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ABSTRACT

Tar seeps trap and preserve diverse fossil assemblages that reflect unique environmental histories. While the macro preservation of the fossils is usually good,
preservation of organic bone collagen is often variable. Radiocarbon dating and stable isotope analysis of tar seep taxa can reveal distinct paleoecological insights but
are complicated by the contamination from tar infiltration. Additionally, the removal of tar is complex and time-consuming. Therefore identifying fossils with
preserved collagen prior to further investigation minimizes unnecessary damage to fossil collections and improves success rates for analyses that require organic
preservation.

We used tar pit fossils where the collagen preservation state was independently known to test non-destructive (visual inspection) and minimally-destructive
(infrared spectroscopy; FTIR) methods to determine the most reliable methods to identify bones with well preserved collagen. We found that while collagen is
less often preserved in heavily weathered bones, visual cues alone are not a reliable indicator. Instead, the Water-Amide-on-Phosphate FTIR index is highly sensitive
and specific at identifying fossils suitable for radiocarbon dating and stable isotope analysis. While our protocol and analysis code were developed using fossils from
two California tar seep localities (McKittrick and Rancho La Brea), they are likely to be broadly applicable to other tar seep localities that have yielded fewer fossils,
thus requiring even greater care when selecting specimens for further analysis.

1. Introduction

Asphalt seep lagerstatten, colloquially known as “tar pits”, have
produced remarkable fossil assemblages, giving an unparalleled look
into the ecology of floras and faunas during the late Pleistocene and
Holocene (see reviews in Stock and Harris (1992) and McDonald et al.
(2015)). Tar pits form when natural tar seeps through subsurface frac-
tures to form a viscous sticky layer on the surface. This tar tends to trap
animal and plant remains, leading to large accumulations of fossils.
Importantly the rapid entrapment and later impregnation of tar into the
remains can preserve fossils in environments where local conditions are
otherwise not amenable to long term preservation (e.g., the neotropics;
Lindsey and Seymour (2015)), and therefore act as an important source
of information about these ecosystems. The notable morphological
preservation of tar impregnated fossils comes at a cost however, for
researchers interested in applying geochronological (14Ccouagen; Berger
and Libby, 1968; Fox-Dobbs et al., 2014; Fuller et al., 2015; Fuller et al.,
2014; Ho et al., 1969; Marcus and Berger, 1984; O’Keefe et al., 2023;
Stock and Harris, 1992) or stable isotope techniques (613Ccollagen; Col-
train et al., 2004; Fox-Dobbs et al., 2007, 2006; Fuller et al., 2020).
Natural tar is 80-90% carbon by weight and is, by consequence of its
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age, radiocarbon-free. Consequently, even a small amount of tar is a
potent contaminant that can bias 14Ccollagen and 613Ccollagen measure-
ments, and it must be removed prior to geochemical analysis (Berger and
Libby, 1968; Coltrain et al., 2004; Fox-Dobbs et al., 2006; Fuller et al.,
2014; Ho et al., 1969). Briefly, the current most common practice for
extracting collagen from tar impregnated fossils involves repeatedly
washing an aliquot of bone powder with organic solvents (e.g., meth-
anol, toluene, acetone, petroleum ether) followed by acid digestion
(HCI) of the bone mineral, gelatinization using low-molarity HCl and
finally collagen purification via ultrafiltration (Fuller et al., 2014).
Taken together, these methods require multiple days of work, large
sample sizes (~150 mg) and due to variations in collagen preservation,
may not yield viable collagen viable for further analysis. Therefore,
identifying fossils with well-preserved collagen prior to tar removal and
collagen extraction can reduce unnecessary damage to fossil collections,
lower analytical costs, and improve research outcomes for geochemical
studies of these fossils.

In this study we investigate potential screening methods to identify
tar impregnated fossils with a high likelihood of collagen preservation.
We developed a training data set of fossils from two geographically
distinct seep areas in California, Rancho La Brea in Los Angeles County
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and McKittrick in Kern County, where the collagen preservation state
was known from previous studies. These data were used to test two
potential screening methods: visual, non-destructive, taphonomic
scoring (Behrensmeyer, 1978) and minimally-destructive Fourier
Transform Infrared (FTIR) spectroscopy. We calculated several
commonly used FTIR indices to assess diagenesis in bone as well as a
new index to assess tar impregnation. We used these initial training data
to identify the most useful predictors of collagen preservation and
content in other fossils (Fig. 1). We used these predictions of collagen
content to assess the limitations of our initial training data, thereby
resulting in a robust, freely available reference data set for researchers
studying tar pit fossils for further analysis.

2. Background
2.1. Depositional and curatorial context

2.1.1. McKittrick

The McKittrick tar seeps are located along the eastern edge of the
Temblor Range in the Southern San Joaquin Valley of California, just
outside the town of McKittrick. Here, faulting allows oil to migrate from
the underlying shale through porous sandstones of the Pliocene Etch-
egoin and Quaternary Tulare Formations to form layers of asphaltum in
a NW-SE trending brea belt. The faunas appear to span from the late
Pleistocene into the Holocene and the small number of radiocarbon
dates for the locality support a late Pleistocene age for the majority of
the fossils (Fox-Dobbs et al., 2014; France, 2008).

Specimens used in the current study are from collections made by
University of California personnel and by Charles Sternberg for both the
University of California and California Institute of Technology which
primarily took place from 1921 to 1927 in several different pits
(Merriam and Stock, 1921; Schultz, 1938; Sternberg, 1932; Stock,
1928). As reported by Sternberg (1932), fossils from McKittrick were
cleaned using kerosene on site, which removed most surface tar. Based
on direct examination of the collections, plaster was also used in joining
broken bones, and there is no indication that animal-based glues were
used in preparation.

2.1.2. Rancho La brea

The Rancho La Brea tar seeps occur in the northern part of the Los
Angeles Basin, south of the Santa Monica Mountains, in urban Los
Angeles. The seeps have produced a diverse fauna spanning the late
Pleistocene to Holocene (see Stock and Harris (1992)). The tar seeps
form pools of liquid asphaltum, which act as natural traps. The fossils
included in this study are from University of California excavations
conducted from 1908 to 1912 (Merriam, 1911; Stoner, 1913) and
include those with radiocarbon dates reported in O’Keefe et al. (2009)
and stable isotope analysis from Fox-Dobbs et al. (2006).
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2.2. Bone collagen preservation and isolation

Bone is a composite material consisting of approximately 20%
organic and 80% mineral components, both of which are common tis-
sues for geochemical analysis. The mineral fraction is bioapatite
[Cas(PO4)30H] with carbonate (CO3 2) substitutions in the hydroxyl and
phosphate sites (Driessens and Verbeeck, 1990; Elliott, 2002). The
organic phase is primarily collagen (Collins et al., 2002), which is
relatively robust and can persist in bone for tens of thousands of years
(Clementz, 2012; Collins et al., 2002), although it can be altered or
removed by a variety of mechanisms (see review of Collins et al. (2002)).
The high collagen content of bone relative to tooth enamel and dentine
has made it a tissue of choice for many paleontologists and archaeolo-
gists interested in stable (613C, 615N) and radioactive (14C) isotope
analysis of fossil specimens. However, collagen preservation can vary
considerably between localities depending on a variety of taphonomic
factors.

While the most precise assessment of bone collagen quality is via
quantitative analysis of amino acids (Guiry and Szpak, 2020; Wyckoff
et al., 1963), most archaeological and paleontological studies rely on
measurements of bulk bone collagen to assess preservation. Bone
collagen preservation in modern and fossil specimens is usually assessed
using a combination of collagen yield, carbon and nitrogen content, and
the atomic carbon-to-nitrogen ratio (C/Natomic)- The amino acid com-
positions of modern bone collagen are conservative across a variety of
vertebrate groups (Szpak, 2011) allowing broad comparisons of these
parameters. Collagen content in fresh bone ranges from 12 to 33% with
an average of about 22% (Ambrose, 1990; Collins et al., 2002; Stafford
Jr et al., 1988; Van Klinken, 1999). Low bone collagen yield in fossil
specimens can indicate degradation and loss of individual amino acids
or as peptides (Bada et al., 1989; Van Klinken, 1999). Since the stable
isotope composition of different amino acids within a tissue can vary
substantially (Hare et al., 1991) preferential loss of some amino acids
will change in stable and or radioactive isotope composition. However,
amino acid profiles in fossil collagen are often remain unchanged until
substantial collagen loss has occurred (<1% collagen remaining; Van
Klinken (1999)). Likewise, low carbon and nitrogen contents can indi-
cate alteration (Guiry and Szpak, 2020). Several C/Nytomic ranges have
been proposed as indicative of well-preserved collagen including
2.9-3.6 (Ambrose, 1990), 3.1-3.5 (Van Klinken, 1999), and a variety of
taxon specific ranges (Guiry and Szpak, 2021). Schwarcz and Nahal
(2021) suggested a C/Natomic midpoint of 3.243 based on a theoretical
mass-balance of carbon and nitrogen contents of individual amino acids.
Weathering is another potential pathway of collagen loss (Koch et al.,
1999, 1999, 1999; Trueman et al., 2004), although it may be less pro-
nounced in temperate climates (Fernandez-Jalvo et al., 2010). In this
study we use two criteria to assess collagen preservation. For specimens
analyzed as part of this study we use a C/Nytomic of 2.9-3.6 to indicate
well preserved collagen. For values taken from the literature, we rely on
the original study authors assessment.
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Fig. 1. Workflow of model development.
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2.3. The problem of tar

Collagen is also susceptible to contamination from a variety of other
organic carbon sources, including endogenous lipids, humic acids, and
non-collagenous proteins (Guiry and Szpak, 2021). In particular, lipids
and humics have high carbon, but low nitrogen, contents and lead to
higher C/Natomic than the accepted ranges (e.g., >3.6, Ambrose (1990);
>3.5, Van Klinken (1999), >3.5, Guiry and Szpak (2021)). Tar is a
particularly potent contaminant; it has a very high carbon content,
readily impregnates bone pore space, and is pernicious and difficult to
completely remove. Several methods have been developed to purify and
extract collagen from tar-impregnated fossils (Coltrain et al., 2004;
Fox-Dobbs et al., 2006; Fuller et al., 2014, 2015; Ho et al., 1969) that
follow a similar set of steps. First, bone (powder or chunks) is repeatedly
washed with solvents (e.g., toluene, methanol, acetone) to extract the
tar. Second, bone bioapatite is dissolved using either acid (HCI) or a
chelating agent (EDTA), leaving isolated collagen. While these methods
differ in their specific details, in all cases the tar removal is a complex,
time consuming process (~3 days, Coltrain et al. (2004); 5-6 days,
Fox-Dobbs et al. (2006); 2-3 days, Fuller et al. (2014)). Finally, even
after these steps, not all specimens will yield viable collagen that meets
the criteria for good preservation. Collagen preservation can also vary
substantially between tar-pit deposits. For example, Coltrain et al.
(2004) reported that 13 of 143 bones from Rancho La Brea failed to yield
collagen (8% failure), whereas France (2008) (following the methods of
Coltrain et al. (2004)) reported a 78% failure rate (22 of 28) for fossils
from McKittrick. Similarly, preliminary attempts at collagen extraction
for this study from randomly selected McKittrick fossils yielded a success
rate of 28%.

2.4. Infrared spectroscopy

Attenuated Total Reflectance Fourier Transform Infrared Spectros-
copy (ATR-FTIR), is a minimally destructive vibrational spectroscopic
technique that characterizes the molecular functional groups of a ma-
terial by irradiating it with infrared light. Since molecular structure
determines which infrared wavelengths are transmitted or absorbed,
ATR-FTIR can be used to attribute absorbance bands to different func-
tional groups, and semi-quantitatively determine the chemical compo-
sition of a material (Stuart, 1991) .

Within the context of paleontological and archaeological specimens,
ATR-FTIR is often used to investigate the crystal-chemical properties of
bone bioapatite and collagen, with a particular focus on diagenesis and
alteration during fossilization (Chadefaux et al., 2009; Hassan et al.,
1977; Roche et al., 2010; Sponheimer and Lee-Thorp, 1999). The
absorbance band-positions of the major components of bone are known;
including inorganic phosphate (PO4) and carbonate (CO3) (Fleet, 2009;
Sponheimer and Lee-Thorp, 1999), and organic amides and lipids
(Chadefaux et al., 2009; Lebon et al., 2016; Liden et al., 1995) (Table 1;
Fig. 1and 2). Infrared spectra of tar contains multiple absorbance bands

Table 1

Nominal FTIR band positions of several relevant chemical groups.

Actual band positions may be shifted by several cm ™.

Band position (cm ™) Functional Group

2925 Lipid

2854 Lipid

1650 Amide I

1551 Amide II

1545 A-Type Carbonate
1415 B-Type Carbonate
1231 Amide IIT

1020 Phosphate

880 Carbonate

605 Phosphate

565 Phosphate
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that partially, or completely overlap with amide, carbonate, and lipid
band positions in collagen (Fig. 2), and the degree to which this over-
printing may interfere with accurate identification of collagen is un-
clear. Previous work has shown that FTIR is an effective tool at
identifying organic preservation in archaeological contexts (Lebon et al.,
2016), but to our knowledge, there have been no prior attempts to apply
the methodology to tar impregnated fossils.

3. Materials and methods
3.1. Sample selection

We selected specimens from the University of California, Museum of
Paleontology (UCMP) collection where radiocarbon dating and/or iso-
topic analysis (8'3C, 8!°N, *C) of the organic collagen fraction has
previously been attempted (Table 2) as part of other research projects
(Fox-Dobbs et al., 2006, 2014; O’Keefe et al., 2009) as well as unpub-
lished data for Rancho La Brea fossils (Southon & Holroyd, unpub-
lished). These specimens fall into two groups: 1) fossils that produced
viable, well-preserved collagen (n = 50) and 2) fossils that failed to yield
well-preserved collagen (n = 20). A complete list of samples including
UCMP catalog number, locality, taxon, genus and species is available in
the linked data supplement. Additional details including photographs of
some specimens, skeletal element and previous publication information
are available in the online UCMP database at https://ucmpdb.berkeley.
edu. We considered collagen to be well-preserved and viable for isotopic
analysis if it passed the standard metrics for collagen preservation (see
reviews of Guiry and Szpak (2020); Guiry and Szpak (2021)) as reported
by the original study authors. We collected 5-10 mg of cortical bone
powder using a handheld rotary tool and a dental drill bit. These pow-
ders were stored in 1.5 mL micro-centrifuge vials prior to analysis.
Additionally, the bone powders were not chemically treated to remove
tar (Fuller et al., 2014), or otherwise treated to remove carbonates or
organics (Koch et al., 1997), prior to FTIR analysis. All specimens are
from either Rancho La Brea (n = 48) or McKittrick (n = 22) and cover a
wide range of carnivore and herbivore taxa, and include mammals,
birds, and reptiles.

3.2. FTIR indices

ATR-FTIR spectra were collected for all fossil specimens using a
Bruker Vertex 70 Far-Infrared Fourier Transform Infrared Spectrometer
housed in the Nuclear Magnetic Resonance Facility at the University of
California, Merced. The spectra were collected from 400 to 4000 cm-1
over 32 scans at a spectral resolution of 4 cm™'. Each spectrum was
background-corrected using several baseline points and slightly
smoothed prior to index calculation using custom R scripts modified
from those of Trayler et al. (2023), available in the supplementary
material.

The resulting 70 spectra were used to calculate two FTIR indices
commonly used to investigate organic content and diagenesis in fossil
bone. The Water-Amide-on-Phosphate-Index (WAMPI) is the ratio of the
Amide-I and v,PO4 phosphate absorbance bands (lf;ﬁ). The WAMPI

tracks bone collagen content where higher WAMPI values should indi-
cate more prominent amide-I bands and by proxy better collagen pres-
ervation (Lebon et al., 2016; Roche et al., 2010; Trayler et al., 2023). The
Phosphate-Crystallinity-Index (PCI) is the sum of the v,PO4 and v4PO4
phosphate absorbance band maxima, normalized by the depth of valley
between these two peaks (% (Sponheimer and Lee-Thorp, 1999);).
Since increases in bone crystallinity sharpen the two phosphate peaks
and deepen the valley, higher PCI values reflect greater diagenetic
alteration of the bone mineral (Sponheimer and Lee-Thorp, 1999).
Furthermore, higher PCI values can also reflect heat-induced changes to
crystal order and structure, resulting from deliberate (cultural) or nat-
ural burning (wildfires), which is also expected to remove organic
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Fig. 2. Representative example ATR-FTIR spectra for McKittrick tar seep bones with/without preserved collagen and McKittrick tar. Vertical dashed lines indicate
band positions from Table 1. Carbonate, phosphate, and amide bands are only applicable to bone spectra while the lipid bands occur in in both materials. A) full
spectrum for all materials. Bottom Panel: zoomed view of the B) phosphate, C) amide/carbonate, and D) lipid regions highlighted by colored boxes in panel A.

Table 2
Number of specimens in the well preserved and poorly preserved groups for
Rancho La Brea and McKittrick asphalt seeps.

Locality Collagen No Collagen Collagen Preservation %
Rancho La Brea 43 5 90%
McKittrick 7 15 31%

material (Thompson et al., 2009, 2013).

We also calculated the ratio of two lipid absorbance bands (Liden
et al.,, 1995) normalized to the v,PO4 phosphate absorbance band
(B tBase) Endogenous lipids exhibit prominent absorbance bands at
about 2925 cm~! and 2854 cm’l, as does McKittrick and Rancho La
Brea asphaltum (Fig. 2). Thus, this Lipid-on-Phosphate-Index (LPI)
should reflect excess tar or lipid content in bone. While the loss of
endogenous lipids is variable in the fossil record (Collins et al., 2002;
Koch et al., 1999), tar seep fossils are impregnated with geologic oils,
which have been proposed as a “preservative” (Stock and Harris, 1992),
suggesting that higher LPI values could correspond to better collagen
preservation.

3.3. Taphonomy and weathering stages

To assess if visual assessment of weathering was a reliable indicator

of collagen preservation, we scored each specimen according to the set
of weathering stages established by Behrensmeyer (1978) for large
mammals and using images in Behrensmeyer and Miller (2012) and
Fernandez-Jalvo and Andrews (2016) as visual referents. These stages
are numbered 0 to 5, with stage 0 showing no modification and stage 5
showing significant splintering, flaking, as well as a greater tendency to
break. If weathering is a significant factor, we would expect specimens
with less collagen to have higher weathering scores.

3.4. Collagen isolation and analysis

We attempted to extract collagen from a subset of fossils to validate
model performance (discussed below in Section 4.2). Collagen was iso-
lated at the UC Irvine Keck Carbon Cycle AMS Laboratory following a
procedure based on that of Fuller et al. (2014) for tar impregnated
fossils. Briefly, crushed bone samples of ~200 mg were sonicated at
~40 °C to remove bulk asphalt, in 2:1 toluene:methanol with solution
changes every hour until the solution was visually clear, then in meth-
anol for 1 h, and deionized water for 1 h. The samples were then dem-
ineralized in 1N HCI overnight at 25 °C, using a measured amount of
acid calculated as just sufficient to dissolve the bone if the composition
was 100% bioapatite, ie, if no collagen was present. The samples were
then gelatinized over several hours in 0.01 N HCI at 80 °C, with indi-
vidual samples removed from heat as soon they were fully dissolved. The
gelatin was ultra-filtered at 100 kDa to discriminate against refractory
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high molecular weight hydrocarbon aggregates (asphaltenes) that had
survived the solvent treatments, and at 5 kDa to remove small stray
peptides and other low molecular weight debris, and the intermediate
5-100 kDa fraction was then lyophilized. This extracted collagen was
analyzed for its carbon and nitrogen contents using a Fisons NA1500NC
elemental analyzer coupled with a Finnigan Delta Plus Isotope Ratio
Mass Spectrometer.

3.5. Statistical methods

3.5.1. Statistical analyses

To determine the best predictors of collagen preservation, we used
the weathering scores and FTIR indices from the fossils of known
collagen preservation to develop a training dataset to assess which
predictors are most strongly associated with collagen presence or
absence. We fit a logistic regression model in the form of:

p

In(odds) =1In (1

> =fxx+a m
p

to each predictor (WAMPI, PCI, LPI, weathering score) separately,
where p is the probability of collagen preservation (between 0 and 1), x
is the value of an individual predictor with probability p, and  and a are
regression coefficients. These logistic regression models were used to
predict collagen presence for each fossil using a log-odds >1 as a clas-
sification threshold, such that specimens with p > 0.5 were predicted to
contain collagen and specimens where p was < 0.5 were predicted to
lack collagen.

Model performance was assessed by calculating the sensitivity and
specificity of each logistic regression model to determine the most useful
predictor(s) for collagen presence. Sensitivity is defined as:

true positives

sensitivity = — -
v true positives + false negatives

and specificity as:

true negatives
true negatives + false positives

specificity =

Both sensitivity and specificity vary between 0 and 1, and in general,
higher values for both indicate better model performance. A perfectly
performing model that predicts zero false negatives and zero false pos-
itives would therefore have both a sensitivity and specificity of 1.
However, a model that always predicts the presence of collagen,
regardless of preservation state, would have a high sensitivity (~1), and
a low specificity (~0), with the opposite being true for a model that
always predicts the absence of collagen. Therefore, an ideal model is
both sensitive and specific, with both values close to one.
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4. Results & discussion
4.1. Training data

The WAMPI, PCI, and weathering score logistic regression model-fits
were statistically significant, and the LPI was not (Fig. 3). The Water-
Amide-on-Phosphate Index (WAMPI) was the best performing predic-
tor and is both highly sensitive and specific when predicting collagen
presence and absence (Table 3). The WAMPI is calculated using the
Amide-I band height, which directly correlates to bone nitrogen and
organic content (Lebon et al, 2016; Roche et al.,, 2010). The
Phosphate-Crystallinity Index and weathering scores are highly sensi-
tive, but are only weakly specific. Both models have negative f coeffi-
cient, indicating increasing predictor values correspond to lower
collagen preservation (Fig. 4). Weathering scores and PCI track tapho-
nomic processes; macro scale weathering and microscopic apatite
recrystallization, respectively. In other words, high degrees of weath-
ering (high PCI, high weathering score), are somewhat predictive of
collagen absence, but less weathering is not necessarily predictive of
collagen presence. The proposed Lipid-on-Phosphate Index performed
poorly and was not able to distinguish collagen presence or absence.

4.2. Validation

To validate model performance, we collected FTIR spectra on 235
other UCMP McKittrick fossils for which collagen preservation was un-
known. Using these data we calculated the best performing FTIR index
(WAMPI) to predict collagen presence. A WAMPI threshold of 0.43
(Table 3) predicts that 75 of 235 fossils (31%) have preserved collagen,
similar to the rate we observed from random selection of McKittrick
fossils (28%). From these 235 fossils we selected 67 specimens for
attempted collagen extraction based on their WAMPI values; 18 were
predicted to contain no collagen (WAMPI <0.43) and 49 were predicted
to have well preserved collagen (WAMPI >0.43).

Of the 67 fossils in the validation set, 34 produced well preserved
collagen (C/Natomic = 3.30 £+ 0.08, mean+1S.D); 32 were from the
group predicted to contain collagen, and 2 from the group were pre-
dicted to contain no collagen (Fig. 4). Given that the underlying collagen
preservation rate in McKittrick fossils appears to about 20-30%, a 65%
chance of successfully extracting collagen is a substantial improvement.
However, the validation dataset had a sensitivity of 0.94 and a speci-
ficity of 0.5. While the sensitivity of the validation data is similar to that
of the training data (Table 3), the specificity is notably lower. This
discrepancy suggests that when applied to only McKittrick fossils, the
training classification threshold (WAMPI >0.43) has a higher false
positive rate. This is likely because of imbalances in the training data set.
About 80% of training samples with well preserved collagen are from
Rancho La Brea, whereas 76% of the samples without preserved collagen
are from McKittrick which reflects the underlying preservation rate of
the two localities.

C 1.0 D 1.0
E z :
3 | 3 |
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1 2 3 0o 1 2 3 4
LPI Weathering Stage

Fig. 3. Training data logistic regression results for each of the four possible predictors of collagen presence [A) WAMPI, B) PCI, C) LPI, D) Weathering Stage]. The
vertical dashed line is the predictor value with an odds-ratio of 1 which we used as the prediction threshold (see Table 3 for details). Blue dots indicate samples with
known collagen preservation and yellow dots indicate samples with known collagen absence. Points have been vertically-jittered slightly for visual clarity.
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Table 3

Summary of training data logistic regression results. Model coefficients (a, ) correspond to eq. (1). The Threshold column indicates the predictor value with an odds-
ratio of 1. If § is positive then Predictor values higher than the Threshold predict collagen presence, whereas if § is negative, Predictor values lower than the Threshold
predict collagen presence.

Predictor a B p value Threshold Sensitivity Specificity
WAMPI -9.13 21.06 0.003 0.43 0.96 0.90
PCI 13.80 —4.05 0.004 3.40 0.92 0.30
Weathering Score 2.06 —0.93 0.001 2 0.94 0.25
LPI —0.49 1.47 0.057 0.34 1.00 0.05

O collagen preserved False Negative
O False Positive
no collagen
True Negative
O True Positive
o o
z z
= B
- N I SR <y S
o]
0.0 0.0
T T T T T T T T T T
2.5 3.0 3.5 4.0 4.5 25 3.0 3.5 4.0 4.5
PCI PCI

Fig. 4. Plot of the PCI and WAMPI FTIR indices for the A) training and B) validation data sets. These two indices have the highest combined sensitivity and
specificity. The colored ellipses on both panels contain 95% of the training data in each group. The horizontal dashed line indicate the initial WAMPI classification
threshold of 0.43 (Table 3). A) Initial training data colored by collagen presence or absence. B) Model validation results using 67 fossils with unknown collagen
preservation. The perimeter color of each point in B) indicates the WAMPI based prediction of presence/absence and the fill color indicates actual collagen presence/

absence. The colored ellipses and horizontal dashed line are the same as shown in the left panel.

4.3. Combined data and use

To address the mismatch in the training data set, we combined the
training and validation data sets and recalculated the WAMPI logistic
regression model (Table 4). The sensitivity and specificity for the com-
bined data are both 0.87, indicating a low false positive and low false
negative rate. The threshold with a greater than 50% chance of collagen
preservation is slightly higher (WAMPI >0.5) than the training data
threshold. Importantly, it should be noted however that our choice of an
odds-ratio of 1 (>50% preservation probability) is somewhat arbitrary,
and that other thresholds could be calculated and used depending on the
needs of a particular study (Fig. 5). Rearranging eq. (1) to solve for the
threshold and using the regressions coefficient in Table 4 gives:

In(odds) — a

B __In(odds) +6.94
WAMTPI threshold = 5 = 139

This equation can be used to calculate classification thresholds at
arbitrary probabilities. For example, a higher odds-ratio of 3 (>75%
preservation probability) gives a WAMPI threshold of 0.58 and an odds-
ratio of 19 (>95% preservation probability) gives a WAMPI threshold of
0.78 (Fig. 5). These higher odds ratios come with a corresponding higher
false-negative rate however, if fossils are abundant, then this trade off
may be worthwhile to ensure only the best-preserved specimens are
chosen for further geochemical work.

Table 4
Logistic regression result for the Water-Amide-on-Phosphate Index using the
combined, training and validation datasets.

Predictor «a p p value Threshold Sensitivity ~ Specificity

WAMPI —6.94 13.9 1x107% 050 0.87 0.87

5. Conclusions

Preparing tar seep fossils for isotope analysis (5'3C, !N, 4C) is
costly, time consuming, and can be hampered by poor collagen preser-
vation. Here, we have presented methods and a reference data set for
quickly identifying tar seep fossils with a high likelihood of collagen
preservation. Entirely non-destructive visual taphonomic indicators and
the amount of impregnating tar are moderate to poor predictors of
collagen preservation. In contrast, minimally destructive FTIR analysis
is highly sensitive and specific, sampling and data collection are rapid,
and Fourier Transform Infrared spectrometers are available at most
major research universities. The Water-Amide-on-Phosphate index is the
best predictor, and predictive threshold of >0.5 is effective at identi-
fying tar impregnated fossils with preserved collagen. This threshold
performs well for both Rancho La Brea and McKittrick tar pit fossils and
is likely broadly applicable to other tar pit fossils. The underlying data
and code are freely available, such that it can be used as a screening tool
for fossils from other tar pit deposits and strengthened by the inclusion
of additional data. Given the increasing interest in tar pit faunas
(Lindsey and Seymour, 2015; Seymour, 2015; Solorzano et al., 2015),
their importance for understanding paleoclimate and extinction
(O’Keefe et al., 2023), and the associated difficulties in excavating and
curating these specimens, minimizing large-scale destructive sampling is
crucial to continued research on these faunas.

Data availability

All data (infrared spectra, collagen preservation state, taxonomic
details) and analysis code are available in a Zenodo Repository
(https://doi.org/10.5281/zenodo.13798959) and at github.com/robint
rayler/mckittrick_FTIR.
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Fig. 5. Plot of final reference data set (training and validation data combined). A) Plot of PCI and WAMPI FTIR indices for the combined data set. The colored ellipses
contain 95% of the data in each group. The horizontal dashed lines indicate the 50%, 75%, and 95% WAMPI thresholds. B) Final logistic regression model using the
Water-Amide-on-Phosphate index for the combined data set. The vertical dashed lines indicate the 50%, 75%, and 95% preservation probability WAMPI thresholds.
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