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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 varnish, 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 reevaluated.

INTRODUCTION

Rock-vamish cation-ratio daling of geomor-
phic surfaces was first proposed nice years ago
{Dom 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. I. Dom 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 (Dom, 1983, 1989a, 1989b;
Dorn and Oberlander, 1981; Dorn 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
(Dom et al., 1990), to challenge accepted petro-
glyph chronclogies (Nobbs and Dorn, 1988)
and to characterize seismic and volcanic hazards
near the proposed Yucca Mountain high-level
waste repository (Dom, 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
to 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. L
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, also

referred to as SEM-EDAX) and wavelength-
dispersive spectrometers (SEM-WDS}) (Harring-
ton and Whitney, 1987, Dethier et al,, 1988,
Dragovich, 1988; Dom, 1989a, 1989b; Dom et
al., 1990). Dorn (1989b) and Dorn et al, (1590)
determined ratios by inductively coupled argon-
plasma spectroscopy (ICP). Dom (1983) de-
termined ratios by using X-ray fluorescence
(XRF-unspecified detector).

Meaningful cation-ratio dates will be gener-
ated only if the three-clement ratio (Ca + K)/Ti
is accurately determined. However, the accuracy
of methods used to determine this ratio has
never been demonstrated by analysis of stand-
ards of vamishlike 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; Do,
1989a, 1989b; Dom 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; Dorn, 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
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Figure 1. Ti K and Ba L peaks overlap in
energy-dispersive X-ray spectra. If Ba peaks
are not deconvoived, apparent Ti K, (4.508
keV) and Kj {4.931 keV) peaks shift to lower
energies as they are superimposed upon Ba
L, (4.465 keV} and Lﬁ (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, 1989a,
1989b; Dorn et al., 1990), we prepared stand-
ards of specific composition to test the ac-
curacy of our analyses. 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 vamish, these standards are
of known composition.

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

Note: Addilional material for this atticle is Supptementary Data 9108, available on request from the GSA Documents Secretary (see [ootnote 1).
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the range of Ba/Ti and cation ratios measuredin by quantitative, standard-based SEM-EDS agree 1, Fig. 2). There are two sources of error in
natural varnish. In a blind test, aliquots of the with known compositions and are similar to  PIXE UCD cation-ratio determinations, (Ca +
glasses were analyzed by XRF-WDS, ICP, those determined by most other methods (Table  K)and Ti. The error in (Ca + K) is similar for all
PIXE UCD, and PIXE microprobe (PIXE I, Fig. 2). three synthetic varnishes, is not correlated with
MCP). We analyzed other aliquots at the Uni- However, our interlaboratory comparison Ba content, and averages 16%; in contrast, the
versity of Washington (UW) by quantitative shows that cation ratios and concentrations
SEM-EDS and SEM-WDS.! Varnish standards measured by PIXE UCD are inaccurate (Table 14
are available from Bierman. WDS-XRE "
124 ice +-|-++ »
L SEM-WDS
l -EDS
ANALYTICAL RESULTS AND Figure 2. SEM-EDS cation ratios are accurate £ '°| SEM.EDS (MULTIPLE STANDARDS)
DISCUSSION and comparable to those measured by all = PIXE {MCF)
The chemical composition and cation ratios  other methods except PIXE UCD. PIXE UCD 3 "] PIXE {UCO) "
of synthetic rock-varnish standards determined  error increases with Ba/Ti ratio, suggesting ~ | ’7
that Ba, included in Ti abundances, lowers cat-
ion ratic. Uncertainties, calculated according Pl [ —
to Bierman et al. (1991}, are shown if they ex- T —
1Detailed Methodology, GSA Supplementary Data  ceed width of symbol. Ratios in same order for 2 . —= .
9108, is available on request from Documents Secre-  FV-1 and FV-3 as for FV-2. CR = cation ralio, ol faris phs
tary, GSA, P.O. Box 9140, Boulder, CO 80301. (K+Ca)/Ti. CR=4 CR=3 CRa12
TABLE 1. COMPOSITION OF SYNTHETIC VARNISH STANDARDS
TECHNIQUE:  MIXTURE XRF/WDS ICP SEM/WDS semeEDs ™ SEM/EDS ™ PIXE/MCP PIXE
LAB: LANL uw uw uw uw LANL ucp
Glass FV-1 (Ba/Tl = 0.5)
Number of analyses: 1 5 12 g 11 3 5
104 49,54 48.36 +/- 0.44 4864 +/- 013 4839 +/- 021 4812 +/- 033 4924 +/- 0.24 NA 2505 +/- 1.61
Al 4 2292 2311 +/- 013 2254 +/- 003 2290 +)- 041 2267 +/- 019 2352 +/- 0.12 NA 1412 +/- 1.08
Fey0y 11.83 1196 +/- 0.28 1171 +/ 005 1146 +/- 011 1207 +/- 015 1165 +/~ 0.1 NA 10,68 +/- 2.09
MnO 712 776 +/- 0.01 762 +/- 0.05 761 +/- 005 839 +/- 005 7.51 +/- 0.04 NA 762 +/- 1.19
Mg0 1.83 1.89 +/- 0.69 1.87 +4 <01 1.89 +- 0.01 1,70 +/- 0.03 1.04 +/- 005 NA <0.06
IO, 1.84 1.85 +/- 0.03 175 +- 0.01 1.74 - 0.04 195 +/- 003 1.81 +/ 0.02 213 +/- 002 1.91 +- oM
Bal 0.62 054 +/- 0.01 0.54 +- <.01 0.58 +/- 002  0.54 +/- 0.03 0.63 +/- 0.02 059 +/- 002 <0.02
K20 1.99 195 +/- 002 1.89 +/- 0.04 1.96 +- 001 210 +} 0.03 1.98 +/ 0.02 246 +/- 0.05 1.60 +/- 0.08
Ca0 23 238 +/- 006 240 +- <01 235 +- oM 245 4/ -0.01 232 +- 002 272 +/- 0.05 1.87 +i- 0.09
Na0 0.00 010 +/- 0.20 0.18 +- <.01 NA NA 021 +/- 0.03 NA <0.25
n TOTAL 100,00 99.90 99.14 98,88 1060.00 100.60 62.85
(K+Ca)m 3.00 300 +- 007 313 +- 0.03 317 +- 007 300 +/- 0.5 3.05 +/- 0.04 312 +/ 005 233 +/- 016
(K+caym # (n=1) . 318 +/- 009  3.00 +/- 0.03 305 +/- 004 a1l +- 0.07 232 +/- 005
Glass FV-2 (Ba/Ti = 0)
in Number of analyses: 1 -3 12 8 10 3 5
102 50,96 49.84 +/- 044 4958 +/- 0.02 4927 +/- 075 4B.98 +/- 1.32 5027 +/- 0.88 NA 27.82 +/- 278
& A0, 2276 2320 +/- 043 2260 +- 003 2314 + 022 2258 +/- 078 2393 +/- 0.54 NA 1529 +/- 1.78
18 Fay04 1174 1203 +/- 028 1165 +/- 0.06 1149 + 015 1200 +- 028 1173 +/ 021 NA 1331 +/- 2.95
er MnO 7.07 7.74 +/- 0.01 7.57 +/- 0.07 767 +/- 0.03 8.38 +/- 0.1t T5B +/- 012 NA 7.45 +/- 1.65
ta MgO 1.82 1.98 +/- 0.69 185 +/- <01 1.90 +/- 0.02 1.75 +/- 0.t4 1.98 +/- 0.06 NA <0.06
Tioy 137 138 +/- 0.03 1.32 +/- 0.01 136 +/- 0.04 1.44 +/- 003 1.236 +/- 002 156 +/- 002 1.31 +/- 014
BaQ 0.00 <0,01 <0.02 <0.02 <0.02 <0.03 <0.006 <0.02
K50 1,98 1.90 +/- 0.02 1.86 +/- 005 193 +/- 003 204 +- 0.08 1.2 +/- 007 222 +)- 0.03 1.62 +- 013
Ca0 2.30 237 +/- 0.06 241 +/- 0.02 235 +/- 002 244 +/- 0.02 2.32 +/- 003 265 +/- 0.08 1.97 +/- 019
W Na 0 0.00 0.04 +/- 0.20 0.27 +/- 0.20 NA NA 019 +/- 0.03 NA <025
TOTAL 100.00 100.28 99.11 99.11 100.01 101.07 68.77
€- (K+Ca)/Ti 4,00 396 +/- 010 413 +/- 0,06 4.03 +j- 012 3.99 +/ 012 4.01 +/- 009 4.00 +/- 0.0% 351 +/- 044
la, {(K+Ca)ml n=1j " 4.02 +/- 0.09 398 +/- 008 401 +/- 009 399 +- 007 as51 +/- 014
d- Glass FV-3 {Ba/Tl = 2)
- Number of analyses: 1 6 12 10 B 3 5
o sio 51.11 4983 +/- 044 5009 +/- 026 4921 +/- 061 4981 +/- 037 5095 +/ 0.24 NA 28.73 +/- 1.98
. A0 4 2283 2320 +/- 013 2257 +/- 033 2278 +/- 011 2260 +/- 015 2356 +/ 0.08 NA 1584 +/- 1.15
\r- Fe,0,4 11.78 1195 +/- 028 1173 +/- 004 1147 + 011 1205 +/- 018 1173 +/- 01 NA, 1498 +/- 1.47
h- MnO 7.09 7.74 +/- 0.1 7.58 +/- 0,05 7.57 +/- 0.04 8.35 +/- 005 7.52 +/- 0.03 NA 8.36 +/- 078
Mgo 1.82 179 +/- 0.69 178 +i- <01 1.82 +/ 0.01 1.62 +/- 0.05 1.87 +- 0.08 NA <0.06
S_t‘ Tio, 0.46 0.47 +/- 0.03 046 +/- 0.01 0.45 +/- 0.04 0.50 +/- 0.03 0.44 +/- 0.02 0.57 +- 0.01 063 +/ 0.05
in BaO 0.61 0.55 +/- 0.01 054 +/- <.01 0.57 +/- 0.02 0.57 +i- 0.02 0.64 +/- 0.05 0.68 +/- 001 <0.02
Te K,0 1.98 192 +f~ 0.02 1.88 +/- 0.04 1984 +/- 002 2.09 +/- 0.03 1.96 +/- 0.01 249 +- 0.04 164 +/- 014
Ca0 2.31 235 +/- 0.06 239 +/- 0.01 234 4/ 0.0t 242 +/ 001 228 +/- 0.01 274 +/- 0.06 1.80 +- 017
Na 0 0.00 0.08 +/- 020 0.26 +/- 0.20 NA NA 0.22 +/- 0.04 NA <0.25
TaTAL 100.00 99.88 99.28 98.15 10001 ++ 100,95 72,08
{(K+Caym 12.00 1163 +/- 076 1186 +/- 028 1218 +/- 108 11.57 +/ 070 1230 +/- 053 1179 +- 026 721 # 073
od {K+Ca)m #* n=1) . 1240 +/~ 1.1 1164 +/- 035 1234 +/- 055 1176 +/- 0.06 7.22 +/- 017
ng &Nole Uncertainties are one sample sl d daviatl pt for XAFWOS for which Inng—larm average uncaertainlies are stated. NA = nol analyzed.
Catlon ratlo detarmined from avaragevuluninr'ﬂ Ca, andK uncertalnty from etandard error propagation (Blerman et al., 1991).
Cailon rallo is averaga of mulliple determl uncertalnty Is one sample standard deviatien,
** Data raduciion does nol provide resulte for Indlvldual unaly-eg
* Multiple standards used for callbratlon.
Reaults normalized to 100%.
»o- GEDLOGY, March 1991 197




error in PIXE UCD Ti measurgments 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 Kj
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
deconvolve PIXE spectra of rock varnish.

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 (Kapton and unspecified ad-
hesive). (2) Synthetic varnish grains (5-20 pm)
may be larger than those used by Dorn, 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 (Cahill,

PEAK SHIFT {eV)

00 05 10 15 20

Figure 3. Center of apparent Ti K, and ‘L.B
peaks undetected by PIXE UCD (see Fig. 1).
Mean and sample standard devialion, five
replicate analyses for each synthetic varnish.
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1975) assuming a particle size of 8-16 pm, and
it has not been specified whether matrix correc-
tions were used for previous PIXE vamish 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-vamish 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) Gram size and matrix correction will
preferentially affect concentrations reported for
light clements 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 cormrection; 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 ermrors 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 vamish.
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 <1-pm
atmospheric particles of simple composition
(T. Cahill, 1990, personal commun.).

IMPLICATIONS

Analysis of rock-varnish standards shows that
quantitative SEM-EDS can accurately deter-
mice the abundance of Ba and Ti at concentra-
tions typical of rock vamnish if reference spectra
are used for deconvolution. This finding sup-
ports Harrington et al. (1990) and contradicts
Dorn (1989a, 1989b) and Dom et al. (1990).
Dorn has not specified the software, equipment,
or operating conditions he used to make SEM-
EDAX (EDS) measurecments; 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 vamnish 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

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 wi%). However, Dorn (1989a)
also demonstrated that cation ratios of vamish
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 orto
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
petroglyphs 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

16
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y = 1.0004x + 0.0696
8 5 =0.997
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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-
fain Ba (Dorn ef al., 1890) and because SEM-
EDAX used by Dorn (1989a, 1989b) cannol
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 ot possible 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) bave 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 to 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 2 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 anmalyses. 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 specira 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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