Ca)/Ti. CRad CAa3 CRal2
TABLE 1. COMPOSITION OF SYNTHETIC VAANISH STANDARDS
TECHNIQUE:  MIXTURE XRAF/WDS IcP SEM/WDS SEM/EDS SEM/EDS PIXE/MCP PIXE
LAB: LANL uw uw uw uw LANL ucop
Glass FV-1 (Ba/Ti = 0.5)
Number of analyses: 1 6 12 8 11 3 H
Si0y 49.54 48.38 +/- 0.44  48.64 +/- 0.3  48.39 +/- 0.21 4842 +/- 033 4924 +/- 0.24 NA 25.05 +/- 1.61
Al0 4 22.92 2341 +/- 013 2254 +/- 0.03 2290 +/- 011 2267 +/- 019 2352 +/- 0.12 NA 1812 +/- 1.06
Fe,0, 11.83 11.98 +/~ 0.28 1171 +/- 005 11.46 +/- 011 1207 +/- 015 1185 +/- 01 NA 10.68 +/- 2.09
MnO 712 7.76 +/~ 0.0 7.62 +/- 0.05 7.61 +/- 0.05 8.39 +/- 0.05 7.51 +/- 0.04 NA 7.62 +/- 1.19
MgoO 1.83 1,89 +/- 0.69 1.87 +/- <.01 1.89 +/- 0.01 1.70 +/- 0,03 1.94 +/- 0.05 NA <0,06
Tio, 1.84 1.85 +/- 0.03 1.75 +/~ 0.01 1.74 +/- 0.04 1.3 +/- 0.03 1.81 /- 0.02 213 +/- 0.02 1.81 +/- 011
8a0 0.62 0.54 +/- 0.01 0.54 +/- <.01 0.58 +/- 0.02 0.54 +/- 0.03 0.63 +/- 0.02 0.59 +/- 0.02 <0.02
50 1.99 1.95 +/- 0.02 1.89 +/- 0.04 1.96 +/i- 0.1 2,10 +/- 0.03 1.98 +/- 0.02 246 +/- 0.08 1.60 +/- 0.08
Ca0 2.3 2.38 +/- 0.06 2,40 +/- <.01 235 +/- 0.01 2.45 +/- 0.0% 232 +/- 0.02 272 +/- 0.05 1.87 +/- 0.09
Na,0 0.00 0.10 +/- 0.20 0.18 +/- <.01 NA NA 0.21 +/- 0.03 NA <0.25
TOTAL 100.00 99.90 99.14 98.88 100.00 100.60 62.85
(K+Caymi 3.00 3.00 +/- 0.07 313 +/- 0.03 317 +/- 007 3.00 +/- 0.05 3.05 +/- 0.04 3.12 +/- 0.05 2.33 +/- 0.18
(K+Caymi # (n=1) . 3.18 +/- 0.09 3.00 +/- 0.03 3.05 +/- 004 311 4/~ 0.07 232 +/- 0.08
Glasa FV-2 (Ba/Tl = 0)
Number of anailyses: 1 6 12 8 10 3 5
Siog 50,96 49.64 +/- 0.44 49.58 +/- 0.02 4927 +/- 075 4898 +/- 1.32  50.27 +/- 0.88 NA 27.82 +/- 278
A0 4 22.78 2320 +/- 013  22.60 +/- 0.03 2314 +/- 022 2298 +/- 078 2393 +/- 054 NA 1529 +/- 1.78
Fe,04 11.74 12.03 +/- 028 11.65 +/- 008 1149 +/- 0.15 12.00 +/- 028 1173 +/ 0.21 NA 1331 +/- 2.95
MnO 7.07 7.78 +/- 0.01 7.57 +/- 0.07 7.67 +/- 0.03 8.38 +/- 0.1 7.58 +/~ 0.2 NA 7.45 +/- 1.65
MgO 1.82 1.98 +/- 0.69 1.85 +/~ <.01 1.90 +/- 0.02 1,75 +/- 0.14 1.98 +/- 0.08 NA <0.08
“02 1.37 1.38 +/- 0.03 1.32 +/- 0.01 1.36 +/- 0.04 1.44 +/- 0.03 1.36 +{- 0.02 1.56 +/- 002 1.31 +/~ 0.14
BaO 0.00 <0.01 <0.02 <0.02 <0.02 <0.03 <0.006 <0.02
K,0 1.98 1.90 +/- 0.02 1.86 +/- 005 1.93 +/ 0.03 2,04 +/- 009 192 +/- 0.07 222 +/- 0.03 1.62 +/- 013
CaC 2.30 2.37 +/- 0.08 2.41 +/- 0.02 235 +/- 0.02 2.44 +/- 0.03 2.32 +/~ 0.03 265 +/- 0.09 1.97 +/- 0.19
Na 0 0.00 0.04 +/- 0.20 0.27 +/- 020 NA NA 0.19 +/- 003 NA <0.25
TOTAL 100.00 100.28 99.11 99.11 100.01 101.07 68,77
(K+CayTi 4.00 3.96 +/- 0.10 4.13 +/- 0.08 4.03 +/- 0.12 399 +/- 0.12 4.01 +/- 0.09 4.00 +/- 0.09 1.51 +/- 0.44
(K+Ca)yTi n=1) . 4.02 +/- 0.09 3.98 +/- 0.08 4.01 +/- 0.09 3.99 +/- 007 3.51 +/- 0.14
Glass FV-3 (Ba/Tl = 2)
Number of analyses: 1 6 12 10 8 3 5
S102 st.11 49.83 +/- 0.44 5009 +/- 0.26 4321 +/- 0.61  49.81 +/- 037  S0.95 +/- 024 NA 28.73 +/- 1.98
Al,0 4 22.83 2320 4/~ 0.3 2257 +/- 033 2278 +/- 0.1 2260 +/- 015  23.56 +/- 0.08 NA 15.84 +/- 1.15
Feo 04 11.78 11.95 +/- 028  11.73 +/- 004 1147 +/- 011 1205 +/- 018 1173 +/- 0.1 NA 14.98 +/- 1.47
MnO 7.0 7.74 +/~ 0.01 7.58 +/- 0.05 7.57 +/- 0.04 8.35 +/- 0.05 7.52 +/- 0.03 NA 8.36 +/- 0.78
Mgo 1.82 179 +/- 069 1.78 +/- <.01 1.82 +/- 0.01 1.62 +/- 0.05 1.87 +/- 0.08 NA <0.08
TiO, 0.46 0.47 +/- 0.03 0.46 +/- 001 0.45 +/- 0.04 0.50 +/- 0.03 0.44 +/- 002 0.57 +/~ 0.01 0.63 +/- 0.05
8a0 0.61 0.55 +/- 0.01 0.54 +/- <.01 0.57 +/- 0.02 0.57 +/- 0.02 0.64 +/- 0.05 0.68 +/- 0.01 <0.02
K40 1.98 1.92 +/- 0.02 1.88 +/- 0.04 1.94 +/- 0.02 209 +/- 0.03 1.96 +/- 0.01 249 +/- 0.04 1.64 +/- 0.14
Ca0 2.31 235 +/- 0.06 2.39 +/- 001 2.34 +/~ 0.01 242 +/- 0.0 228 +/- 0.01 274 +/- 0.06 1.90 +/- 0.17
Na 0 0.00 0.08 +/~ 0.20 0.26 +/~ 0.20 NA NA 0.22 +/- 0.04 NA <0.25
TOTAL 100.00 99.88 99.28 98.15 100,01 ++ 100.95 72.08
(K+Ca)/Ti 12.00 11.63 +/- 076 1186 +/- 028 1218 +/- 108 1157 +/- 070 1230 +/- 053 11.79 +/- 026 7.21 +/- 073
(K+Caymi # (=1 . 12.40 +/- 111  11.64 +/- 035 1234 +/- 055 1176 +/- 006 7.22 +- 047
& Note: Uncertainties ars one sample standard deviation excepl for XRF/WDS for which long-term average uncertainties are stated. NA = not anaiyzed.

Cation ratio determined from average vaiues for Ti, Ca,
# Catlon ratio is average of multiple determinations; uncertainty is one b

tmdivid

** Data reduction does not provide resuits for |r

tmnd,

and K; uncertainty from

d error propag.

212 dard daviatl

d
d

P

* Mutltiple standards used for calibration.
+ Results normaiized to 100%.

Y

) (Bierman et al., 1991).
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error in PIXE UCD Ti measurements is propor-
tional to the amount of Ba in the synthetic var-
nish. For synthetic varnish FV-2, which contains
no Ba, the measured concentration of Ti is 5%
lower than the known value; it is 4% higher if
Ba/Ti=0.5 (FV-1)and 37% higher if Ba/Ti=2
(FV-3). The undetected Ba in FV-1 and FV-3
lowers the cation ratio by raising the apparent
concentration of Ti. For FV-2 (no Ba), cation
ratios determined by PIXE UCD are 12% lower
than the known value. PIXE UCD cation ratios
are 23% lower for Ba/Ti = 0.5 (FV-1) and 40%
lower for Ba/Ti = 2 (FV-3).

A shift in apparent Ti peak position, propor-
tional to the amount of Ba in the synthetic var-
nish, indicates that PIXE UCD cation ratios are
inaccurate primarily because Ba L, and Lg X-
ray counts are assigned to the Ti K, and Ky
X-ray peaks (Fig. 3). T. Cahill (1990, personal
commun.) has suggested that by assuming the
observed shift is a linear function of concentra-
tion and by incorporating a factor for the effi-
ciency of X-ray generation, Ba/Ti can be
estimated. Using this method, we calculated
Ba/Ti ratios of 0.63 for FV-1 (Ba/Ti = 0.50)
and 3.15 for FV-3 (Ba/Ti = 2.00). There is no
indication that peak shift has ever been used to
deconvoive PIXE spectra of rock vamish.

Although we attempted to duplicate the pro-
tocol used to generate previous PIXE UCD var-
nish analyses by contacting Dom and by
working with UCD, there may be minor and
apparently inconsequential differences between
our protocol and that used for previous varnish
analyses: (1) Samples of synthetic varnish were
mounted by UCD personnel, using a different
substrate (Mylar) and adhesive (Apeizon) than
that used by Dorn (Kapion and unspecified ad-
hesive). (2) Synthetic varnish grains (5-20 um)
may be larger than those used by Do, al-
though the magnitude of this discrepancy cannot
be determined because the particle size used for
previous PIXE varnish analyses has not been
stated explicitly. (3) Our analyses were matrix
corrected with the RACE program (Cabhill,

oo Fur FY-3
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Figure 3. Center of apparent Ti K, and Lg
peaks undetected by PIXE UCD (see Fig. 1).
Mean and sample standard deviation, five
replicate analyses for each synthetic varnish.
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1975) assuming a particle size of 8-16 um, and
it has not been specified whether matrix correc-
tions were used for previous PIXE varnish anal-
yses. (4) Although standards were run with our
PIXE analyses, we present uncorrected PIXE
data because there is no indication that previous
PIXE rock-varnish analyses were corrected to
standards.

T. Cahill, director of the Crocker Nuclear Lab
{UCD), suggested (1990, personal commun.)
how these differences might affect our analyses:
(1) Substrate and adhesive are unimportant
because PIXE spectra are blank corrected.
(2) Grain size and matrix correction will
preferentially affect concentrations reported for
light elements such as Na, Mg, Si, and Al; values
reported for heavier elements, such as Ti, Fe,
Mn, and Ba, are less sensitive to grain size and
matrix correction; the effects on (Ca + K) are
moderate but must be <16%, the difference be-
tween PIXE UCD and the mixture values for
the glasses. (3) Because Ba was not detected by
PIXE UCD analyses, its concentration cannot
be modified by matrix or standard correction.

Any errors in PIXE UCD analyses of syn-
thetic varnish related to the above-mentioned
factors are subordinate to those caused by in-
adequate Ba-Ti deconvolution because (1) the
inaccuracy of Ti and cation-ratio measurements
is proportional to the Ba/Ti ratio (Fig. 2) and
(2) the Ba-dependent inaccuracy of Ti equals or
exceeds the Ba-independent inaccuracy of (Ca +
K) at Ba concentrations typical of rock varnish.
It is important to consider that RACE software
used at UCD was designed and tested not for
analysis of compositionally complex geologic
materials but for the analysis of <l-um
atmospheric particles of simple composition
(T. Cahill, 1990, personal commun.).

IMPLICATIONS

Analysis of rock-varnish standards shows that
quantitative SEM-EDS can accurately deter-
mine the abundance of Ba and Ti at concentra-
tions typical of rock varnish if reference spectra
are used for deconvolution. This finding sup-
ports Harrington et al. (1990) and contradicts
Dorn (19892, 1989b) and Dorn et al. (1990).
Dorn has not specified the software, equipment,
or operating conditions he used to make SEM-
EDAX (EDS) measurements; however, his
SEM-EDAX protocol must differ from that
used in this study and in Harrington et al. (1990)
because of its stated inability to deconvolve Ba-
Ti X-rays.

Our analyses of synthetic rock varnish sup-
port assertions of Harrington et al. (1990) and
suggest that most published cation ratios are in-
accurate. because PIXE UCD was incapable of
measuring accurately the concentration of Ti in
the presence of Ba. This inaccuracy is specific to
the UCD RACE program, rather than the PIXE
method, because PIXE microprobe software

e

used by Los Alamos National Laboratory
(LANL, Table 1) can accurately deconvolve Ba
and Ti X-rays.

Published data support our finding that PIXE
UCD analyses are flawed. Dorn et al. (1990,
Fig. 4b) reported that of >100 rock-varnish
samples collected from the Coso Range and ana-
lyzed by ICP, most contain Ba (median concen-
tration Ba ~ 0.5 w1%). However, Dorn (1989a)
also demonstrated that cation ratios of varnish
samples collected from 16 calibration sites in the
Coso Range and analyzed by both PIXE and
SEM-EDAX were well correlated (Fig. 4). Be-
cause Dorn has not been able to separate Ba and
Ti with SEM-EDAX deconvolution programs
(Dorn et al., 1990, p. 4), the correlation between
PIXE and SEM-EDAX suggests that both
methods included Ba X-rays in the Ti peak,
raising the apparent concentration of Ti and
lowering the calculated cation ratio.

The problem of correctly deconvolving Ba
and Ti X-rays is not limited to PIXE UCD or to
the SEM-EDAX software used by Dorn; most,
if not all, previously published cation-ratio cali-
bration curves appear to be similarly flawed. Ba
and Ti were not deconvolved in either Harring-
ton and Whitney (1987) or Dethier et al. (1988)
(see Harrington et al., 1990). Data of Pineda et
al. (1988) show the apparent Ti peak shift we
observed, and Liu and Zhang (1990) did not
mention deconvolution of Ba and Ti.

Only a few published analyses of rock varnish
are unaffected by problems in measurement of
Ti and Ba. Bard (1979) scraped varnish from
petrogiyphs of well-documented typological age
and measured the abundance of 32 elements
using NAA (not susceptible to Ba-Ti overlap);
only Ba showed a simple trend with typological
age (Fig. 5). Although Dorn (1983, p. 50) sug-
gested that the ratio of Ca/Ti should decrease
with age, Bard’s data show no such trend.

Concentrations of Ba and Ti are not strongly
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Figure 4. PIXE UCD and SEM-EDAX cation ra-
tios (CR) from 16 sites in Coso Range (Dorn,
1989a, Table 3). Because Coso varnishes con-
tain Ba (Dorn et al., 1990) and because SEM-
EDAX used by Dorn (1989a, 1989b) cannot
deconvolve Ba and Ti X-rays, this correlation
suggests that PIXE UCD is also incapable of
accurately measuring Ti in presence of Ba.
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correlated in rock vamish (S. Reneau, 1990,
personal commun.), so it is not possibie to cor-
rect published cation ratios retrospectively for
previously undetected Ba. Nor is it possible to
replicate previously published, Ba-contaminated,
three-element curves by using an accurately de-
termined four-element ratio (Ca + K)/(Ti + Ba)
(S. Reneau, 1990, personal commun.). How-
ever, Raymond et al. (1990) have shown a
strong spatial correlation between the concentra-
tion of Ba and Mn in rock varnish; this suggests
that changes in Mn concentration could affect
cation ratios. We and workers at Los Alamos
are testing the temporal significance of Ray-
mond et al.’s observations.

The effect of inaccurate chemical analyses on
the accuracy of published cation-ratio dates is
not clear. Previous workers have found a system-
atic change with time in what were previously
assumed 1o be three-element cation ratios, de-
spite or because of the inclusion of an undeter-
mined amount of Ba. However, the apparent
inaccuracy of previous analyses, the lack of
standards of varnishlike composition, and the
ubiquitous presence of Ba in rock varnish cast
doubt on the empirically determined central
premise of cation-ratio dating, the systematic
change in a three-element cation ratio. It is pos-
sible that Ba, either alone or coupled with
changes in Mn, Ca, K, and Ti, could account for
the apparent temporal trends in cation ratios.
Because of these uncertainties and because there
is no theoretical or experimental verification that
the ratio of (Ca + K)/Ti changes with time in
varnish, we suggest that the basic assumptions
underlying the use of the cation-ratio method as
a dating tool be reexamined. We urge caution in
the acceptance and use of existing cation-ratio
ages.

NOTE ADDED AFTER REVIEW
Concurrent with submission of this paper for
review, we made available to participating lab-
oratories the results of all analyses. Subse-
quently, T. Cahill (director, Crocker Nuclear
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Lab, UCD) notified us that a change had been
made to the RACE program (September 1990)
that allowed Ba to be identified in at least two of
our 15 samples. He suggested that the ability to
discriminate Ba was diminished when the UCD
PIXE system was reconfigured in late 1986. The
efficiency of Ba-Ti deconvolution by RACE
prior to 1986 cannot be determined rigorously
because the system and the computer code used
to analyze spectra have been dismantled; how-
ever, the close correlation between Dom’s SEM-
EDAX and PIXE data for the Coso Range (Fig.
4) strongly suggests that Ba and Ti were not
accurately deconvolved by PIXE UCD even be-
fore the 1986 reconfiguration.
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Precision of rock-varnish chemical analyses

and cation-ratio ages

Paul R. Bierman, Alan R. Gillespie, Scott Kuehner
Department of Geological Sciences, University of Washington, Seattle, Washington 98195

ABSTRACT

New data and statistical analyses indicate that the precision of the mean rock-varnish
cation ratio determined for a geomorphic surface and the uncertainty of the age calculated
from that ratio are controlled by the area of varnish included in each chemical analysis, the
precision with which each cation ratio is determined, and the number of independent chemical
analyses. This study has implications for the interpretation of published cation-ratio ages and

the future use of cation-ratio dating.

INTRODUCTION

Rock varnish is a <200 um layer composed
primarily of Al, Si, Fe, and Mn oxides. Varnish
chemistry may change predictably with time
(Bard, 1979). Dorn (1983, 1989) and Harring-
ton and Whitney (1987) have reported that the
ratio (K + Ca)/Ti in varnish (the cation ratio)
decreases logarithmically with estimated expo-
sure age; they argued that this decrease reflects
preferential leaching of K and Ca relative to Ti.
Empirical calibration curves have been con-
structed so that exposure ages may be estimated.

Cation ratios have been determined by three
methods. Dorn (1983, 1989) scraped <1 to >50
cm? of varnish from numerous rocks and used
proton-induced X-ray emission at the University
of California, Davis (PIXE UCD), to analyze
three to five homogenized samples from each
deposit. Harrington and Whitney (1987) used
a scanning electron microscope and energy-
dispersive spectrometer (SEM-EDS) to analyze
varnish in situ at 70 to 90 places (each 10-100
mm?) on the surface of 8 to 10 samples from
each deposit. Dragovich (1988) and Dom
(1989) used a SEM and wavelength-dispersive
spectrometer (SEM-WDS = electron micro-
probe) to determine ratios at points (<2000
um?2) in varnish cross sections.

The cation-ratio dating method is only cali-
brated empirically; the processes responsible for
the reported change in ratios over time are not
understood, and the method lacks an accepted
protocol for calculating representative age un-
certainties. Prior research has established neither
the size nor the number of varnish sampies that
must be analyzed in order to characterize pre-
cisely and accurately the cation ratio that best
represents the exposure age of a geomorphic
surface.

We present a statistical analysis of cation-
ratio precision that is applicable regardiess of the
method used to measure varnish composition.
We do not consider possible problems with the
methods employed to determine cation ratios
nor with the premise of cation-ratio dating. In
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addition, if cation ratios are used to generate
numerical rather than relative ages, the precision
and accuracy of calibration must also be consid-
ered when calculating the uncertainty of a
cation-ratio age (cf. Harden et al., 1988).

METHODS

Using a rock drill, we collected varnish from
boulders on the rim of Fish Springs cinder cone
near Big Pine, California (314 +18 ka; Martel et
al., 1987), and from the Bishop Tuff 8 km east-
northeast of the town of Rovanna (708 +15 ka;
Bailey et al., 1976). Chemical analyses were
made of the varnish surface with a Tracor
Northern EDS mounted on a JEOL 733 using a
15 keV accelerating voltage and a 10 nA beam
current (measured on a Faraday cup). Reference
spectra were used in the EDS deconvolution
routine (Tracor Northern FIT program). We
made quantitative analyses of Si, Al, Fe, Mn,
Mg, Ba, Ti, Ca, and K by using the Tracor
Northern ZAF procedure for matrix correction.

After examining the varnish surface with

TABLE 1.

backscattered-electron detectors, which allow
identification and avoidance of substrate or mi-
crocolonial fungi, we selected 19 6 mm? areas
for analysis. We analyzed varnish at the 19 loca-
tions four times, changing the area over which
the electron beam was scanned from 6.0 to 0.99
to 0.062 to 0.002 mmZ Duplicate analyses
showed no significant machine drift.

Nomenclature is summarized in Appendix 1.
Introductory texts, such as Freund (1988), pro-
vide detailed explanations of the statistical con-
cepts we use.

MEASUREMENTS AND STATISTICAL
ANALYSES RELEVANT TO CATION-
RATIO PRECISION

Most geomorphic surfaces are heterogeneous
with reference to factors that have been hypoth-
esized by Dorn (1989) to affect cation ratios
(e.g., dust flux, precipitation, orientation, vegeta-
tion). According to Dorn and Oberlander
(1982, p. 321) varnish growth is time transgres-
sive with “many thousands of years required to
develop a complete coat.” In addition, rock sur-
faces erode and are revarnished, creating a
patchwork of varnish populations at various
scales—each of a different age and each, if ca-
tion leaching is occurring, having a different true
or population mean cation ratio, pcg.

Because the above-mentioned processes cause
varnish on every geomorphic surface to be
chemically heterogeneous, understanding the na-

COMPARISON OF ROCK VARNISH CHEMICAL ANALYSIS TECHNIQUES

Approximate analyticat uncertainty
for rock varnish (%)

Anslytical X-ray Catculated Measured or
instrument, detector Ti Ca X (Ca*K)/Ti reported
dwell time uncertainty® cation ratio
{8) %) uncertainty
PIXE, 100 €DS 8 6 8" 9 9-12}
PIXE, 100 €0s 611 s-10* 5-g¥ 7-12 2-4¥

SEM, 200 EDS 10 2.5 1.5 10.3 10.5“
SEM, 4000 EDS i-2 0.5 0.5 2 No data
SEM, 40 WS 8-12 2-3 2-3 10-12 No data
SEM, 800 wos 1-2 0.5 0.5 2 No data

Note: PIXE is proton induced X-ray emission; SEM is scanning electron microscope; EDS is energy dispersive

spectrometer; WDS is wavelength dispersive spectrometer.
'Ca\culated by using equation 1 (see text).
*T. Gill (1989, personal commun.).
§Data from Nobbs and Dorn (1988, Table 2).

Range of uncertainty (1, 5 blind replicates of each of 3 synthetic rock varnishes).

"See Figure 1, this paper.
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ture and scale of this vanability is prerequisi?t/o
collecting meaningful cation-ratio data. The data
and statistical analysis that follow begin a nigor-
ous identification of the appropriate scale for
cation-ratio sampling and, if the cation-ratio dat-
ing is valid, suggest a method to calculate the
number and precision of ratio determinations
necessary to solve specific geologic problems.

Precision of Each Cation-Ratio
Determination

Standard ‘error-propagation theory may be
used to calculate the precision of each cation-
ratto (CR) determination based on the analytic
precision of individual cation analyses:

ocr = CR [(oc,? + o?) (Ca + K)~2
+ OTizTi_z]o'S. (1)
Table 1 lists the average precision with which
K, Ca, and Ti (at concentrations typically meas-
ured in rock varnish) are determined by a single
PIXE or SEM analysis. Because the probability
of X-ray emission in PIXE or SEM-EDS sys-
tems is described by a Poisson distribution
(Goldstein et al., 1981), analytic uncertainties
(oTicak and ocg) decrease as a function of the
square root of dwell time. Analyses reported in
this paper were made by increasing SEM dweli
time from the standard 40 s to 4000—6000 s; this
change increased measurement precision by a
factor greater than three. High-precision anal-
yses are critical for determining the actual
variability of varnish chemistry, variability that
in the past was masked by less-precise analyses.

Analytic Precision Limits the Certainty of
Cation-Ratio Ages

The precision with which each cation ratio is
determined limits the certainty of the sample

mean cation ratio, CR, and therefore the age
calculated for any geomorphic surface according
to the standard error of the mean,

g, =nY5g
R

B CR- 2

We use equations 1 and 2 to adjust dwell time
and/or determine the number of analyses of a
single sample necessary to determine the cation
ratio for that sample with a specific precision.
However, equations 1 and 2 can also be used to
calculate the maximum precision with which
CR can be determined by a given analytic tech-
nique and/or number of analyses.

For example, if the analyzed samples are
chemically identical (e.g., aliquots of homoge-
nized varnish) and if errors in Ti, Ca, and K are
uncorrelated, the sampie standard deviation,
Scr, of CR should approximately equal ocg as
determined by equation 1 (see Fig. 1). However,
the actual uncertainty of CR is determined by
equation 2, which accounts for the number of
analyses used to calculate the mean. Because
varnish samples collected from different boul-
ders are not chemically identical, Scg for muiti-
ple boulders on a single geomorphic surface
should exceed ocg.

Data reported by Nobbs and Do (1988) are
inconsistent because the “standard errors” (Scg)
for the mean of chemically heterogeneous var-
nish samples are only 2%-3%, despite cation-
ratio uncertainties (ocg) of 8%-12% (see com-
ment by Harrington and Reneau in Nobbs and
Dorn, 1988). This inconsistency is even more
striking because the reported ocp reflects only op;
without considering oy and oc, (R. 1. Dorn, 1990,
personal commun. ).

We resolved the inconsistency in data of

“Nobbs and Dorn by preparing and analyzing
glass analogs of rock varnish. We analyzed 15
samptes (5 homogeneous aliquots from each of 3
different synthetic varnishes) by PIXE UCD.
Table 1 shows that sample standard deviations
for three sets of five independent measurements
of Ti, Ca, and K range from 5% to 11%; how-
ever, sample standard deviations for cation ra-
tios calculated from these analyses are onty 2%
to 4%, lower by a factor of two or three than the
uncertainty calculated by Nobbs and Dorn or
predicted by error propagation (equation 1).
Our measurements indicate that uncertainties
reported by Nobbs and Dorn (1988) for indi-
vidual cation-ratio determinations are inaccurate
because they did not recognize that errors in Ti,
Ca, and K analyses were correlated.

Synthetic varnish analyses suggest that the ac-
tual precision (ocg) of PIXE UCD cation-ratio
analyses is 2%-4%. Nobbs and Dorn (1988) and
Dorn et al. (1987) reported an average Scg of
2.7% (n = 24) and 2.9% (n = B), respectively.
Because these values of Scg =~ ocp, samples ana-
lyzed by Dorn are chemically homogeneous.
Harrington and Whitney (1987) reported Scg =
OCR a finding consistent with chemically hetero-
geneous varnish.

Representative Method for Expressing the
Uncertainty of the Mean Cation Ratio

A vamish sampling program, no matter how
well designed, only estimates ucg of a varnish
population. Because most of the varnish popula-
tion has not been sampled, any CR will always
have some uncertainty; however, the magnitude
of this uncertainty can be reduced by analyzing
more samples from the varnish population.

Dorn et al. (1987) and Harrington and Whit-

n=3 r— - 4
30 = n=5 - p=0.95
CR = 7.99 $0.848 n=20 88—
‘——;—4 l MEASURED Scq = 0.848
25 n=3 ———a——
Ocp PREDICTED BY > nz=5§ r————— p=0.80

201 EQUATION 1 = 0.816 g nN=20
> uw
Q =
ﬁ o]
L. :
e ] uw
]
E Ca=1.32 10.035

101 Ti=0.52 +0.052

K=2.81 +0.038
+2 S
| cR
5 -
T T T T T L] v
0 10 20 30 40 50 60 70 8080100
6 7 8 9 10 11 CATION-RATIO AGE (ka)
(Ca+K)/Ti

Figure 1. Repiicate analyses (n = 200; rastered area=6 mm?2; ocg~10%
by equation 1) of same patch of varnish give wide range of cation
ratios (Scr ~ 10.5%) as predicted by equation 1 (sample BT-2, Bishop
Tuff). Similarity of Sqg and ocq indicates equation 1 correctly predicts
uncertainty of a SEM-EDS CR anaiysis.
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Figure 2. Normally distributed cation-ratio popuiation with CR = 4.5 and
Scr = 5%. Confidence intervals (equation 3) about CR are shown for
various probabilities p and numbers of samples n. Confidence intervals
expressed as ages by using a= 10¢[13-12-CRI/1.89) (n o et al.; 1987). One
and two standard deviations (Scg) of cation-ratio population are also
plotted.
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ney (1987) characterized the uncertainty in CR
and the associated age by reporting only the
standard deviation, S¢g, of the cation ratios
used to estimate CR without explicitly stating #.
This approach is inappropriate because Scr
only describes the population of cation ratios
from which samples were taken; alone, Scp
does not accurately indicate the uncertainty with
which CR has been determined. The uncertainty
in CR can be quantified by using a confidence
interval that takes into account the number of
analyses used to estimate CR:

(CR - [ta/25crn ™) < ucr
< (CR +{ta/2Scrn™)), 3

and

o’ = 100(14/2Scrn *>CR1). )

Equation 3 indicates the interval within
which there is a (1 - @) probability that the true
mean cation ratio ucp for the sampled population
is contained. Equation 4 expresses this interval
in terms of ¢’, a percentage of CR. We refer to o’
as the fractional uncertainty of CR.

Because the number of samples used to de-
termine CR is usually small (n < 30), it is ap-
propriate to calculate confidence intervals with
the Student’s ¢ probability distribution, ¢,/2
(Freund, 1988). The magnitude of ¢, is inverse-
ly proportional to # and is especially large when
n < S and p > 0.9. This relation quantifies the
common-sense conclusion that the CR for a
geomorphid surface will be more reliably deter-
mined if a large number of samples from that
surface are analyzed. Values of ¢,/ may be found
in Freund (1988).

An example (Fig. 2) illustrates the usefulness
of equations 3 and 4. If three cation ratios were
averaged to determine a CR with Scg = 5%, the

fractional uncertainty o’ of the CR at 0.95 proba-
bility would be about 12.5%. In this case, report-
ing the uncertainty as two standard deviations
(25¢R), approximately equivalent to p = 0.95,
would underestimate the uncertainty in CR
(10% vs. 12.5%). However, if 20 rather than
3 cation ratios were averaged to determine CR, o’
would be about 2.5%. In this case, reporting
the uncertainty as 2Scg would overestimate
the uncertainty in CR by a factor of four
(10% vs. 2.5%).

The uncertainty of CR is predicted most ac-
curately by equations 3 and 4 if the cation-ratio
population from which sampies are drawn is
normaily distributed. Because cation-ratio data
do not always satisfy formal criteria for normai-
ity, confidence intervals calculated for CR for
using equations 3 and 4 will be approximate.

Scale of Variance in Rock-Varnish Chemistry

If varnish could be sampled so as to reduce
Scr. CR would be determined more precisely
(equations 3 and 4). Our measurements show
that Scgr increases as the area of varnish in-
cluded in a single analysis decreases (Fig. 3),
aithough CR changes only slightly. Due to the
patchy nature of varnish coatings in Owens Val-
ley, we could not extend these measurements to
areas larger than ~6 mmZ, However, Scg will
again increase when the sampled area becomes
large enough to include multiple popuiations of
cation ratios; e.g., when varnish is inadvertently
sampled across the edge of an ancient fire spall.

The scale at which varnish heterogeneity be-
gins to increase has yet to be determined and
probably varies with the exposure age and
weathering characteristics of the underlying
rock. We anticipate that varnish areas of about
10 cm? and larger (the average size of fire spalls)
may contain multiple cation-ratio populations.
If CR is determined by analyzing areas of var-

nish small enough to avoid sampting multiple
populations, cation-ratio homogeneity can be
examined and significantly different chemistry
(i.e., different varnish popuiations) can be rec-
ognized (C. Harrington, 1990, personal com-
mun.). Knowing the scale of variability is
important because, if leaching assumptions of
Dorn (1989) are correct, ucg will not be a valid
indicator of exposure age if multiple cation-ratio
populations (i.e., varnish of different ages) are
combined in a single chemical analysis.

TWO EXAMPLES OF CATION-RATIO
PRECISION

Data from Owens Valley and statistical de-
ductions illustrate the potential temporal resolu-
tion of varnish cation ratios. In Figure 4, cation
ratios are expressed as age ranges calculated
from a calibration determined empirically for
Owens Valley cation-ratio dating by Dorn et al.
(1987). The calculations show that moraines
and alluvial fans from marine oxygen-isotope
stages 2, 4, and 6 (ca. 10-200 ka) should be
separable by means of cation-ratio data, pro-
vided cation ratios change predictably with time
and provided CR can be determined with o’ < 10%
(Fig. 4A). By comparison, discrimination of sur-
faces exposed during Holocene neotectonic
events requires that CR be determined with a
much smaller ¢, < 3% (Fig. 4B). Obtaining the
small o’ values necessary to resolve closely spaced
events would require numerous analyses of var-
nish (large » and small £,,/,), sampling an area of
varnish that minimizes cation-ratio variance
(small Scr), and acceptance of a lower proba-
bility (small ¢,,/7).

Using equation 4, we can estimate the proba-
bility with which geologic events might be sepa-
rated by using cation ratios. For example, the
smallest Scg we determined on a 5 cm? varnish
sample was about 5% of CR (Fig. 3). If the CR

AREA OF VARNISH ANALYZED

6.0 mm? 0.99 mm? 0.062 mm’ 0.0020 mm’
Seq = 0.153 Sen = 0.228 Sgq = 0351 Sep = 0.543
CR = 3.14 CR = 297 CR = 2.83 CR = 2.84
5 6 n=20 n=19 n=19 n=19
&
4
>
O
w
21
18
T l T T I ¥
3 4 3 4 2 3 4 2 3 a

(Ca+K)/Ti

Figure 3. Variance of varnish chemistry and, therefore, Scp increase as area of varnish included in each analysis decreases. Data were
collected by using SEM-EDS and acquisition times of 4000-6000 s, sufficient to determine each cation ratio with ocg < 1%. Sample FS-2,

Fish Springs cinder cone.
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Figure 4. Age ranges cal-

250
culated by using a =
10([13.12—CR 11.89) (Dorn et
al., 1987) after adding and
subtracting arbitrary o' from
CR. it calculated age
ranges overlap (dark stip-
ple), events are not sep-
arable at arbitrary value of
o'. Note that aciual ¢’ asso-
ciated with any reported
CR can be calculated by
using equation 4 and
varies with n, t,,, and Scg.
A: Late Pleistocene glacial

200 4

150 4

100 4

CATION-RATIO AGE (ka)
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CR=3.34
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25

204

161

60 ka-STAGE 4
CR=z4.09

20 ka-STAGE 2
CR=4.99

101

CATION-RATIO AGE (ka)

deposits in Sierra Nevada

are separable if o' < 10%. 0
B: Holocene neotectonic

events require ¢’ < 3% to be
separable.

and Scp of this single disk are representative of
the geomorphic surface from which it was coi-
lected and if five or more analyses made on this
disk are used to estimate CR, then glaciations
{(¢" < 10%) will be separable with more than
95% probability and neotectonic events (o’ <
3%) will be separable with aimost 80% probabil-
ity. This calculation assumes that cation ratios
change continuously with time and that each
cation-ratio determination is precise (ocg < 2%
if n = 5). If cation-ratio analyses are less precise,
the cation-ratio popuiation more heterogeneous,
or a greater level of confidence ts required, more
sampies from the population must be analyzed
to achieve a similar ¢”.

The temporal separability shown by these
calculations suggests that cation ratios may be
useful for the relative dating and correlation of
landforms. However, if numerical cation-ratio
ages are generated using a calibration curve,
then the accuracy and precision of cation-ratio
calibration must also be considered rigorously
before cation-ratio ages can be compared to ages
generated by other dating methods.

CONCLUSIONS

The maximum precision with which a mean
cation ratio of rock varnish can be determined
and the minimum uncertainty in the age calcu-
lated from that cation ratio are proportional to
the precision of the method used to determine
the ratio and inversely proportional to the
number of samples analyzed.

The uncertainty of a measured mean cation
ratio and of the age calculated from that mean
cation ratio depend strongly on the number of
samples used to estimate the mean. Therefore,
uncertainty in a cation-ratio age should be calcu-
lated from the expected variation (equations 3
and 4) of the mean cation ratio rather than the
standard deviation of the cation-ratio determina-
tions used to calculate the mean.

The variance of varnish chemistry decreases
as larger areas of varnish are sampled, at least up
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to a sample area of 6 mm2. However, if cation
leaching occurs and if too large an area of var-
nish is included in each analysis, variance will
again increase as multiple cation-ratio popula-
tions are included in single sampies.

APPENDIX 1. NOMENCLATURE

n Number of independent chemical analyses or
cation-ratio determinations

Ca, K, Ti Analytic abundance (elemental wt%)

CR Cation ratio, (K + Ca)/Ti, of varnish

CR Arithmetic mean of n cation-ratio determina-
tions (sample mean)
OTiCak Analytic uncertainty of a single abundance
measurement (one standard deviation)
(elemental wi%)
OcR Analytic uncertainty of a singie cation-ratio

determination (one standard deviation)
g One standard error of the mean cation ratio

HCR . . . .
(n cation-ratio determinations)
GcR Average analytic uncertainty of » cation-ratio
determinations (one standard deviation)
Scr ample standard deviation of » cation ratios

used to determine CR
o Fractional uncerainty of # cation ratios (%)
HCR Population mean cation ratio
p Probability (1 - «)
Lo Student’s s value at (n - 1) degrees of freedom
and (i - o) probability
a  Age(yr)
a (1 - p) value of probability
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Southeast Australian late Mesozoic and Cenozoic
denudation rates: A test for late Tertiary increases
in continental denudation

Paul Bishop
Department of Geography. University of Sydney, Sydney. New South Wales 2006. Austraiia

ABSTRACT

Throughout the Tertiary, average rates of erosion of southeast
Australia have been uniformly low (about 103 mm/yr of surface
lowering), indicating that this part of the Australian contineni did not
contribute to a rapid increase in ocean-basin sedimentation over the
past 15 or 20 m.y. Somewhat higher Mesozoic rates may be the
result of minor tectonism, but explanation for the generaily low
Cenozoic and Mesozoic erosion rates may be sought in the forest
cover and general tectonic stability of southeast Australia over this
time period. Australia’s gradually increasing aridity/ climatic
seasonality over the past 20 m.y. has apparently not resuited in
higher average rates of erosion of the continent, except perhaps in
the very latest Tertiary and Quaternary.

INTRODUCTION

Compilation of rates of world ocean sedimentation (Davies et ai..
1977) indicated an abrupt. order of magnitude increase in sedimentauon
at 20 Ma. Donnelly (1982) identified an abrupt increase in ocean sedi-
mentation about 15 Ma, and arguing like Davies et al. (1977) that the
increases were largely independent of geographic location. he ascribed
the higher rates to increased continental denudation in the late Tertiary as
the result of increasing climatic variability over the time intervail. On the
basis of the present low erosion rates of semiand Australia. Davies et al.
(1977) argued the opposite. that the late Tertiary increase in ocean-basin
sedimentation resulted from higher rates of continental denudation under
increased ratnfall.

Neither study presented data from studies of Tertiary continental
history 1o test the attribution of increased oceanic sedimentation to
worldwide increased continental denudation as a result of climatic
change. Moreover, the geographically more specific data of Donnelly
(1982, Fig. 1) indicated, as he noted, that the increase in ocean-basin sed-
imentation was not fully global in extent. The ocean basins that receive
sediment only from the Australian mainland apparently did not expe-
rience the late Tertiary increase in sedimentation, a variation that
Donnelly (1982) explained in terms of sedimentary complications
accompanying fragmentation of Gondwanan continents.

This paper (1) reports average rates of denudation of southeast Aus-
tralia for various time intervals from the Mesozoic to the present to test
for increased late Tertiary continental denudation; (2) compares the
sogtheast Australian denudation rates over time with the region’s climatic
history; and (3) tests, by implication from 1, whether low oceanic sedi-
mentation rates off Australia are matched by low rates of continental
denudation, a central point in the cases argued by Davies et al. (1977)
and Donnelly (1982).

STUDY AREA AND METHODS
Erosion rates were determined for the Murray-Darling drainage

systems (10° km®—the largest river system in Australia) at areal scales
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Figure 1. Southeast Australia showing Murray-Darling catchment and
some other major rivers; 1 = boundary of Murray-Darling catchment;
tick marks indicate where boundary is Australian continental drainage
divide; 2 = subcatchment boundaries within Murray-Darling catch-
ment; 3 = Murray Basin boundary and isopachs (km) of total Cenozoic
sediment thickness; 4 = limit of Miocene marine transgression; § =
Lachlan fan. inset shows Australian continent and locations of main
figure and Ceduna Saddle depocenter (CSD); M = Melbourne; §=
Sydney.

ranging from the headwaters of one of the major tributaries, the upper
Lachlan, southwest of Sydney, to the whole caichment (Figs. 1, 2). The
Murray-Darling drains from the crest and western flanks of the southeast
Australian highlands (<2 km above sea level) to the Southern Ocean via
the Murray Basin, an intracratonic basin having a thit fil! (<0.5 km) of
mixed marine and terrestrial sediments spanning most of the Cenozoic
(Macumber, 1978: Woolley, 1978).

Rates of erosion have been determined from rates of river incision
below radiometrically dated, valley-filling basaitic lavas. rates of sedimen-
tation in sedimentary basins, and rates of denudation necessary to expose
granites containing apatites having known fission-track ages. Eolian ero-
sion is thought to be unimportant because the vegetation cover of the
study area was closed forest for most of the late Mesozoic and Cenozoic
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isee below). The role of chemical erosion is unclear but 1s ignored. with
the caveat that the absolute rates may have to be revised upward if chem-
ical eroston is ultimatelv shown to be significant over this time interval in
this area. The differences between the various rates of erosion. nonethe-
less. would still remain largeiy the same.

TERTIARY EROSION RATES IN THE UPPER LACHLAN
In the upper Lachlan valley, New South Wales (Fig. 2), radiometn-
cally dated early Miocene and early Eocene basalts, all overlying cross-
bedded. fluvial sands and graveis, mark former channeis of the Lachlan
River and its tributaries ( Wellman and McDougall, 1974: Young and
Bishop, 1980). Average rates of post-early Miocene incision were deter-
mined by dividing the height difference between the present channel of
the Lachlan River and the top of adjacent basait remnants by the age of
the basalt (20-21 Ma: Fig. 2). This gives a2 minimum rate of postbasalt

incision, because of posteruption erosionai loss of some of the upper parts
of the lava flows. but such losses are certainly not sufficient 1o alter the
rate of incision at the order of magnitude level (Bishop, 1984). This post-
20-Ma rate of incision is 0.008 mm/vr. :

Rates of incision between the early Eocene and the early Miocene
can be determined on the same basis. using the height difference between
the base and top, respectively, of adjacent basaits of these two ages, 16
km west of Crookwell (Fig. 2). Erosional losses from the upper surface
of the Eocene basalt are potentially much higher, given its greater age;
therefore, the incision rate for the period early Eocene to early Miocene
is likely to be underestimated by a greater amount than is the case with
the post—early Miocene rate. Further underestimation arises from the dis-
tance of this site from the main channel of the Lachlan and the observed
headward decline in river incision during the Tertiary (Bishop, 1984).
The calculated rate is 0.003 to 0.004 mm/yr.

+ 20.5
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Figure 2. Upper Lachlan valley showing prin-
cipal features of Tertiary geology and location
of one of apatite fission-track ages discussed
in text. Locality of second fission-track age
determination in upper Lachlan is 30 km
north-northeast of Eocene K-Ar dating local-
ity. Tick marks around border are on Austra-
lian Map Grid at 4000-m intervais.
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LATE CENOZOIC RATE OF SEDIMENT SUPPLY
BY THE LACHLAN

The post-Oligocene rate of denudation of the Lachlan catchment
upstream of the Murray Basin may also be determined from the volume
of sediment in the Lachlan’s upland valley and in the wedge of sediment
deposited in the Murray Basin by the Lachlan River between Hillston
and the Murrumbidgee River. This sediment is essentially uncompacted
(Brown. 1983) and for the purposes of determining denudation rates 13
treated as being denved directly from the erosion of bedrock (assumed
densities: sediment 1.5, bedrock 2.65). Sediment volumes were computed
from published depths 10 basement (Martin. 1973: Woolley. 1978). and
the ages of the basal sediments in both the fan and the upland vailey
were found 10 be not greater than late Oligocene—early Miocene. on the
basis of their palynological content (Martin, 1973. 1977; Woolley.
1978). Breaks in sedimentauon are not included in these compuiations
because breaks in incision in the upper Lachian cannot be determined.

The rate of catchment erosion necessary to provide the volumes of
sediment will be a minimum, in this case because of sediment bypassing
the Lachlan fan depositional site. However, the presence of marine authi-
genic sediment almost to the Lachlan-Murrumbidgee confluence for 45%
10 S5% of the past 25 m.v. (Woolley. 1978) means that the bulk of sedi-
ment eroded from the bedrock valley of the Lachian above Hillston since
the Oligocene was probably deposited upstream of the Murrumbidgee.
The various quantities 1mply a rate of catchment erosion of 0.004 mm/yr
for the past 25 m.y.

TERTIARY DENUDATION OF THE MURRAY-DARLING

An average rate of denudation of the Murray-Darling system
throughout the Tertiary can be determined from the volume of terrige-
nous sediment in the Murray Basin. Isopachs of total Cenozoic sediment
thickness in the basin (Australian Bureau of Mineral Resources. 1979)
give the total volume of basin sediment from which was subtracted the
volume of authigenic sediment (limestone), computed using the areal ex-
tent of the major manine transgression (Miocene; Fig. 1) and thickness of
this limestone { Woolley, 1978).

The terrigenous sediment was probably derived largely from the
higher relief catchment areas to the immediate south, east, and. to a lesser
degree. north of the Murray Basin (i.e., subcatchment A in Fig. 1), and
perhaps there were lower inputs from the very low gradient streams
draining the lower relief areas farther north (subcatchment B). Sub-
catchment C has probably not delivered much sediment to the Murray
Basin but has largely been the source of sediments in the Darling Basin. a
late Mesozoic and Cenozoic depositional site northeast of the Murray
Basin (Taylor, 1978; Australian Bureau of Mineral Resources, 1979).

The sediment volumes and catchment relationships indicate average
rates of erosion throughout the Tertiary of 0.003 mm/yr in the most
likely case of the sediment being derived largely from subcatchment A,
or 0.001 mm/yr if the source area was the combinex areas of subcatch-
ments A and B.

LATE CRETACEOUS AND POST-PERMIAN
DENUDATION

An estimate of the average rate of Late Cretaceous denudation of
the whole of the highlands western flank may be made on the basis of
the quantity of sediment in the Ceduna Saddle depocenter in the Great
Australian Bight (Fig. 1). Veevers (1982) suggested that the bulk cf the
0.5 x 106 km? of sediment (say, 0.4 x 10¢ km?) deposited during the
post-Cenomanian Late Cretaceous in the Ceduna Saddle came from the
eastern highlands via an ancient Murray-Darling drainage sysiem. If this
Ceduna Saddle sediment was derived from a Murray-Darling drainage
system of dimensions similar to those of the present. the average rate of
highland erosion in the 25 m.y. of the post-Cenomanian Late Cretaceous
is estimated to range from 0.013 mm/yr if the sediment was denved
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from the full catchment (i.e., subcatchments A, B, and C) to 0.047
mm/yr in the more probable case of the sediment being derived largely
from subcatchment A.

The average post-Permian denudation rate can be computed from
230 Ma and 235 Ma apatite fission-track ages from upper Lachlan grani-
toids (Fig. 2) (Morley et al.. 1981). The fission tracks date from when the
granites last passed below 100 =20 °C. The depth at which the tempera-
1ure passed below about 100 °C depends on the geothermal gradient,
which is currentiy high in southeast New South Wales (25-30 °C/km:
Cull. 1979; Morley et al.. 1981). The geothermal gradient has been mgh
since the Mesozoic, at least. and possibly since the Permian (Ferguson et
al.. 1979: Middleton and Schmdt. 1982: Wass and Hollis. 1983: Griffin
et al.. 1984). A geothermal gradient of 30 °C/km s therefore assumed
for 200 o 230 Ma. implying 3.3 km of surface lowering in the upper
Lachlan since 230 Ma. at an average rate of denudation of 0.014 mm/vr.
A higher geothermal gradient of 50 °C/km (Middleton and Schmidt.
1982} is not unreasonabie for the relatively short times needed to reset
fission tracks, and this would result in a denudation rate of 0.009 mm/yr.

DISCUSSION

Average rates of incision and denudation for the Murray-Darling
system (Fig. 3) have been uniformiy low (<10-2 mm/vr) over the Ceno-
20ic and somewhat higher in the Mesozoic. An order of magnitude in-
crease in erosion rates certainly did not occur at 20 Ma: the apparent
doubling of the rate in the upper Lachlan at 20 Ma merely reflected ero-
sional losses from the upper surface of early Eocene basalts and the site’s
upstream distance from the trunk stream. An increase in erosion proba-
bly did not occur at 15 Ma either. given that such an increase would be
expected 1o show up in a higher average post-20-Ma rate.

Other studies of rates of postbasalt incision of both the western and
eastern flanks of the highlands of southeast Australia (cf. Wellman. 1979:
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Figure 3. Summary of rates of incision and denudation trom Murray-
Darling catchment; methods of determination are indicated by
aumbers: 1 = postbasalt incision; 2 = river incision between basalts of
two ages; 3 = fan sedimentation; 4 = basin sedimentation; 5 = exposure
of granitic rocks containing apatites having known fission-track ages.
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Young, 1983) confirm both the iow magnitudes and the general unifor-
mity of the Cenozoic erosion rates reported here. Wellman's (1979) up-
lift modei for these highiands is based on constant rates of river incision.
at least for the past 45 m.v. Wellman's Figure 3 suggested. however, that
relief rather than uniform uptift is the more important control of rates of
river incision, an observation in keeping with data from elsewhere (Rux-
ton and McDougall, 1967: Ahnert, 1970).

Such vanations in local relief can be the resuit of prior tectonic his-
tory. Stephenson and Lambeck (198S5) argued that the present highlands
are the remnants of a Paleozoic highland belt that has experienced no
dynamic tectonism since the Paleozoic. Isostatic rebound in compensa-
tion for erosion has been the only vertical movement of the highlands in
that time. and this rebound has become decreasingly significant during
the Cenozoic. This study's somewhat higher Mesozoic erosion rates in
comparison with the Cenozoic rates reflect these progressive declines in
relief and incision due to isostatic rebound.

The data presented here and by others (Wellman, 1979; Young,
1983) indicate, therefore. that the Australian continent has not contrib-
uted to the observed increase in oceanic sedimentation in the late Ter-
tiary. The data also confirm that low continentai denudation rates are
matched by low rates of oceanic sedimentation, given the low post-20-
Ma rates of sedimentation of the ocean south of Australia reported by
Donnelly (1982). It is apparent, therefore, that the Australian mainiand
did not experience abruptly increased erosion 15-20 m.y. ago; it is also
clear from plant microfossil and macrofossil evidence that the southeast-
ern Australian climate experienced gradually increasing seasonality and
aridity during the Tertiary (Bowler, 1976, 1982). This general change
seems not to have been associated with increased sediment vields, how-
ever, because initiaily the vegetation apparently changed from temperate.
closed rain forest dominated by Norhofagus sp. to closed Myrtaceae-
Casuarine forest that seems to have maintained the relatively low average
rates of erosion reported here. Only in the very latest Tertiary and Qua-
ternary in southeast Australia did these forests break up in response to an
increasingly arid and seasonal climate, to be replaced by discontinuous
forest and grasslands (Kemp, 1978; Martin, 1981), This final, relatively
recent breakup of the foresis may have been accompanied by increased
rates of erosion that have not shown up in the average rates presented
here. much in the way envisaged by Taylor (1978) for the upper Darling
Basin.

CONCLUSIONS

Donnelly’s (1982) Tertiary climatic deterioration occurred in Aus-
tralia, but it was neither as abrupt nor as early in the Tertiary as Don-
nelly suggested. The Australian continent has apparently not experienced
the dramatic increase in rates of continental denudation in the middle to
late Tertiary. Rather. the Australian data suggest that the Cenozoic ero-
sion rates have been uniformiy low in response to minimal tectonic activ-
ity and closed forest cover.

The increases in oceanic sedimentation are not independent of geo-
graphic location. as noted by Donnelly (1982), and that Australia has in-
deed expenienced a climatic deterioration but maintained the low rates of
erosion, at least for part of its duration. suggests that nonclimatic factors
may be of more significance than Davies et al. (1977) acknowledged in
explaining late Tertiary increases in oceanic sedimentation.
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CLIMATE-CHANGE INDUCED SEDIMENT-YIELD
VARIATIONS FROM ARID AND HUMID HILLSLOPES -- NS 100054
IMPLICATIONS FOR EPISODES OF QUATERNARY AGGRADATION

BULL, William B., Geosciences Dept., Univ. Arizona, Tucson, AZ, 85721
Quaternary climatic changes may have been synchronous in the fluvial systems of
Southern California, but the timing of aggradation episodes may vary betweer
drainage basins. Spatial variations of times.of maximum aggradation result from
1) different response times of fluvial processes to climatic perturbations in water
sheds of different size, siope, and lithology, 2) altitudinal variations in climate-
controlied sediment-yield processes, and 3) effects of concurrent uplift on sedi-
ment yield and stream power. .

Process-response models of the impact of Pleistocene-Holocene climatic
changes on simple watersheds in California and New Zealand illustrate the poter-
tial for complications in the large-altitude-range drainage basins of the Trans-
verse Ranges. Monolithoiogic hillslopes in strongly seasonal, arid, hyperthermic,
tectonically inactive drainage basins of the Mojave Desert accumulated colluviam
during full-glacial climates, which was stripped during the early Holocene tc
aggrade valleys. Monolithologic hillslopes in the weakly seasonal, humid, mesic tc
frigid Charwell River basin of New Zealand had maximum sediment yields in 2
periglacial environment during full-glacial climates; sediment yield decreased
during the Holocene and streams degraded valley fills. Thus hilislopes in different
cliimatic regimes may have undergone markediy difierent vegetation, sediment-
yvield, and water-yield changes during the latest Pleistocene and eariy Holocene,
resulting in either aggradation or degradation of the stream subsystem.

Spatial variation of factors influencing hillslope sediment-yield rates anc
stream power in the Transverse Ranges may result in drainage~basin aggradatior
events at similar or at dissimilar times. Each fiuvial system has responded differ-
ently to the Pleistocene-Holocene climatic change. Within complex basins,
different process-response models should be used for high slopes subject to Pleie-
tocene periglacial processes than ior low semiarid slopes subject to fluwial
processes.




10 ACCOMPANY MAP 189

DEPARTMENT OF [HE INTERIOR
UNITED STATES GEFOLOGICAL SURVEY

HQS.880517.1107
GEOLOGIC MAP 0 THE TIMBER MOUNTAIN CALDERA AREA,
NYE COUNTY, NEVADA
By F. M. Byers, Jr., W, J. Carr, Robert L. Christiansen,
P. W. Lipman, Paul P. Orkild, and W. D. Quinlivan
l‘;\*".'ﬁ 1 1 ‘. v
[ —- )
| , T v Q.
sy { WA \ b ~NQ
» =
) BN “
(hyaredign - BLACK HOUNTAIH / : . /" \\
© Bette o
- c‘(‘;“”’f‘ " SILENT CANYON ) :
S Y CALDERA © ; _
— N . \ L
T \ Ouk Sor,
o, \ Butte a0
u‘ / ; : ; o )
| . o SLEEPING BUTTT '
' o FALDERA[SEGMENT
,,,,, EGMERT .
\- \ _\:7 -
' \\\ { :
/.\ L . Re Boreded -
. al tte iy A
) \ o S
7 O =
~ el
N . s.
DASIS VALLEY . "
7 CALDERA SEGMENT Lot A -
Cliopt e b Mg b < [CTY r‘
CGhIY - LA
- t' g - £y < Nt Mtﬂ~ '
0 _ \\\\’\
BUL O -4'.\|uu|'l| M - )
Lt 3O ' NN
'_;._____‘.__ Tt N y : s‘\o"“ P \51“.\". The e s
\ 1o N ( OCE‘ cum ANYON Pv.h FOXS
~ R o
W 4 ’ L 5920 . h1l[_|l_'_!'jbi"\ Peak 1 ﬁ \ CAULOHOI st ook ongt
B g ' .. KR P f Puak
e ' a, T '.-(:m\u A Suncarb i i
. e b ~ey ot l —— 2
. r-; I;," NI e I(IuL Cainee MU il ver
o\ ’//,,\'/, 3. i A VAT Wahmonie-Salyer - - ia6»
N 4,‘.\/ cooL 4 ' ,( {\‘ W volcanic center
,'\ \ i i ] I > [ = S0y
' § 1 ’ 1.1
10 20 MILES
} R : 1 e T turnm
10 20 KILOMETRES “p
AN
EXPLANATION

=T= =TT~ Approximate cuter limit of Timber Mountain-
Ousis Valley caldera complex. [ncludes
Sleeping Butte and laim Canyon segments.
Dashed where indefinite

TrrTT Periphery of Timber Mountain resurgent dome

] Timber Mountain caldera area map

FIGURE 1. -- Southwestern Nevada volcanic field showing relation of Timber Mountain caidera area to major volcanic centers
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INTRODUCTION

The southwestern Nevada voleanic field (fig. ) isa
faulted, dissected volcanic plateau composed ol silicic
ash-flow tuffs and subordinate lavas, ranging in age {rom
mid-Miocene to mid-Pliocene, or about 16t b my,
(million years) old (Kistler, 196%: Marvin and others,
1970, p. 2669). 1t includes mainly the Timber Mountain-
Oasis Valley caldera complex {lanked by the peralkaline
Silent Canyon and Black Mountain calderas on the north.
The voleanic activity reached a maximum between about
14 and 11 million years ago, when cauldron subsidences
accompanied by eruption of voluminous ash flows oc-
curred at the Sleeping Butte, Silent Canyon, Claim Can-
yon, Timber Mountain, and possibly Qasis Valley centers
(fig. 1).

The nine 7%:-minute quadrangies included in the Tim-
ber Mountain caldera area were mapped mainly between
1960 and 1965 by the authors and by R, E. Anderson,
H. R. Cornwall, David Cummings, E. N. Hinrichs, F. J.
Kleinhampi, R. D. Krushensky, S. J. Luft, D, C. Nable,
J. T. O*Connor, and C. L. Rogers. {Sce index on map
sheet.) Eight of the quadrangles were mapped and pub-
lished at a scale of 1:24,000. Bare Mountain NE quad-
rangle in the southwestern corner of the map area was
mapped by Cornwall and Kleinhamy! (1961) and later
by Paul P. Orkild, P. W, Lipman, and W. D. Quinlivan.
Quadrangles mapped by the U.S. Geological Survey of
the Southwestern Nevada voicanic field and the Nevada
Test Site are shown on the index. (See also references at
end of “*Description of map units.")

The authors have generalized and revised previous
mapping using additional field, petrographic, isotopic-
age, and magnetic-polarity data, resulting in simplifica-
tion of the stratigraphy and clarification of the g¢ logic
structure. For exampie, the thick ash-flow tuff exp »sed
on Timber Mountain resurgent dome (fig. 1), originally
mapped as tuff of Cat Caayon, is now known to be the
intracaldera accumulation of the Ammonia Tanks Mem-
ber of the Timber Mountain Tuff. Stratigraphic revisions
implemented on the accompanying map explanation are
discussed in U.S. Geological Survey Professional Paper
919 (Byers and others, 1975).

TERMINOLOGY

The terminology of tuffs is adapted from Smith (1960)
and Ross and Smith (1961). As used here, “tuff” without
a modifier means ash-flow tufl, Other kinds of tuff are in-
dicated by appropriate modifiers. Volcanic names are
based on chemical analyses or on phenocryst compositions
(Rittmann, 1952, p. 77) where chemical analyses are not
available. The use of '‘quartz latite” is a convenient term
for mafic crystal-rich tuffs containing 65-72 percent silica,
in contrast to mafic-poor, more silicic tuffs. The term
“high-silica rhyolite’ designates tuffs in the 76-78 percent
range of silica.

The terms “catdera’ and *‘cauldron’ refer respectively
to a large topographic depression of volcanic origin and the

corresponding subsided structural block. The term *“caldera”

includes filled and buried calderas. This extension of the
definition of Williams (1941, p. 242) to include buried cal-

deras s in keeping, for example, with his usage of the term
“Medicine Lake caldera of northern Califorma “(Walliams,
1941, p. 296; Anderson, 1941, p, 358). The Claim Canvon
cauldron segment (fig. 1) 1s not 2 depression but a topo-
grapiically high block of thick intracaldera tuffs that have
heen eroded into mountainous topography, similar to the
clussic Glen Coe cauldron of Scotland (Clough and others,
1909; Williams, 1941, p. 296). The term “segment™ »n
applied to a part of a caldera or cauldron that is truncated
by a later subsidence.

In figure | and on the geologic map the caldera bound-
anies shown are the approximate main structural limits of
the collapsed area, based on geologic and geophysical in-
formation. Locally, caldera boundanes determined by ero-
sion are shown where geophysical and structural evidence
is lacking. Potassium-argon ages, in millions of years (Kist-
ler, 1968; Marvin and others, 1970), and sign of magnetic
polarity ((i. D. Bath, oral and written commun,, 1971),
where known, are included in the “*Description of Map
Units™ that follows.

DESCRIPTION OF MAP UNITS

ALLUVIUM AND COLLUVIUM (QUATER-
NARY) —~ Unconsolidated bouldery to sandy
stream deposits, alluvial fans, talus, and slope-
wash deposits. 060+ m (0-200+ ft)

TRACHYBASALT LAVAS (QUATERNARY
OR TERTIARY) - Grayish-black massive to
vesicular olivine-bearing trachybasait and cin.
ders. Thickness 0-76 m (0-250 t)

THIRSTY CANYON TUFF (PLIOCENE)

Gold Flat Member — Simple ash-flow tuff cool-
ing unit, yellowish- to reddish-brown, pantel-
leritic compasition, partly to densely welded.
Thickness 0~30% m (0-1002 ft)

Trail Ridge Member — Simple ash-flow tuff
cooling unit, purplish-brown in densely welded
upper part to pale-pink in nonwelded lower
part; comenditic rhyolite composition. In-
cluded with unit are 0~-3 m (0-10 ft) of whitc
to buff pumiceous ash-fall tuf( under the ash-
flow tuff. Phenocrysts (14 mm), 2-30 per-
cent, mainly sanidine with less abundant iron-
rich clinopyroxene, fayalitic olivine, opaque
oxides, and accessory biotite, zircon, and apa-
tite. Mapped with Spearhead and Rocket
Wash Members in cross sections and locally
under Buckboard Mesa. Thickness 0-60t m
(0-2002 ft)

Spearhead and Rocket Wash Members ~ Two
compound ash-flow tuff cooling units, yel-
lowish-gray to dark-reddish-brown, with thin
buff pumice lapilli ash-fall tuff at base of each
unit. Composition trachytic soda rhyolite to
comendite. Spearhead Member, 060t m
(0-2002 1) thick, nonwelded to densely
welded; Rocket Wash Member, 0-120+ m
(0=400+ {t) thick, nonwelded to partly weld-
ed. Phenocrysts 3-25 percent (1-5 mm),
mainly sodic sanidine in Spearhead Member

Qac

QTb

Ttg‘

T

Tts



and mainiy sanidine-anorthociase and sodic

plagioclase in Rocet Wash Member, with

sparse quartz, fron-rich clinopyroxene, and

{ayalitic olivine, amphibole. opaque oxides,

biotite, aputite, and zircon. Some ash flows

contain abundant dark-gray scortaceous pum-

ice lenses as much at 60 cm (2 1)} {. diameter,
K-Arage 7.5 m.y. (million years) lun

LAVAS OF PILLAR SPRING (PLIOCENE)

Medium- to brownish-gray trachytic tava
flows, dense to vesicular, containing 2540
percent phenocrysts (1-5 mm) of sodic pla-
gioclase and anorthoclase, and sparse clinopy-
roxene, olivine, opaque oxides, apatite, and

zircon. Thickness 0-300+ m (0-1,000+ {t) Tdf

LAVAS OF RIBBON CLIFF (PLIOCENE) -

Medium- 10 hrownish-gray massive to flow-
layered dense to vesicular trachytic soda
rayolite, quartz trachyte, and truchyte lavas,
contains 15-30 percent phenocrysts, mainly
large (us much as 2 cm) anorthoclase with
sparse clinopyroxene. Relation to rhyolite
lavas-of Shoshone Mountain (Trs, Trsi) and
mafic lavas ( T1{) uncertain; locally overties
mafic lavas. Thickness 0-200+ m (0=700+ ft)

RHYOLITE LAVAS OFF SHOSHONE MOUN-

TAIN (PLIOCENE) — Four similar lava flows,
increasing in volume downward; esch flow in-

cludes devitrified light-brownish-gray to grayish-
orange-pink finely flow banded rhyolite grading
downward to vitric tuff-breccia in lower few Tel
tens of feet. Sparse alkali feldspar phenocrysts.
Thickness 0-300%£ m (0-1,000% ft)

Intrusive rhyolite — Massive light-gray stro. 1y

devitrified nearly aphyric rhyolite of com josi-
tion similar to rhyolite lavas of Shoshone Moun-
tain. Thickness 0-300% m (0-1,000% {t)

MAFIC LAVAS (PLIOCENE) — Dark-gray por-

phyritic lavas and minor intercalated scoria- =
ceous rubble and cinder beds; dense to vesicular, Urfd
At Dome Mountain, upper and middle flows

are trachyandesite; lower flows, basalt: miner-

alogy given in Luft (1964, p. D16); the upper

and middle lavas of trachyandesite are distin-

guished from the lower basaltic lavas by com- Ter
mon resorbed plagioclase phenocrysts as much

as | cm in length. Thickness 0-300% m

(0-1,000¢ ft)

SEDIMENTARY ROCKS AND DEBRIS MOSTLY

WITHIN TIMBER MOUNTAIN CALDERA -
(PLIOCENE)

Gravel and tuffaceous sediments - Upper part is

caliche~cemented fun gravel with blocks as much
as 3 m (10 [t) in diameter grading downward in-
to finer. rounded friable cobble conglomerate.
Lower part includes gravel intertonguing with
tuffaceous (risble sandstone, a few light-gray

Trbw

ash-fall pumice-tapilll tutf beds genetically re-
lated to Shoshone Mountain chyolite center, anl
a few vitric shard (uff heds less than 60 cm (2 1)
thick. In western part of mapped area, unit in-
tertongues with tuff beds mapped as ash-tail and
nonwelded tuff (Tan). Thickness 0-300¢
(0-1,000¢ 1)

Ash-fall and nonwelded tuff -- Light-colored zeoli-
tized bedded tuff (largely ash falls of diverse
provenance) and local nonwelded ash-flow tuffs
that accumulated mainly within Timber Moun-
tain caldera. Intertongues with gravel and tuff-
aceous sediments (Tgs), and rhvolite lavas in

. Timber Mountain caldera (Ttf, Trbw, Tree).
Thickness 0-600+ m (0-2,000+ {t)

Debris flows and breccia — Thick-bedded dehns
flows with pale-orange tuffaceous matrix,
grading downward into megabreccia consisting
of very poorly sorted angular fragments as
much as 6 m (20 ft) in diameter with little or
no fine tuff matrix. At test well 8 in Falcon
Canyon, tuffaceous debris heds are separated
from underlying megabreccia by the upper
quartz-latite subunit of the Rainier Mesa Mem-
ber (Tmr) of the Timber Mountain Tuff. In
drill hole UE | 8r and in surface exposures in-
side caldera wall, breccia contains blocks of
densely welded Rainier Mesa Member, of Tiva
Canyon (Tpe) and Topopah Spring (Tpt) Mem-
bers of the Paintbrush Tuff, and of rhyolite
lavas associated with Claim Canyon cauldron.
Thickness 0-~300+ m (0-1,000+ ft)

RHYOLITE LAVAS OF FORTYMILE CANYON
(PLIOCENE) ~ Gray and pastej-colored devit-
rified rhyolite, locally vitrophyric in lower part.
Includes ash-fall tuff, locally fused tuff (Chris-
tiansen and Lipman, 1966), and breccia rubble
between flows. Youngest lava overlies middle
part of mafic lavas (TIf); locally includes thyo-
lite lavas of Beatty Wash (Trhw) at base. Thick-
ness 0-330%2 m (0-1,1002 ft)

IFeeder dike — Coarse unsorted tuff breccia and
gray devitrified to vitrophyric rthyolite; flow-
banded rhyolite is partly brecciated and in-
cluded in tuff breccia, and in places intrudes
tuff breccia

‘TUFF OF CUTOFF ROAD (PLIOCENE) -
Simple ash-flow cooling unit. Moderately
welded light-gray to tan microcrystalline upper
part grades down to nonwelded pinkish-gray
nearly glassy lower part. Nonwelded and lo-
cally sericitized in southwestern Timber Moun-
tain caldera moat area; zeolitized, white to
very light gray, pastel-weathering, on northeast
Nank of resurgent dome. Petrographically like
thyolite lavas of Beatty Wash (Trbw). Thick-
ness 0-1202 m (0400t 1), K-Arage 9.5
m.y.: magnetic polarity, reversed

RHYOLITE LAVAS OF BEATTY WASH (PL!O-
CENE) - Lava flows, vitrophyric in upper and



lower parts, lithologically like rhyolite lavas of
Fortymile Canyon (Trf); plagiociase locally
altered to sencite in southern moat area. Cor-
related with petrographically similar tuff of
Cutoff Road (Ter). Thickness 0-300t m (()-
1,000+ ft). Magnetic polarity, reversed

TUFFS OF FLEUR-DE-LIS RANCH (P! 1O-

CENE) - Simple cooling unit, light-purplish-
hrown to yellowish-gray, with common smail
(0.5-1.0 mm) biotite flakes, Intruded and
overiain by rhyolite lava of West Cat Canyon
(Trce) at voicanic vent south of Beatty Wash.
Probably thickens downdip as inferred in
Timber Mountain caldera moat (section A-#").
Near the Fleu:-de-lis Ranch (fig. 1), consists of
three moderately to densely welded cooling
units with one intercalated lava flow that is
petrographically similar to rhyolite lava of
West Cat Canyon (Trce). Thickness 0-152¢

m (0-500% {1). Magnetic polarity of upper-
most tuff, normal

RHYOLITE LAVAS OF WEST CAT CANYON

(PLIOCENE) — Dark- and light-gray glassy or
light-yeilowish-brown to pale-red devitrified
rhyolite lava with common tiny (< 1.5 mm)
plagioclase and biotite phenc:crysts. Intrude,
intertongue with, locally overlie, and are pet-
rographically similar to tuffs of Fleur-de-lis
Ranch. Thickness 0-300+ m (0-1,000% ft)

RHYODACITIC AND MAFIC LAVAS (PLIO-

CENE) - Light-gray to gray to purplish-gray
thick rhyodacite lava flow on east side of
Timber Mountain: elsewhere, scattered ex-
posures of trachyandesite and basalt(?), local-
ly scoriaceous and palagonitized, are inch ‘ed.
Mafic lavas contain calcic plagioclase, clino-
pyroxene, and sparse orthopyroxene and oli-
vine phenocrysts. Rhyodacite lava flow con-
tains conspicuous andesine phenocrysts as
much as 5 mm in length, Thickness 0-150%
m (0-500¢ ft). Relation to tuffs of Cutofl
Road (Tcr) and Fleur-de-lis Ranch (Ttf) and
to rhyolite lavas of Beatty Wash (Trbw) and
West Cat Canyon (Trcce) is uncertain

INTRUSIVE ROCKS ON TIMBER MOUN-

TAIN (PLIOCENE)

Tuff dike zone ~ Zone as much as 152 m (500

ft) wide, composed of possible cone sheets in-
dividuaily ranging from 2.5 cm (1 in)to 9 m
(30 ft) In width, intrusive into lower quartz-
latite subunit of Ammonia Tanks Member
(Tml) of Timber Mountain Tufl; roughly con-
centric with Timber Mountain resurgent dome
on east flank. Individual dikes are high-silica
rhyolite, very light gray, and devitrified and
contain light-brown xenoliths of lower part of
Ammonia Tanks Member. Pumice lenticles are
flattened, but no flow laminations are present.

Tg

Tri
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Pencil-thin apophyses cut lower quartz-latite
subunit of Ammonia Tanks Member, Two sets
of dikes have different phenocryst assemblages.
Dikes of the dominant older set have no chilled
border zone and closely resemble rhyolite of
the upper part of the Ammonis Tanks Member
{Tmu), Dikes of the less common younger set
closely resemble the tuffs of Crooked Canyon

{ Tme) and also have fine-grained (chilled) bor-
Jders, indicating that the lower part of the Am-
monia Tanks had cooled between the times of
intrusion of the two dike sets. Dikes are prob-
able feeders for tuffs of Crooked Canyon and
for uppermost rhyaolite of Ammonia Tanks
(Tmu) on east flank of Timber Mountain dome

Microgranite porphyry — Light-gray; feldspar pheno-
crysts as large as 9 mm in a fine-grained (0.2-0.5
mm) groundmass; many feldspar phenocrysts con-
sist of thick alkali feldspar jackets mantling smail
cores of oligoclase; groundmass consists of alkali
feldspar (75-85 percent), quartz (10-20 percent),
plagioclase (0-10 percent), und rare to sparse apa-
tite, zircon, and allanite

[ntrusive rhyolite — Rhyolite dikes and smaii plugs,
purplish-gray, dense: flow-layered dikes highly
brecciated, probably autoclastic. High-silica thy-
olite plugs in East Cat Canyon are stony, light
gray to white, flow layered, and mineralogically
similar to high-silica rhyolite of Ammonia Tanks
Member (Tmu) of Timber Mountain Tuff. Rhy-
olite piug at Parachute Canyon is light gray, glassy
to stony, porphyritic, flow layered, locally litho-
physat: basal vitrophyre at northwest edge of plug

TIMBER MOUNTAIN TUFF (PLIOCENE) - Five
closely related and petrographically similar ash-flow
cooling units characterized by quartz phenocrysts.
The Rainier Mesa and Ammonia Tanks Members
are voluminous compositionally zoned compound
cooling units, probably composite sheets, each
exceeding 1,000 km? (250 mi?) in volume. The
overlying three tuffs have a combined volume of
less than 200 km> (50 mi?®) and are confined to
Timber Mountain and Oasis Valley caideras; upper-
most two tuffs mapped as one unit—tuffs of Crook-
ed Canyon. Size of phenocrysts larger (as much as
3 mm) in the Rainier Mesa and Ammoniu Tanks
Members than in overlying units. The Ammonia
Tanks Member here includes the tuff of Cat Can-
yon and tuff of Camp Transvaal of earlier re-
ports (Carr and Quinlivan, 1966: Lipman,
Quinlivan, Carr, and Anderson, 1966)

Tuffs of Crooked Canyon — Two similar simple
cooling units of homogeneous nonwelded to
partly weided rhyolite. Upper tuff is gray to
pale orange; lower tuff, commonly pale pink-
ish purpie. Upper tuff is slightly more mafic
than lower tuff. On east flank of Timber
Mountain near tuff dike zone ( Ttd) both units
contain common light-brown xenoliths of low-
er quartz-lutite subunit of Ammonia Tanks
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Member ¢ ['mi). Thickness 0-300% m (()-
1.000¢ 1)

Tuff of Buttonhook Wash -- Compound cooling

unit consisting of an upper, reddish- to pur-
plish-brown densely welded quartz tatite and

a lower, light-gray nonweided to partly weilded
highssilica rhyolite, Contains sparse small
mafic lithic and purplish-brown ¢ uartz latitic
inclusions of Ammonia Tanks (" mu, Tml) and
Rainier Mesa ¢ Tmr) Members, Scparated {rom
the underlying Ammonia Tanks Member by a
few inches to a few fect of shard-rich hedded
wff, Thickness 0-250+ m (0-800¢% f1)

Ammonia Tanks Member .- Composite sheet
Upper part - On Timber Mountain resurgent

dome multiple ash-flows consist of several
light-purplish-gray nonwelded to moderately
welded rhyolitic zones grading up into and al-
ternating with brown densely welded quartz
latite zones. This sequence thins eastward
and is overlain on the east side of Timbher
Mountain by nonwelded porous high-silica
rhyotite tuff, which contains common light-
brown quartz latite xenoliths of lower part of
Ammonia Tanks Member (Tml).” Away from
Timber Mountain dome, upper part (Tmu) is
light-brownish-gray nonweided to black dense-
ly welded glassy quartz la;ite tuff, less than
90 m (300 ft) thick, underlain by local thin
pink to light-gray high-silica rhyolite in north-
ern part of mapped area; this local rhyolite is
probably equivalent to rhyolite of lower part
of Ammonia Tanks (Tml) elsewhere, Quartz
latite is characterized by large dark-gray to
black scoriaceous lenticles as much as 61 ¢m
(2 ft) in length and purplish-gray rounded
xenoliths of Rainicr Mesa Member as m. h
as 30 cm (1 ft) in diameter. Thickness 0-
250t m(0-800% ft). K-Arage, 11.1 m.y.:
magnetic polarity, normal .

Lower part -~ On Timber Mountain Dome, muiti-

ple ash flows consist of brown, purplish-gray,
and light-gray dense crystalline locally grano-
phyric moderately welded quartz latite tuff
intertonguing with nonwelded to partly welded
less mafic tuff in lower part overlain by rhyo-
lite of variable phenocryst composition. Lo-
cally in southeastern part of mapped area, an
uppermost thin quartz latite that is probably
the quartz latite caprock of the upper part of
the Ammonia Tanks {Tmu) is included in the
lower part. Largely equivalent to tuff of Camp
Transvaal of an earlier report (Lipman, Quin-
livan, Carr, and Anderson, 1966). Thickness
0-600+ m (0-2,000+ ft). K-Arage, 11.1 m.y.;
magnetic polarity, normal

Rainier Mesa Member — Compositionally zoned

compound-cooling unit. Near Timber Mountain
caldera commonly has brown to gray rubbly

quartz latite cuprock charactenzed by a vapor-
phase zone, a middle purple aphanitic densely
welded locally glassy highsilica rhyolite, and a
lower conspicuously pink glassy nonwelded
high-silica rhyolite. In other areas a Jdark glassy
densely welded quartz latite caprock overlies a
vapor-phase zone of the middle rhyolite. In-
side Timber Mountain caldera, the quartz latite
caprock subunit is intercalated with the debris
flows and hreccia {Tdf) in Beatty Waush and Fal-
con Canyon, where it contains xenoliths ot cai-
dera-wall rocks and sparse granitic rocks. Thick-
ness 0-600+ m (0-2,000+ ft), K-Arage, 11.3
m.y.: magnetic polarity, reversed

PRE-AMMONIA TANKS RHYOLITE LAVAS

(PLIOCENE) - Lavas confined to Timber
Mountain caldera. Light-gray glassy porous
breccia in uppermost zones: pale red flow lami-
nated to light gray massive microcrystalline in
middle of flow, dark glassy in lower zones.
Composition is high-silica rhyolite like that of
similar facies in the upper part of Ammonia
Tanks Member (Tmu) of the Timber Mountain
Tuff. Rhyolite lava penetrated beneath Am-
monia Tanks Member (Tmu, Tml) in drill hole
UE18r at 1,099-m (3,605-ft) depth is similar
but has fewer phenocrysts. Thickness 0-2502
m (0-8001 ft). Magnetic polarity, reversed

PRE-RAINIER MESA RHYOLITE LAVAS (PLIO-

CENE) - Upper zones are porous glassy breccia;
middle zones, pale red and reddish purple, micro-
crystalline; lower zones, dark gray, glassy. Two
petrographic types of quartz-rich lavas: one,
probably the younger, is high-silica rhyolite, pet-
rographically very similar to that of the Rainier
Mesa Member; the other lava, probably older, is
transitional in phenocryst composition between
the Paintbrush and the Timber Mountain Tuffs.
This lavs (Trmr) was penetrated under Pahute
Mesa in drill holes U20a and U20a-2 north of
the caldera and was called quartz-rich rhyolite
lava of Scrugham Peak quadrangle (Byers and
Cummings, 1967 Orkild, Sargent, and Snyder,
1969); south of the caldera, lavas nearly identi-
cal in composition to the north one were cailed
rhyolite of Windy Wash (Christiansen and Lip-
man, 1965). Thickness 0-300% m (0-1,000¢
ft). K~Ar age of high-silica rhyolite, 11.3 m.y.

Feeder dikes — Coarse unsorted tuff breccia and

light-gray devitrified to black glassy rhyolite:
fluidal rhyolite intrudes tuff hreccia but is
also brecciated and included in tuff breccia

PAINTBRUSH TUFF (MIOCENE) - Quartz-

free to quartz-poor sequence of five peralumi-
nous rhyolitic to quartz {atitic simnple and com-
pound ash-flow tuff cooling units, locally sep-
arated by bedded tuff, rhyolite lava flows near



source area, and tuff brecca, Color generatly I'py
indicative of cuoling or crystallinity zones
dark gray to black, giassy; brownish gray,
cryptocrystailine; light browmsh to purphish-
gray, microcrystailine; and light gray to light
purplish gray, coarsely microcrystailine with
granophyrnic pumice. A granophyric facies
occurs in middle parts of thickened members
inside Claim Canyon cauldron segr:ent

Tp Tuff of Pinyon Pass -- Simple coolin_ unit. Upper

Yuces Mountain Member - Simple cooling unit,
crystal poor. Brownish-gray to gray glassy non-
welded in uppermost and lowermast zones, mid-
dle zone is pale purplish gray to pale purphish
brown, and shard rich and contains sparse smail
white pumice lenticies averaging about 1.3 ¢m
(% in.) in length and rare smail grayish-red rhyo-
lite xenoliths generally less than 1.3 cm (A inl)
in length, Where member exceeds 45 m (150 fv)
in thickness, filled irregular light-colored litho-

quartz-latitic subunit is brown, purplish brown,
pale orunge, and light gray and moderately to
densely welded and contains relict dark glassy
crystal-rich pumice lenticles and minor white
rhyolitic pumice lenticles 1-10 cm (%4-4 in.)

in length. The middle high-<ilica rhyolitic sub-
unit is pale purplish gray, partly welded. The
lower rhyolitic subunit is yellowish gray to
reddish brown, is moderately to densely welded,

Tpp

physal masses as much as S ¢cm (2 inl) in diameter

characterize middle zone. Thickness 0-300t m
(0-1.000% ft)

Pah Canyon Member -- Yellowish- to light-brown

moderately to densely welded simple cooling
unit; contains abundant small pumice lenticles
less than 1.3 cm (% in.) in length and common
small cognate xenoliths. Thickness 0-200¢ m
(0=7002 ft). Magnetic polarity, reversed

contains minor crystal-rich quartz-latitic pum- Tpt Topopah Spring Member — Compound cooling unit.

ice lenticles, and grades down to pinkish-gray
nonwelded glassy to zeolitic. Unit similar to
Tiva Canyon Member (Tpc). Thickness 0-
1502 m (0-500% ft)

Tiva Canyon Member - Compositionally zoned

compound cooling unit

Tuff of Chocolate Mountain - Thick accumula-

tion of uppermost quartz-latitic caprock facies
confined within Claim Cany on cauldron.
Three subunits can be distinguished where the
tuff breccia (Tbx) intertongues with the tuff
of Chocolate Mountain: upper subunit is
denssly welded and brown microcrystalline to
black glassy; middle subunit is less glassy but
otherwise similar to upper; lower subunit is
the thickest, is densely weided, brown micro-
crystalline to light-gray granophyric, and con-
tains xenoliths of Yucca Mountain Memb -
{Topy). Pah Canyon Member (Tpp). rhyolite
lavas between Pah Canyon and Yucca Moun-
tain Members (Trp), and Crater Flat Tuff
(Tef). Thickness 0-6002 m (0-2,0001 ft).
K~Ar age, 1 2.6 m.y.; magnetic polarity, re-
versed

Main purt — Upper quartz-latitic subunit is simi-

lar to upper subunit of tuff of Pinyon Pass
{Tp). Middle rhyolitic subunit is moderately
to densely weided, purplish gray, and locally
lithophysal; contains crystat-rich quartz-latitic
gray to dark-gray pumice lenticles that increase
upward. Lower high-gilica rhyolitic subunit is
locaily glassy and densely welded and grades
down to dark-gray glassy to yellowish-gray zeoi-
itized nonwelded shard-rich tuff; the lower sub-
unit is distinguished from other Paintbrush sub-
units by hornblende, alkali feldspar, and sphene
and a paucity of biotite, Thickness 0-900t m
(0-3.0002 ft). K-Ar age, 12.6 m.y.; magnetic
polarity, reversed

Trpe

Trp

Upper part consists of 1.5-3 m (5-10 ft) of
brownish-gray ash-fall pumice underlain by quartz
latite ash-flow subunit, which contains abundant
large dark-gray (o black collapsed pumice lenticles
as much as 30 ecm (] t) in diameter. Middle part
is hlack glassy to brown devitrified and contains
abundant large cognate and accidental xenoliths,
including granite. Lower part is thyolite subunit
consisting of mottied gray and brown devitrified
thyolite containing sparse crystal-rich pumice len-
ticles, underlain by crystal-poor black densely
welded glassy to pinkish-brown nonwelded glassy
ash-flow tuff subunit. Thickness 0-300% m (0-

1,000t ft).. K-Ar age, 13.2 m.y.; magnetic polar-

ity, normal

POST-TIVA CANYON RHYOLITE LAVAS (M10-

CENE) - Two purplish-gray to light-gray rhyolite
lava flows commonly separated by hedded tuff.
Penetrated in drill holes U20a-2, and UE20c on
Pahute Mesa. Upper and lower flow mapped as
quartz-beaning rhyolite and biotite-bearing rhyo-
lite, respectively, of rhyolite lavas of Scrugham
Peak quadrangie (Byers and Cummings, 1967,
Orkild and others, 1969). Both lavas have en-
closing breccia and glassy zones with a central
devitrified core. Thickness 0-350 m (0-1,140
ft). Magnetic polarity, reversed

RHYOLITE LAVAS BETWEEN YUCCA

MOUNTAIN AND PAH CANYON MEM-
BERS (MIOCENE) — Zoned light-brownish-
gray, light-purplish-gray, and light-gray lavas
similar in outcrop appearance and hand speci-
men to post-Tiva Canyon rhyolite lavas (Trpu).
Three lavas are exposed in north wail of Tim-
ber Mountain caldera: two are in sequence,
homblende-bearing rhyolite lavas of Scrugham
Pezk quadrangle and the underlying pyroxene-
bearing rhyolite (Byers and Cummings, 1967.



Orkild amd others, 1969), characterized by
high ratio of atkali feldspar to total feldspar
like that of Tive Canyon Member ('I'pe) of

the Paintbrush Tuff; a local quartz- and horn-
hiende-bearing lava is also included. The rhyo-
hte lavas on the south side of Timber Moun-
tain caldera are similar to the lower pyroxene-
beaning tava on the north side. Tt ckness 0=
3602 m(0-1,2002 1)

PRE-PAH CANYON RHYOLITE LAVAS (MIO-

CENE)  Two lava flows under Pah Canyon
Member (Tpp) of Paintbrush Tuff, similar in
appearance to lavas above (Trp) except for
greater silicification but petrographically sim-
ilar to one another and to the Pah Canyon.
Faulted and fractured near boundary of Claim
Canyon cauldron segment, where plagioclase
and mafic minerals have been partly to com-
pletely destroyed by hydrothermal alteration.
Thickness 0-180t m (0-600% ft). Magnetic
r-olarity, reversed . - :

TUFF BRECCIA (MIOCENE) — Light-yellowish-

gray to grayish-yellow zeolitized massive poor-
ly sorted tuff breccia with fine to coarse pum-
ice matrix and many iarge blocks as much as
several tens of feet across near wall of Claim

STOCKADE WASH TUFF (MIOCENE)Y  Simple

coaling unit of ash-flow tulf, nonwelded to
slightly welded, pale-griy to brown, contiining
abundant small orange punuce fragments less
than 2.5 ¢m (1 i) across. Phenoceysts less than
2.0 mm, including formerly cuhedral quarte,
moderately resorbed. Correluted with tuffs and
rhyolite lavas of Area 20 (Tra) on the basis of
petrographic similarity. Thicknest 30-160 m
(100-500 ft)

TUFFS AND RHYOLITE LAVAS OF AREA 20

{MIOCENE)  Zeolitized bedded and ash-flow
tuffs and rhyolite lavas that fill Silent Canyon
caldera (Orkild, Sargent. and Snyder, 196,
Phenocrysts, principally of quartz, feldspar. and
biotite, range from a (ew percent to about 25
percent in the rhyolite iavas. With increase in
phenocrysts, the feldspars in the lavas become
larger, as much as 7 mm, and the plagioclase to
total-feldspar ratio increases from a few percent
to about 50 percent: broken resorbed quartz is
typical of tuffs. The mafic and accessory min-
erals are biotite, allanite. and abundant horn-
blende in the lower lavas (K. A. Sargent, written
commun., 1968). Thickness 0-1,500% m (0-
5,000 ft)

Canyon cauldron segment, secoming less a- BELTED RANGE TUFF (MIOCENE)
bundant and smaliler away from wall. Blocks- Theg Grouse Canyon Member — Compound ash-flow
to-matrix ratio as much as 4:1 neéarwall.

Blocks consist largely of Pah Canyon (Tpp)
and Yucca Mountain (Tpy) Members of Paint-
brush Tuff, and subordinate rhyolite lavas be-
tween Pah Canyon and Yucca Mountain Mem-
bers (Trp), and Crater Flat Tuff (Tcf): large
blocks crackled. Thickness 0~150+ m (0 -500+
ft)

BEDDED TUFF (MIOCENE) -~ Light-colored
locally zeolitized ash-fall tuff, thin-bedded to
very thick bedded, locally massive; includes
mostly ash-fall tuff of Paintbrush Tuff and

tuffs and rhyolite lavas of Area 20; west of

Split Ridge includes a local nonwelded ash

flow named the tuff of Blacktop Buttes by
Orkild and others (1969). Coarse-grained
shard-crystal to lapilli-lithic tuff, the latter
common near rhyolite vents, where unit in-
cludes minor fused tuff (Christiansen and Lip-
man, 1966) and welded ash fall. Includes thick
ash [alls genetically related to rhyolite lava ex-
trusion and subordinate thin ash falls immediate-
ty underlying and locally overlying ash-flow tutfs.
Locally includes reworked tuff and lenses of vol-
canic conglomerate. Phenocryst assemblage is
quartz free to quartz poor in beds intercalated
with members of Paintbrush Tuff; quartz-beuring,
in beds intercalated with Stockade Wash Tuff and
with tuffs and rhyolite lavas of Area 20. Thick-
ness 0-360% m (0-1,200% ft)

cooling unit, comprising two distinct subunits
of densely welded comenditic ash-flow tuff,
greonish-gray to pale-brownish-gray and red,
devitrified. Upper subunit contains 10-25 per-
cent phenocrysts, largely sodic sanidine; lower
subunit almost phenocryst-free at base, grading
upward lo about § percent phenocrysts at tap.
Lenticular granophyric pumice and gas cavities
containing vapor-phase crystals of quartz, sani-
dine, and aegirine, with'sodic amphibole com-
mon in upper subunit: conspicuously deveioped
compaction and flow foliation and flow linea-
tion, particularly in lower subunit. Sparse phe-
nocrysts of sodic sanidine in lower subunit and
very rare to sparse anhedral quartz, sodic amphi-
bole, ferrosalite(?) (0.5-1.5 mm) aegirine-augite
(0.2-0.5 mm) and fayalite; upper subunit has
similar but more abundant phenocrysts without
quartz. Thickness 0-75 m (0-250 ft). K-Ar age,
13.8 m.y. Magnetic polarity, normal

Ash-fall tuff —~ Gray glassy and yellow zeolitic

fine to lapilli tuff; generaily underlies the
Grouse Canyon Member and is intercalated
with flows of rhyolite lavus of Split Ridge
{Trsr). Thickness 0-250% m (0-800% ft)

Tub Spring Member — Compound cooling unit

of densely welded to nonwelded buff to
bluish-gray and brick-red devitrified comen-
ditic ash-flow tuff. Rock containg 20-25 per-
cent phenocrysts of sodic sanidine (20-70



v ¢ "
percent), quartz £30-50 ,v-zcﬁt ), and sparse
acginme-augite and fayalite: groundmass crys-
tals include sparse acmite: lithic inclusions ot
rhyolite of Quartet Dome contain acmite and
blue-green sodic amphibole in ground mass.
Thickness 0-6+ m (0-20+ 1)

RHYOLITE LAVAS OF SPLIT RIDGE (MIO-
CENE) — Flows and dikes, devit* fied green-
ish-gray and brown nonporphyritic to very
sparsely porphyritic, strongly flow-laminated.
glassy basal zones and dike margins occur local-
ly. Less than | percent phenocrysts of alkali
feldspar, aegirife-augite, and fayalitic olivine.
Intertongues with genetically related ash-fall
tuff (ThL). Thickness 0-330+ m (0-1.100+
ft) '

RHYOLITE LAVAS OF QUARTET DOME
(MIOCENE) - Thick flows and endogenous
domes of light-gray to grayish-red generaily
devitrified coarsely flow-layered comenditic
lava; 5~30 percent phenocrysts of quartz, al-
kali feldspar, and sparse clinopyroxene and
fayalite; groundmass contains acmite and blue-
green sodic amphibole. Correlated with Tub
Spring Member (Tht) on basis of petrographic
similarity. Thickness 0-300+ m (0-1,000+ ft)

BIOTITE-HORNBLENDE R.IYOLITE WEST
OF SPLIT RIDGE (MIOCENE)

Ash-fall and nonwelded tuff — Pale-gray and yel-
low bedded and nonwelded zeolitized quartz-
latitic tuff containing locally common sub-
angular to rounded fragments (1-10 cm) of
dark welded tuff, mafic lava, and silicic lava;
two thickest ash-flow tuffs (15 and,23 m: 50
and 75 ft) contain about 20 percent pheno-
crysts consisting mainly of predominan. la-
gioclase and very minor alkali feldspar anc
quartz, and about § percent each of biotite
and hornblende.. THickness 0-205 m (0-675
ft) .

Lava flows — Two dark-bluish-gray glassy and
orange to reddish-brown microcrystalline
massive quartz latite flows. Upper flow con-
tains about 10 percent phenocrysts consisting
mainiy of plagioclase, minor alkali feldspar
and quartz, and about 10 percent dark miner-
als, including subequal biotite and hornblende;
lower flow contains about 15 percent pheno-
crysts (asmuch as 5 mm), predominantly pla-
gioclase, and about 15 percent dark minerals.
biotite dominant over hornblende and magnetite.
Accessory minerals in both flows include sphene,
apatite, zircon, and allanite (K. A. Sargent, writ-
ten commun., 1968). Thickness 0-250 m (0~
820 ft). Magnetic polarity, reversed

RHYOLITE LAVAS AND ZEOLITIZED TUFF
(MIOCENE) — [ntertonguing or uncertain re-

Ire

Tab

Tel

Trv

v .
Litions with \/:‘Sﬁ‘r‘ng Member (Tbt), rhyohite
lavas of Quartet Dome U1ry), hiotite-hornblende
rhyolite west of Split Ridge { Tht, Thi)_and Crater
Flat Tuff (el

Rhyolite lavas of Calico Hills - Light-gray, pale-

putple, and pink devitrified microbreccuted and
silicified lavas; glassy facies is light to dark gray
or grayish green. Phenocrysts of quartz, alkali
feldspar, plagioclase, and sparse magnetite and
biotite. Overlies Crater Flat Tuff (Tef). Thick-
ness 0-460t m (0-1,500% [t)

Zeolitized ash-flow and bedded tuff — Massive and

bedded porous white and pastel-colored pumi-
ceous partially to completely zeolitized tuff,
Beds are well sorted and locally cross stratifieil.
Only uppermost part exposed along custern bor-
der of mapped area; continuous with and equiv-
alent to tunnel-bed sequence in Rainier Mesa
yuadrangle (Gibbons and others, 1963). Thick-
ness 0-600% m (0-2,000% ft)

CRATER FLAT TUFF AND INTERCALATED

LAVA FLOW (MIOCENE) — In southern part

of mapped ares, the Prow Pass Member, the

upper member, is similar but thinner (0-30%t m),
and separated from the Bullfrog Member, the
lower member, by as much as 8 m (25 ft) of
bedded tuff and breccis. The members are sepa-
rated locally by an intercalated rhyolite lava flow
that is not part of the Crater Flat Tuff. Over most
of mapped ares, Bullfrog Member is a nonwelded to
densely welded, compositionally zoned ash-flow
tuff cooling unit. In the northern part of the area

. the Prow Pass Member is missing. Both tuff mem-
.bers are brownish to purplish gray to light gray

and contain phenocryst-poor small pumice lenti-
¢les averaging about 2.5 cm (1 in.) in length: ab-
sence of clinopyroxene distinguishes the Crater
Flat Tuff from younger tuffs. Orthopyroxene and
strongly resorbed quartz is diagnostic of the Prow
Pass Member: Bulifrog Member contains homblende
and abundant biotite phenocrysts without ortho-
pyroxene and is compositionally zoned with more
mafic quartz-latitic subunit in lower part; also char-
acterized by an abundance of finc biotite (< | mm)
in white pumice lenticles. In south wall of Oasis
Valley caldera segment, Crater Flat Tuff is mapped
with local intercalated lava flow similar mineraiog-
ically to underlying Bullftog Member. Thick-

ness 0-250% m (0-800% ft). K-Ar age of

Bullfrog Member, 14.0 m.y. Magnetic polar-

ity, normal

REDROCK VALLEY TUFF (MIOCENE) -

Simple ash-flow cooling unit, greenish-gray.
brick-red, brown, locaily glassy. Resembles
Crater Flat Tuff but has significantly less
quartz. Penetrated in test well 8 (section
C-C’) and other drill holes east of mapped
area. Alkali feldspar-total feldspar ratio



generally increases upward in unit: quartz
also increases upward. Hornblende and bi-
otite phenocrysts as much as 2.0 mm: quartz
phenocrysts, small euhedra, length parallel Lo
C axis less than | mm. Thickness 0=-300t m
{0-1,0004 ft). K-Arage, 15.7 my. Magnetre
polarity, reversed

TUEFF AND CLASTIC ROCKS (MIOC ¢NE?)
In sections only. Includes Fraction Tuff and
possibly other ash-flow tuffs originating north
of Timber Mountain area (Rogers and others,
1967} and minor bedded tuff and local {ine
and coarse clastic rocks generally at base of
Tertlary sequence. Thickness 0-600% m (0~
2.000% ()

ELEANA FORMATION, UNIT J(7) (MISSIS-
SIPPIAN) -- Light- to dark-gray silty lanunat-
ed argillite, medium- to dark-gray and brown
impure limestone containing thin (7.5-10 em,
4-4 in.) sandy and silty interbeds, and con-
glomerate composed of rounded black chert,
red argillite, and gray limestone; very thin
bedded and brecciated. Thickness 0-30+ m
(0-100+ ft)

LIMESTONE AND DOLOMITE (DEVONIAN) -
Includes Devils Gate Lim. stone and Nevada
Formation. Dark- to light-gray fine- to coarse-
grained thin- to thick-bedded brecciated lime-
stone and dolomite. Thickness (20 m
(400¢ ft) ’
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