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ABSTRACT
The enamel of teeth may be corroded after death, especially if the teeth pass through the
digestive tract of a predator with low gastric pH. This study characterized enamel corrosion of fossil
squirrel teeth from two species (Otospermophilus rexroadensis and Ictidomys meadensis) obtained from the
Fox Canyon locality of Kansas. Using microscopic imaging, I categorized teeth based on corrosion
level. Overall, 45% of specimens exhibited heavy to extreme corrosion. There were no significant
differences in the distribution of corrosion categories between both upper and lower teeth of either
species (O. rexroadensis: X2(3, N = 140) = .562, p= .905; I. meadensis: X2(3, N = 327) = 5.855, p=
.119). However, there was a significant difference in the distribution of corrosion categories between
the two species (X2(3, N = 467) = 8.321, p= .040); teeth of I. meadensis more frequently displayed
heavy to extreme corrosion than teeth of O. rexroadensis. These findings suggest that these species
had different taphonomic pathways, with specimens of I. meadensis more commonly passing through
the guts of predators.
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INTRODUCTION
Enamel is a hard, durable outer covering of a tooth that is resistant to wear and degradation.
It is mainly composed of hydroxyapatite, which gives enamel its tough exterior (He & Swain, 2008).
However, enamel can be degraded and dissolved by acid, depending on the pH of a solution. The
critical pH of a solution is based on its concentrations of calcium and phosphate. As long as a
solution is supersaturated and has a higher pH compared to the critical pH, the enamel placed in
that solution will not dissolve. Conversely, if the pH of a solution is unsaturated with a pH lower
than the critical pH, the enamel dissolves until the solution becomes saturated (Dawes, 2003).
There are several agents and processes that contribute towards corrosion, including
inorganic and organic processes. For instance, corrosion can be caused by immersion in acidic water,
acids in soil, or acidic secretions of fungi, algae, moss, lichen, and bacteria. Furthermore, the location
of corrosion on a tooth gives insight into what agent might have caused the corrosion. For example,
soil corrosion and immersion in acidic water affect enamel on all exposed surfaces of a tooth
whereas corrosion from gastric digestion is localized to specific areas of enamel (Fernández-Jalvo &
Andrews, 2016). This helps paleontologists to discern the circumstances that might have led to the
accumulation of fossils. By understanding how corrosion occurs, paleontologists are given context
into the process of fossilization.
Soil corrosion and gastric digestion are two types of corrosion that are relevant to my study
because it is possible that the fossil teeth were corroded after burial in the soil or that they were
corroded during passage through the gut of a carnivorous animal or bird. With soil corrosion, plant
roots secrete compounds into the rhizosphere, including organic acids such as malate, citrate, and
oxalate. These organic acids affect the phosphorus nutrition of plants and help detoxify Al3+, which
improves plant growth. They also modify the chemistry of the rhizosphere and change the pH of the
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soil, which creates the conditions necessary for soil corrosion (Hocking et al., 2000). Consequently,
if fossils are exposed to this acidic soil, it is possible for the enamel to be corroded.
With gastric digestion, the acidity of the predator’s gut corrodes the enamel as the prey is
digested. A study by Fernández-Jalvo et al. (2014) explored corrosion by digestion and ran 3 tests for
digestion analysis. In the first test, they exposed arvicolid (a type of rodent) molars to hydrochloric
acid (HCl; pH = 1) for 4 hours at 20°C. This resulted in an attack on mineral-rich tissues like enamel,
leaving dentine exposed and unaltered. In the second test, they exposed molars to HCl (pH = 1) for
4 hours and then to enzymes for 23 hours at 37°C. The results showed similar corrosion to gastric
juices during digestion. In the third test, they exposed a mammal mandible to pure HCl (pH<1) for
5 minutes and the results showed a complete removal of the incisor enamel, yet the dentine was still
unaltered.
Additionally, different predators can have differing effects on the levels of corrosion,
depending on gastric pH levels and residence time of prey in the gut. Predators with lower gastric
pH levels and longer digestion cause more breakage and corrosion compared to predators with high
gastric pH levels. For example, nocturnal owls, barn owls, and long/short-eared owls have low
gastric acidity and swallow their pretty completely, creating minimal enamel corrosion. On the other
hand, diurnal birds of prey such as raptors, buzzards, hen harriers, and red kites tear their prey
before consumption and have stronger gastric acidity with a longer digestion period, which creates
extreme enamel corrosion and digestion (Andrews, 1990; Fernández-Jalvo & Andrews, 2016;
Fernández-Jalvo et al., 2016). Differences in gastric pH levels and digestion periods play an
important role in the level of enamel corrosion.
The main goal of my research was to characterize enamel corrosion within the sample of
fossil squirrel teeth obtained from the Fox Canyon locality, which is located in the Meade Basin of
Kansas. The Meade Basin includes Pliocene-aged sand and soil deposits that formed in basins
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resulting from salt dissolution and withdrawal from underlying evaporites (Lukens et al., 2019).
Some of these fossil-bearing deposits were exposed along the sides of Fox Canyon and varied from
channel sand to sandy silt, clay, and caliche. Vertebrate fossils from Fox Canyon included class
Pisces (small catfish), class Amphibia (salamanders, frogs, and toads), class Reptilia (snakes and
lizards), class Aves (birds), and class Mammalia (Hibbard, 1950).
The most prevalent mammals throughout the Meade Basin localities are the rodents (Martin
et al., 2000). Among these rodents are two squirrels, Otospermophilus rexroadensis and Ictidomys meadensis.
Goodwin and Martin (2017) characterized the two species and described O. rexroadensis as larger
compared to fossils of I. meadensis from the Fox Canyon locality; exhibiting a low relative trigonid
width of p4 compared to talonid width of p4; having a low tooth crown height; and having an
incomplete metaloph on M1 and M2.
The specimens used in this study were collected in the summer of 1947 by Claude Hibbard
and colleagues during a collecting trip by the University of Michigan. Although we are borrowing
them for the purpose of research, the fossils are catalogued in the University of Michigan Museum
of Paleontology (UMMP). Because preliminary analysis indicated considerable enamel corrosion on
some of these teeth, my research aimed to describe and document the degree of enamel corrosion
on fossil squirrel teeth from the Fox Canyon locality. The goal was to shed light on the
circumstances that led to such an accumulation of fossils.

METHODS
Documentation of Corrosion
A total of 467 fossil teeth (140 O. rexroadensis and 327 I. meadensis) were examined using a
Leica MZ8 stereomicroscope. Based on initial inspection and published protocols for categorizing
corrosion (Andrews, 1990; Fernández-Jalvo & Andrews, 2016; Fernández-Jalvo et al., 2014;
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Fernández-Jalvo et al., 2016), the teeth were then categorized by enamel corrosion into 4 different
corrosion levels. After all the teeth were placed into their respective categories, pictures were taken
of representative fossils displaying each corrosion level through the stereomicroscope to visually
document the corrosion levels. In order to enhance the images, Focus Stacker (Version 1.5 (23)) was
used to stack multiple images taken at different focal planes to produce an image with a greater
depth of field. Then the images were polished and cropped using Affinity Photo (Version 1.8.6).
Statistical Analysis
To test whether there was a difference between the distribution of corrosion categories, chisquare tests for independence were conducted. Two were conducted to test for a difference in the
distribution of corrosion categories between upper and lower teeth for both species. A third test was
conducted to see if there was a difference in the distribution of corrosion categories between the
species.

RESULTS
Corrosion categories were defined verbally as no/light, mild, heavy, and extreme with criteria
indicated (Table 1), and they were documented photographically (Figures 1 and 2).
Specimens with little to no corrosion exhibited a smooth exterior on the entirety of the
surface. This is evident in Figure 1-U1 and L1 and Figure 2-U1 and L1. Those with mild corrosion
showed evidence of pitting on a few, localized surfaces. For example, the specimens displayed in
Figure 1-U2 and L2 and Figure 2-U2 and L2 show pitting on either the buccal or lingual side of the
tooth. Specimens with heavy corrosion showed corrosion in more than one area of the tooth, but
the surfaces had not been exceedingly penetrated. This is portrayed in Figure 1-U3 and L3 and
Figure 2-U3 and L3. Specimens with extreme corrosion displayed substantial corrosion on the
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surface. Figure 1-U4 and L4 and Figure 2-U4 and L4 show specimens with almost a complete lack
of enamel in more than one area.
Over 30% of specimens showed little to no corrosion (Figure 3 and Figure 4). Yet overall,
45% of teeth (36% O. rexroadensis, 49% I. meadensis) displayed heavy to extreme corrosion. In all cases
of corrosion, the dentine remained intact whereas the enamel was affected. There were no
statistically significant differences in the distribution of corrosion categories between upper and
lower teeth of O. rexroadensis [X2(3, N = 140) = .562, p= .905; Figure 3] or I. meadensis [X2(3, N =327)
= 5.855, p= .119; Figure 4]. However, there was a statistically significant difference in the
distribution of corrosion categories between the two species [X2(3, N = 467) = 8.321, p= .040;
Figure 5]; teeth of I. meadensis more frequently displayed heavy to extreme corrosion than teeth of O.
rexroadensis (Figure 5).

DISCUSSION
As far as I have determined, this study was the first descriptive analysis of enamel corrosion
on fossil teeth from any of the Meade Basin fossil localities; and it likewise was the first study of
enamel corrosion on fossil or modern teeth of ground squirrels. Previous research on enamel
corrosion has focused on the molars and incisors of other groups of rodents, notably voles
(arvicolines) and rats and mice (murids). These prior studies investigated enamel corrosion
experimentally, at different pH levels and lengths of time, and in natural settings after teeth have
gone through digestive tracts of different predators (Andrews, 1990; Fernández-Jalvo & Andrews,
2016; Fernández-Jalvo et al., 2014; Fernández-Jalvo et al., 2016).
My categories of enamel corrosion were informed both by my own observations of squirrel
teeth as well as the patterns of corrosion reported in these prior studies. These categories were
qualitative and thus potentially subjective to apply. However, to reduce subjectivity and improve
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consistency in categorizing the specimens, I cross-checked my categorizations with that of my
mentor (T. Goodwin). Although there were some differences in categorization, the differences were
limited (almost always within one category of each other) and relatively infrequent, leading me to
have confidence in the methodology.
Despite finding no significant differences in the distribution of corrosion categories within
species, I did find a significant difference between species. This finding suggests that the Fox
Canyon specimens of O. rexroadensis and I. meadensis had on average a different process of
fossilization. Teeth of I. meadensis showed greater corrosion, which leads to the hypothesis that
individuals may have been predated on more frequently than individuals of O. rexroadensis. Because I.
meadensis had smaller teeth and likely substantially lower body mass than O. rexroadensis, it is possible
that smaller body size rendered I. meadensis easier to obtain by Fox Canyon predators, but this
remains speculative.
All specimens showed patterns of corrosion consistent with findings reported by FernándezJalvo et al. (2014) where they ran experimental tests for digestion analysis and exposed arvicolid
molars to varying acid levels. They reported that the enamel was attacked in all experiments, but the
dentine was left unaltered. In the same way, specimens in this study displayed the loss of enamel and
the preservation of dentine.
Moreover, the interpretation of gastric digestion as cause of tooth corrosion is consistent
with the fossil record from Fox Canyon. For example, Feduccia and Ford (1970) listed multiple
birds of prey from Fox Canyon, including hawks, falcons, eagles, and several owls. As these were the
common hunters at the time, the fossil teeth from our study may have very well been digested by
such predators. Fernández-Jalvo & Andrews (2016) described a common characteristic of corrosion
by digestion, stating that gastric digestion results in localized parts of the surface being corroded
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rather than all surfaces being equally affected. The specimens examined in this study similarly
resulted in corrosion in one or more localized areas.
While this study had a narrow focus in investigating enamel corrosion of only two species
(O. rexroadensis and I. meadensis) from one locality (Fox Canyon), future research could broaden the
study to consider other species and taxa from Fox Canyon. If other species exhibit similar enamel
corrosion characteristics, it will contribute to the understanding of the process of fossil
accumulation at Fox Canyon. Alternatively, future research could investigate enamel corrosion from
other localities in the Meade Basin to determine if similar patterns of fossil accumulation were
present across locations. It would also be interesting to see whether body size influences the
likelihood of corrosion in other species. This could validate this study’s findings and explain why I.
meadensis had higher corrosion. Finally, experimental test conditions could be used to try to recreate
the corrosion found in this study. If replicable, we would better understand the acidity levels the
teeth were exposed to. Tests could be run at different pH levels and lengths of time to see how it
affects the corrosion level on modern ground squirrel teeth.
To summarize, by analyzing the enamel surface of teeth from two species of ground
squirrels at Fox Canyon, Meade Basin, Kansas, I was able to shed light onto probable processes
operating during fossil accumulation. My results are most consistent with the passage of many of
these teeth through the digestive systems of predators. Further work can further elucidate possible
causes and extend the analysis to other locations within the Meade Basin.
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Table 1. Corrosion category definitions
Corrosion Category

Definition

1. No/Light Corrosion

Surface of the enamel is very smooth and intact

2. Mild Corrosion

Surface of enamel is a little rough

3. Heavy Corrosion

Surface of enamel shows clear evidence that
some enamel is corroded, but it is not extensive

4. Extreme Corrosion

Surface of enamel shows prominent corrosion
in more than one area of the tooth, often
leaving enamel-less surfaces
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Figure 1. Images documenting corrosion for upper and lower teeth of O. rexroadensis. U1 and L1:
No/Light Corrosion (V35058-2-25 and V35058-1-69). U2 and L2: Mild Corrosion (V35058-2-28
and V35058-1-77). U3 and L3: Heavy Corrosion (V35058-2-7 and V35058-1-56). U4 and L4:
Extreme Corrosion (V35058-2-8 and V35058-1-72). Arrows point to areas of corrosion.
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Figure 2. Images documenting corrosion for upper and lower teeth of I. meadensis. U1 and L1:
No/Light Corrosion (V35061-1-5 and V35061-1-42). U2 and L2: Mild Corrosion (V35061-4-15 and
V35061-1-47). U3 and L3: Heavy Corrosion (V35061-1-10 and V35061-1-26). U4 and L4: Extreme
Corrosion (V35061-1-12 and V35061-1-38). Arrows point to areas of corrosion.
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Figure 3. Frequency of upper and lower teeth of O. rexroadensis in each corrosion category.
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Figure 4. Frequency of upper and lower teeth of I. meadensis in each corrosion category.

17

Figure 5. Total frequency of upper and lower teeth of O. rexroadensis and I. meadensis in each
corrosion category.
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Appendix: Specimens examined in this study. Fossil teeth had initially been batch catalogued by
species at the University of Michigan Museum of Paleontology (UMMP). Then, in a prior study at
Andrews University, specimens from each batch catalog number were organized by tooth position
and plated on clay to facilitate ready visual access.

Otospermophilus rexroadensis V35058 Plate 1
A Lower left dP4
B-D Lower left P4
6-11; 20-25; 32-43 Lower left M1
61-77 Lower left M2
88-100 Lower left M3
E-K Lower right P4
12-19; 26-31; L Lower right M1
44-60 Lower right M2
78-87; 101 Lower right M3
Uninterpretable: 13, 18, 24, 43, 51 71, 86, 87, 101, K, L
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Otospermophilus rexroadensis V35058 Plate 2
1-3 Upper left dP4
6-13 Upper left M1
26-33 Upper left M1-2
37 Upper left M3
38-40 Upper left P4
4-5 Upper right dP4
14-25 Upper right M1-2
34-36 Upper right M3
44-45 Upper right M1
41-43 Upper right P4
Uninterpretable: 26
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Ictidomys meadensis V35061 Plate 2
1-6; 14-20; 29-36; 46-54; 65-72 Lower left M1
79-87; 98-106; 116-124; 134-138 Lower left M2
146-150 Lower left P4
160-166 Lower left dP4
7-13; 21-28; 37-45; 55-64; 73-78 Lower right M1
88-97; 107-115; 125-133; 139-142 Lower right M2
143-145 Lower right M3
151-159 Lower right P4
167 Lower right dP4
Uninterpretable: 15, 17, 28, 31, 35, 85, 114, 125, 137
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Ictidomys meadensis V35061 Plate 4
1-5; 12-16; 24-30; 33-35 Upper left P4
36-44; 55-63; 60B-63B; 72-80; 92-100; 109-112 Upper left M1-2
6-11; 17-23; 31-32 Upper right P4
45-54; 64-71; 81-91; 101-108 Upper right M1-2
Uninterpretable: 13
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Ictidomys meadensis V35061 Plate 1
1-8 Upper left M3
9-20 Upper right M3
21-39 Lower left M3
40-55 Lower right M3
Uninterpretable: 29

