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Abstract 

Recent attempts at petroglyph dating have focused on measuring the manganese accumulation in the 
rock varnish coating that develops in a motif groove after it was engraved, under the assumption that 
this amount is systematically related to age. These efforts reflect the basic need for chronological 
control for both heritage management and research purposes. Despite the wide availability of 
portable X-ray florescence devices and their ability to take non-destructive field measurements of 
manganese, these applications have not examined the nature or location of the manganese being 
analyzed. Significant amounts of manganese associated with petroglyphs derive from sources other 
than the post-engraving rock varnish coating, including the weathering rinds underlying varnish, 
isolated patches of inherited varnish that were not completely removed during petroglyph 
engraving, and silica glazes. Significant amounts of manganese also may be removed by 
microcolonial fungi that, in our samples, dissolve between 22-60% of a rock varnish coating. Until the 
manganese accumulation petroglyph dating approach is able to distinguish manganese subtractions 
from acid-producing fungi and additions from non-varnish sources from varnish sources, it cannot 
provide accurate age estimates. 

Keywords: archaeology; dating methods; pXRF; rock art; rock varnish 
 

1. Introduction 

Few archaeological problems have proven more intractable than dating petroglyphs (rock 
engravings), despite their widespread occurrence in many dryland regions, their importance to 
Indigenous peoples, the need for chronometric control for heritage management purposes, and their 
potential for providing a nuanced perspective on the Precontact past (e.g., [1]). As noted by 
Chaloupka et al. [2], speaking to this problem globally:  

“Studies of prehistoric art are presently marginal to archaeology because, with few exceptions, 
we can’t date it and so we cannot firmly correlate it with our increasingly detailed archaeological 
records. If we are to incorporate this most valuable artefactual material into mainstream 
archaeological reconstruction, we must learn how to date it reliably” [2]. 

Substantial research on rock art chronometric techniques has been conducted over the last few 
decades as a result yet, despite this fact, “dating rock art remains a considerable challenge” [3]. While 
chronometric techniques using physical samples that provide calendrical (“absolute”) ages have been 
developed in the last few decades (e.g., [4,5]), these all have drawbacks, including destructive 
sampling, high cost and the specialized expertise required for sampling and analysis.  A common 
(and practical) outcome has been to deploy all potential correlative and relative dating approaches 
for many projects (e.g., [3,6–11]), directed towards identifying a mostly likely chronology. 

An evaluation of the darkening of petroglyphs, due to the manganese (Mn) accumulation in rock 
varnish coatings, has long been one often-utilized relative age estimation strategy for petroglyphs 
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(e.g., [12,13]). Based on the development and availability of portable X-ray fluorescence (pXRF) 
spectrometry instruments, a number of recent researchers have attempted to use these devices to 
obtain calendrical ages by measuring the Mn accumulation in rock varnish in petroglyph grooves, 
given the ubiquitous nature of this accretive rock coating in deserts. Based on their analyses, pXRF 
proponents have assigned provisional ages to petroglyphs from the Colorado Plateau [14], Great 
Basin ([15–20]), Saudi Arabia [21,22], Israel [23] and Africa [24]. The pXRF approach has a number of 
advantages, including the widespread availability of the instruments, the ability to obtain numerous 
non-destructive measurements in the field, and the relatively low cost and minimal training required 
for their use. Yet despite its apparent potential, there are technical issues in pXRF petroglyph dating 
that have not yet been adequately resolved. 

Almost a half-century ago, in fact, Bard [25] removed rock varnish via scraping from Nevada 
petroglyphs and adjacent natural surfaces and then analyzed the removed varnish using neutron 
activation analysis.  One of Bard’s hypotheses was that the buildup of Mn would yield a time signal 
usable to date varnish. He found no systematic relationship between the age of a rock varnish coating 
and its Mn content.  

We examine here certain implicit assumptions of the pXRF approach. As indicated above, the 
primary assumption is that Mn systematically accumulates in rock varnish over time, allowing it to 
be used to assign specific ages to petroglyphs. A related assumption is that the pXRF instrument 
yields accurate measurements of varnish Mn, from the surface of a coating to a depth “of the order 
of a few tens to hundreds of microns” ([20]: 7).  

Our research, described below, indicates that: 

• Substantial amounts of Mn may be dissolved in rock varnish coatings by biological processes, 
reducing the potential amounts of Mn that may be present;  

• Mn measured in petroglyph grooves may partly derive from a variety of non-varnish sources, 
potentially yielding combined pXRF measurements from multiple sources, adding non-varnish 
Mn to a reading; and 

• The measurement of Mn from “freshly exposed bare rock substrates” [20], used as a correction 
factor for the petroglyph readings, necessarily yields incorrect results. 

These results pose challenges for the use of pXRF measurements of Mn accumulation as a 
chronometric tool. 

2. Methods  

2.1. Background  

Petroglyphs in arid regions are manufactured by pecking away or incising the surface layer of a 
rock. This would include any existing rock coatings and the underlying decayed zone of rock material 
called a weathering rind. Rock coatings are added material, whereas weathering rinds are degraded 
original rock surfaces.  There are many different types of rock coatings, such as silica glazes 
comprised of mostly amorphous silica, and lithobionts such as microcolonial fungi [26]. A common 
rock coating that accumulates on petroglyphs however is rock varnish — a paper-thin, dark 
accretionary coating of mostly clay, Mn and iron (Fe) that builds up on the rock surface over time 
[27].  In contrast, weathering rinds are chemically altered, discolored, and porous zones of weakened 
rock that progressively develop inward into the rock as minerals dissolve [28]. Although these 
develop on rock surfaces, remnants of original weathering rinds are ubiquitous under rock varnish 
coated petroglyph grooves, as we discuss below. Note that rock varnish is sometimes, incorrectly, 
referred to as ‘patina’ which, strictly, is a kind of weathering rind. 

The darkening coloring agent in rock varnish is the Mn that accumulates via the action of 
budding bacteria [29]. The dust that falls on petroglyphs contains clay minerals that are cemented to 
rock surfaces by nanometer-sized bits of the Mn [26,29]. The Mn in varnish can also be dissolved, 
most often through the action of acid-producing organisms like microcolonial fungi that commonly 
grow on petroglyphs [29–32].  
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We examined four natural conditions and processes that may affect the efficacy of pXRF 
measurements of Mn accumulation in a rock varnish coating as a systematic time signal for this study, 
as outlined in the following. We note at the outset that we analyzed existing samples which we had 
collected for previous research for this current examination. With one exception, these are all from 
petroglyphs. Given that only certain specimens were appropriate for each respective type of analysis, 
this limited our sample sizes to only a handful cases for two out of four of our cases. Our other two 
analyses both involved more than 30 samples each. We explain the rationale for our sample selection 
for each independent concern below. Given the small sample sizes overall, however, our results 
should be considered preliminary for this fact. 

2.2. Varnish Dissolution by Microcolonial Fungi 

A variety of epilithic organisms may grow on top of rock varnish and dissolve it, reducing the 
original amount of Mn present in a coating. These organisms include lichens, cyanobacteria, algae, 
moss, and different types of fungi [29–32]. Microcolonial fungi (MCF) are the most prevalent of these 
on petroglyphs that we have examined ([33–38]).  Where Mn in rock varnish goes after it dissolved 
by organic acids has not been determined, but since dissolution involves reducing Mn(IV) to Mn(II), 
overland flow from rainfall could certainly remove the Mn from the rock surface entirely. 

To measure the percent of varnish dissolved by MCF on petroglyphs, we used secondary 
electron (SE) imagery that shows epilithic organisms in tandem with back-scattered electron (BSE) 
imagery that shows varnish coatings [29,32] to analyze polished cross-sections from five previously 
analyzed petroglyphs ([33–36]). We measured cross-sectional lengths where we could observe MCF 
growing on and dissolving the underlying varnish in each petroglyph. The cumulative lengths of 
each area of MCF varnish dissolution were totaled and divided by the total length of the cross-section 
length observed.  This provides a percent of varnish observed that has been dissolved by MCF for 
each of the samples.  

We stress that this is a limited study based on just a few petroglyphs where we had sufficient 
imagery to obtain thin section cumulative lengths over 5000 micrometers. The reason for such a long 
“transect” is to minimize the chance of bias in sampling, such as “cherry picking” examples where 
MCF were more abundant. The visible cumulative lengths of examined thin-sections were: 5,000µm 
from Coso Range petroglyph CM-15; 7000 µm long from Fort Irwin FI-95-4; 10,000µm from Fort Irwin 
FI-95-16; and 10,000µm from the Cima volcanic field 1-1. Our measurements also include 20,000µm 
of cross-sectional length from the Sonoran Desert a landslide scar similar in width and depth to a 
petroglyph [37].  

We note that this approach potentially only generates minimum percentages of varnish 
dissolved by MCF.  Some varnish patches may have experienced complete dissolution in the past, 
where the MCF has died off completely. Since we do not know in such cases whether varnish was 
ever present since areas of completely dissolved varnish would not be visible and included in our 
measurements. 

2.3. Patches of Original Varnish Not Removed by Petroglyph Manufacturing 

Petroglyphs we examined were manufactured using a hammerstone to peck away a pre-existing 
natural surface, often with a dark, well-developed coating of rock varnish. This typically crude 
engraving process was intended to remove the existing dark rock coating to reveal the lighter-colored 
weathering rind below, with the resulting contrast helping to reveal a motif. But this process could 
result in small spots where portions of the original varnish coating were not completely removed, 
leaving patches of this older, inherited coating. These patches sometimes occur under the varnish 
layers that developed subsequently, after the petroglyph had been engraved, reflecting an incomplete 
removal of the original surface during pecking. Alternatively, they may be spots of the original 
surface that were entirely missed while a motif was being created. While the largest of these inherited, 
older varnish spots may be visible to the naked eye (and thus can be avoided in sampling), 
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incompletely engraved patches that underlie subsequent varnish growth are only apparent through 
a microscopic examination of a thin-section.  

We used BSE microscopy to analyze polished cross-sections of four previously studied 
petroglyphs [33,35] to identify and quantify the abundance of older, inherited varnish present. This 
analysis is again limited to just a few petroglyphs where we had sufficient imagery to obtain thin-
section cumulative lengths over 5000 micrometers, the same petroglyph transects used for analysis 
of MCF dissolution. The cumulative lengths of original varnish still present under subsequent 
petroglyph groove varnished coatings were: 5,000µm long for Coso petroglyph CM 15; 7000 µm for 
Fort Irwin FI-95-4; 10,000µm from Fort Irwin FI-95-16; and 10,000µm from Cima 1-1. Lengths with 
pre-existing original varnish were then converted into the percentage of the total length. 

2.4. Mn Within Silica Glaze 

Silica glaze is a coating of mostly amorphous silica [26], and its color depends on the presence 
of its minor elements. Iron-infused silica glaze often has an orange luster. Silica glaze with calcium 
often appears white. Observations of Mojave Desert petroglyph samples [35] revealed that Mn occurs 
within non-varnish rock coatings associated with petroglyphs, and it is difficult to distinguish Mn-
infused silica glaze from rock varnish in the field because, like rock varnish, it is also dark in color. 
We evaluated 35 Mojave Desert petroglyphs for the presence of Mn-containing silica glaze: 15 
petroglyph thin-sections from Fort Irwin, 10 from the Cima volcanic field, and 10 from the Coso 
Range [35]. The method we used involved backscattered electron microscopy and energy-dispersive 
X-ray spectroscopy (EDS) with an electron microscope where the EDS analysis can determine the 
elemental chemistry of pockets of material infusing the silica glaze.  Sample selection for this study 
involved 35 petroglyph thin-sections where EDS analyses had been completed on pockets infused 
with minor elements such as manganese, iron, and calcium. 

2.5. Mn Within Weathering Rinds Under Petroglyphs 

Weathering rinds are universally present under every petroglyph we have studied together (e.g., 
[33–36]) and separately (e.g., [39–42]). No petroglyph we have observed has been engraved on a truly 
“fresh” or “unweathered” rock surface. Substantiating this point, [43] write that there “are an 
estimated 1 million motifs across the [Murujuga’s Western Australian] archipelago, which are 
engraved into the weathering rind ...” An example of their ubiquitous nature can be seen in the 
imagery of [44] and [45]. The most likely implication is that original weathering rinds are not 
completely pecked away when a petroglyph is created, but it is also possible that a subsequent 
weathering rind developed during the time-lag between motif creation and subsequent development 
of a significant varnish coating [38]. 

Weathering rinds, ubiquitous then under the rock varnish covering petroglyph grooves, contain 
voids that partially fill with Mn. The source of this Mn could pre-date petroglyph manufacturing, 
may derive from dissolution of the original varnish (cf. [46]), or from Mn infiltrating into pores after 
the petroglyph was made.  

We analyzed previously collected petroglyph samples with a JEOL JXA-8530F electron 
microprobe for quantitative analyses with wavelength dispersive X-ray spectroscopy. These 
measurements provided data on elemental weight percent of Mg, Al, Si, P, K, Ca, Fe, and Mn. We 
focus here however only the elemental weight percent of Mn in 31 petroglyphs from the Mojave 
Desert [33,34], Wyoming [40], Colorado Plateau [42], Sonoran Desert [41,42], and South Australia 
[39]. The spot size of the electron microprobe ranged between 25µm and 50µm, depending on the 
size of the Mn-rich deposits in the weathering rind pore spaces themselves, providing us with a single 
Mn abundance measurement for each examined pore “deposit.”  We analyzed either 20 or 30 such 
Mn-rich deposits in the weathering rinds within the upper 100µm underneath each of the petroglyph 
surfaces; that is, within the depth range of a pXRF beam (cf. [20]). Each measurement provides data 
on the elemental weight percent of Mn present. 
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3. Results 

3.1. Varnish Dissolution by Microcolonial Fungi 

MCF dissolved 30%, 22%, 37%, 15% and 60% of the rock varnish cross-sections that had formed 
in five petroglyphs analyzed from the Mojave and Sonoran deserts (Figure 1). We stress that these 
are minimum values of MCF dissolution, because varnish patches that experienced complete 
dissolution in the past would appear as depressions in the varnish from possible “paleo-MCF” (cf. 
Figure 1). The key issue is that the pXRF method cannot discriminate eroded (left images in Figure 1) 
from continuously forming varnish (right image in Figure 1), because pXRF only measures elements 
and not whether the area under analysis is losing or accumulating Mn. 

 

Figure 1. Mn dissolution from microcolonial fungi (MCF) growing within petroglyph CM 15 (34), as revealed 
by a comparison of SE (upper left) and BSE (lower left) microscopy. Note that the SE imagery shows the 
topography and the structure of the MCF. In contrast, the right image (from [36]) shows varnish that is 
continually accreting microlaminations. See Whitley and Dorn [38] for an explanation of the layering and dating 
of this petroglyph based on the image on the right). 

3.2. Patches of Original Varnish Not Removed by Petroglyph Manufacturing 

Petroglyph manufacture may leave behind areas of an original varnish surface that were not 
completely removed (Figure 2).  Inherited varnish patches comprised 3% (CM 15), 2% (Fort Irwin 
96-4), 5% (Fort Irwin 96-16) and 3% (Cima 1-1) of their cumulative cross-sectional profile lengths in 
four analyzed petroglyphs. Although we did not measure the amount of Mn in these original varnish 
areas, Figure 2 shows the visual difference between old and new varnish at one location.  

While larger patches (or ‘islands’) of original varnish may be visible in the field and avoided in 
pXRF sampling, it is not necessarily possible to determine with a pXRF whether the varnish is newly 
formed on a petroglyph groove or is an inherited remnant missed during the engraving process. Note 
that the patches of inherited varnish that we observed were all smaller than 500 µm wide and would 
only look like small black spots in the field, making their identification in the field effectively 
impossible.   
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Figure 2. Patch of original varnish only partially removed during the manufacturing of petroglyph WP90-5, 
Legend Rock site, Wyoming (40), as viewed by BSE microscopy. The arrow identifies newly-formed varnish that 
developed on top of a surface truncated by petroglyph manufacturing. Note how the reformation of the new 
varnish has not yet spread over the entire original varnish patch. 

3.3. Mn Within Silica Glaze 

Two-thirds of the 15 analyzed petroglyph grooves from Fort Irwin include areas of silica glaze 
containing Mn-nodules.  Half of the 10 studied petroglyphs from the Coso Range included such 
areas, and 4 of 10 included Mn-rich nodules in the Cima volcanic field petroglyph samples [35]. 
Figure 3 shows the typical appearance of these nodules.  

Mn-containing areas of silica glaze are themselves dark in color due to their Mn contents, making 
them difficult to distinguish from varnish in the field. The exact quantitative contribution of the 
micronodules of Mn in silica glaze has not been determined; we did not quantify their abundance, 
and it may vary from case to case. But the relevant issue is that the pXRF method cannot distinguish 
between the Mn measured in rock varnish from Mn that may also be present in silica glaze (or in any 
other potential rock coatings). The result is even greater uncertainty in the origin of the pXRF 
measured Mn, given that silica glaze is relatively frequently mixed with rock varnish in petroglyph 
grooves. 
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Figure 3. Silica glaze containing Mn-rich nodules formed on petroglyph CM-5 from the Cima Volcanic Field, 
Mojave Desert, CA (cf. [33]), as viewed by BSE microscopy. Note also that a portion of original varnish coating 
was left behind during petroglyph pecking which was then covered by silica glaze that formed after the 
petroglyph was made. 

3.4. Mn Within Weathering Rinds Under Petroglyphs 

Wavelength dispersive electron microprobe analyses of areas of Mn within the upper 100 µm of 
weathering rinds (e.g., Figure 4) varied from <1 to >23% elemental weight percent. This extreme 
variability occurred in all of 31 analyzed petroglyphs (Table 1). Given the porous nature of 
weathering rinds, the Mn elemental weight percentages in these deposits would be included in pXRF 
measurements, as long as they were within the upper ~100 µm of the surface.  
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Figure 4. Pockets of Mn in weathering rind pores are shown as bright areas in a BSE image,  from petroglyph 
169A-Spiral-1, Hedgpeth Hills, Sonoran Desert, AZ [41]. Petroglyph pecking removed all of the original varnish 
but not all of the original weathering rind. Small amounts of rock varnish formed on top of the weathering rind 
in micron-scale patches; their slightly darker appearance reflects the fact that the weathering-rind deposits are 
richer in Mn than those present in the varnish. 

Table 1. Abundance of Mn in weathering rind pores underneath the rock varnish covering petroglyph grooves. 
Mn measured in elemental weight percent. All measurements were collected in the top 100 µm of the petroglyph 
groove surface. 

Motif Location 
Ave 
%/ 
  (n)* 

High  
Mn % 

Low 
Mn % 

Beam 
Width 

Original 
Rock Publication 

CM-14 Coso Range, CA 5.3 
(30) 

17.1 0.3 30 µm basalt 34 

CM-13 Coso Range, CA 
4.4 
(30) 15.2 0.9 30 µm basalt 34 

CM-3 Coso Range, CA 
7.2 
(30) 22.8 0.7 30 µm basalt 34 

CM-2 Coso Range, CA 6.0 
(30) 

19.5 0.7 30 µm basalt 34 

CM-6 Coso Range, CA 4.5 
(30) 13.0 1.1 30 µm basalt 34 

CM-7 Coso Range, CA 
8.0 
(30) 13.6 1.0 30 µm basalt 34 

CM-8 Coso Range, CA 7.3 
(30) 

20.2 0.3 30 µm basalt 34 

Cima 1-8 Cima Volcanic 
Field, CA 

9.2 
(20) 14.9 0.4 25 µm basalt 33 

Cima 1-7 
Cima Volcanic 
Field, CA 

7.4 
(20) 17.0 0.9 25 µm basalt 33 
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Cima 1-1 Cima Volcanic 
Field, CA 

5.2 
(20) 13.3 1.1 25 µm basalt 33 

Cima 1-2 
Cima Volcanic 
Field, CA 

4.9 
(20) 14.8 1.7 25 µm basalt 33 

Cima 1-3 Cima Volcanic 
Field, CA 

11.3 
(20) 

20.3 1.0 25 µm basalt 33 

Cima 2-1 Cima Volcanic 
Field, CA 

12.5 
(20) 29.0 1.1 25 µm basalt 33 

Cima 2-5 
Cima Volcanic 
Field, CA 

7.8 
(20) 22.9 0.8 25 µm basalt 33 

de Niza Phoenix, AZ 9.2 
(30) 

20.9 0.5 30 µm granite 42 

1776 Glen Canyon 
NRA, UT 

10.3 
(10) 

18.0 1.3 50 µm sandstone 42 

PEFO-91E2 
Petrified Forest 
NP, AZ 

5.5 
(30) 12.7 2.2 50 µm sandstone 54 

PEFO-92G4 
Petrified Forest 
NP, AZ 

5.0 
(30) 13.7 0.7 50 µm sandstone 54 

PEFO-92G3 Petrified Forest 
NP, AZ 

7.1 
(30) 

15.7 1.4 50 µm sandstone 54 

PEFO-92G3 Petrified Forest 
NP, AZ 

8.9 
(30) 15.4 1.4 50 µm sandstone 54 

PEFO-91E7 
Petrified Forest 
NP, AZ 

8.2 
(30) 14.2 1.9 50 µm sandstone 54 

WP90-5 Legend 
Rock48HO4, WY 

7.0 
(20) 

20.0 1.1 50 µm sandstone 40 

WP90-9 Legend 
Rock48HO4, WY 

7.1 
(20) 

22.1 0.2 50 µm sandstone 40 

WP90-26 
Pet Cyn 
24CB602, WY 

5.5 
(20) 18.3 0.6 50 µm sandstone 40 

WP90-27 
Pet Cyn 
24CB602, WY 

8.8 
(20) 17.3 0.6 50 µm sandstone 40 

1.69A-BH1 Hedgpeth Hills, 
AZ 

7.7 
(30) 

20.0 2.2 40 µm basalt 41 

1.69A-Cur1 Hedgpeth Hills, 
, AZ 

6.8 
(30) 23.8 2.9 40 µm basalt 41 

169ASpiral1 
Hedgpeth Hills, 
, AZ 

7.7 
(30) 20.3 1.3 40 µm basalt 41 

Dot, K-1,  Olary, South 
Australia 

17.8 
(20) 

27.2 3.4 50 µm dolomite 39 

Spiral, K-11 Olary, South 
Australia 

12.3 
(20) 

23.9 4.4 50 µm dolomite 39 

Oval, K-19 
Olary, South 
Australia 

9.9 
(20) 19.9 3.8 50 µm dolomite 39 

* Ave % - Average percent elemental weight of Mn present; (n) - number of pores measured for individual thin-
section calculation. 

Note that the values in Table 1 also demonstrate that the amount of Mn present in weathering 
rinds varies, in some cases significantly, even across a single rock surface. For example, petroglyphs 
CM-2, CM-3, CM-6, CM-7 and CM-8 are all from the same rock panel and thus the same boulder face. 
The weathering rind Mn present in these five petroglyphs range from 4.4% to 8.0% elemental weight, 
but within each petroglyph weathering rind, the manganese concentrations are not normally 
distributed.  
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The impact on pXRF measurements on a petroglyph could be as variable as the values in Table 
1. The Mn abundance in the underlying weathering rind is in some cases much greater than the newly 
formed varnish coating a petroglyph groove, as is the case for the example of Figure 4. Even greater 
uncertainty then results from pXRF measurements since the method cannot distinguish between Mn 
in a rock coating and Mn in the upper ~100µm of an underlying weathering rind. 

4. Discussion 

These results provide new insight into the abundance and potential sources of Mn measured 
within rock varnished petroglyph grooves. We stress again that these are limited results based on 
analyses of only a few samples. We acknowledge, for example, that measuring the Mn abundance in 
weathering rinds from only 31 petroglyphs (Table 1) provides limited data. Our data on Mn 
dissolution by microcolonial fungi (Figure 1) and the presence of underlying patches of inherited, 
pre-petroglyph varnish under post-pecking varnish coatings (Figure 2) are based on only four to five 
petroglyphs. Given our small sample size and the limitations of the process we used to select samples 
for analysis, we do not claim that our results are necessarily statistically representative, although we 
suspect that they might be. Yet that we do not know how representative our data may be suggests 
even greater ambiguity in the pXRF measurements of Mn abundance, given that this second 
uncertainty compounds the first. 

Given these uncertainties, the consistency of our results pose difficulties for assigning 
chronometric ages to petroglyphs based on pXRF Mn abundance measurements, for significant 
reasons. The central of these  concerns the origin of the measured Mn. Is this solely from rock varnish 
that developed after a petroglyph was engraved, as is assumed by the approach, or might it also 
include patches of Mn in older rock varnish that underlies the subsequent varnish coating, from a 
weathering rind only partially removed by petroglyph pecking, and/or Mn that is located in a silica 
glaze? This cannot be determined using pXRF alone, since pXRF inherently mixes signals from rock 
coating, weathering rind, and rock material. 

The additional, related problem is the fact that localized patches of varnish may also be dissolved 
by epilithic organisms such as microcolonial fungi (e.g., Figure 1) which are common organisms 
found on rock varnishes [29]. Although our sample size (again) is small, it shows that up to 60% of a 
varnish coating may be removed by MCF dissolution. Unlike the other methodological issues—the 
alternative sources that add Mn to a pXRF petroglyph Mn varnish reading—dissolution reduces this 
amount, and both of these processes may have affected a specific sample. The result is that the 
magnitude of the pXRF Mn measurement error, and its direction in adding to or subtracting from the 
true amount of Mn in the rock varnish coating alone, cannot be determined using a pXRF instrument.  

While the potential (if not likelihood) that multiple Mn sources would skew the petroglyph 
measurements obtained in the field, another aspect of the pXRF methodology may exacerbate this 
problem. This is the described approach for deriving more accurate petroglyph ages by using Mn 
and Fe readings on both “freshly exposed bare rock substrates” and “adjacent intact varnish,” for use 
in the normalization “of their calculated data prior to their conversion to calendrical ages” ([20]: 7). 
The two difficulties here are straightforward. First, using ‘fresh rock’ for a correction factor ignores 
the existence of the unknown amount of remnant weathering rind present in petroglyph grooves. 
Second, using adjacent varnish in the calculations would also increase errors related to uncertainties 
over the source of the measured Mn, outlined above. That is, the greater the number of incorrect 
measurements included in the calculations, the greater the number of incorrect values that are 
introduced into the calculation, increasing the magnitude of the resulting error. And, because these 
factors are themselves not continuous across a rock varnish microstratigraphic profile, thus even 
across an intact varnish surface, there is no accurate way to derive a meaningful average value of Mn 
across these various contexts and conditions, using pXRF. 
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5. Conclusions 

Almost a half-century ago, Bard [25] failed to find evidence of a systematic relationship between 
the Mn abundance in rock varnish and the age of a varnish specimen in his detailed examination of 
physical samples. Our results yield the same conclusion. The Mn accumulation in rock varnish does 
not appear to be a useful method for determining petroglyph ages.  

Our emphasis however has been on certain methodological hurdles resulting from the 
assumptions of pXRF petroglyph dating. Our data demonstrate that multiple sources for Mn may be 
present in a typical petroglyph micro-profile, potentially leading to inflated pXRF values for the Mn 
within a petroglyph groove. But inaccurate measurements may also result from biological processes 
that erode rock varnish, reducing the Mn accumulation in a varnish profile and likewise yielding an 
erroneous pXRF measurement. These multiple factors and conditions, in fact, may simultaneously 
add to and subtract from the amount of Mn present in rock varnish, making it entirely unclear what 
the pXRF measurements of Mn accumulation actually represent. 

Proponents of pXRF petroglyph dating have primarily supported the utility of this technique in 
two fashions. They have, first, claimed that their results conform to archaeological expectations (e.g. 
[14,20]). The problem in this case is the fact that the rock art (including pictographs and geoglyphs) 
that has been systematically dated using verified chronometric techniques has commonly yielded 
results that are older and/or younger than pre-existing archaeological expectations (e.g., [1,5,35,38,47–
52]), sometimes dramatically so. It is currently unclear whether the comparative similarities between 
pXRF results and pre-existing archaeological expectations reflect anything more than confirmation 
bias. 

The second approach has involved measurements on the rock varnish coatings from a small 
handful of previously-dated geomorphic surfaces as checks (e.g., [20]). But these involve very few 
examples that are not systematically nor ‘blindly’ collected, and they are thus effectively anecdotal in 
nature. Despite use of the technique for over two decades, the proponents of pXRF petroglyph dating 
have not yet then conducted a true, systematic blind-test of their technique’s results against 
independently dated rock varnish surfaces, as was completed to validate the varnish 
microlamination dating (VML) approach for rock varnish [53]. Until systematic blind tests are 
conducted that compare pXRF results to the established ages of independently dated rock varnish 
control surfaces, and the issues raises here have been satisfactorily resolved, we recommend that no 
further applications of this technique be conducted.  
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