
Extended Data Fig. 1 | Proteome preservation in CMNFV59632. A) Amino 
acid count for each identified protein, before and after our strict filtering step 
(see Methods), B) DIMs (diagenetically-induced modifications) related to 
oxidative degradation of tryptophan for CMNFV59632, compared to enamel 
proteomes from other ancient rhinos and a mediaeval ovicaprine, C) DIMs 

related to oxidative degradation of histidine for same taxon set. The moderate 
protein preservation in CMNFV59632, indicated by the lower amino acid 
coverage compared to other ancient enamel proteomes, is further supported 
by the high incidence of modifications related to oxidative degradation, 
compared to other fossil rhinocerotids.
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Extended Data Fig. 2 | Palaeotemperature values extracted from Valdes 
et al.39. Monthly temperatures were used to calculate maximum and minimum 
values at 3, 11, 15, 20, 26, 31, 36, and 40 Ma. Note the wide yearly ranges for 
temperate and cold environments, reflecting seasonal maxima and minima. 

The Hansen38 model, scaled to current mean annual temperature values for 
each location, is shown as a grey curve. The basemap was generated using the 
maps package in R using ggplot2.



Extended Data Fig. 3 | Thermal age ranges estimated for selected sites 
preserving ancient peptides. These violin plots display the range of monthly 
thermal ages, mean and median (Ma@10 °C) calculated for Haughton Crater, 

Laetoli and Linxia, for each time point. Note the scale difference between 
Haughton Crater and the other sites, and the high standard deviations for 
Haughton Crater and Linxia.
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Extended Data Fig. 4 | Deamidation rates in fossil rhinocerotid enamel 
proteomes, plotted against geological age. Data used is CMFN-59632 from 
Haughton Crater (21.8 Ma), DM.5/157 from Dmanisi (1.77 Ma), CGG 1_023342 
from Fontana Ranuccio (0.4 Ma), and a mediaeval control sample (0.005 Ma). 
While useful for establishing authenticity of an ancient proteome, deamidation 
rates plateau relatively quickly, so they are not reliable for assessing relative 
degradative state in ancient proteomes from deep geological timescales.



Extended Data Fig. 5 | Comparison of FAA & THAA concentration (top) and 
%FAA (bottom) of the Arctic Miocene rhinocerotid with the Dmanisi 
Pleistocene Stephanorhinus4. The lower overall concentration, higher %FAA 
and yet incomplete hydrolysis in the Arctic Miocene rhino is consistent with 
endogenous peptides in the tooth enamel. Error bars represent 1 standard 
deviation about the mean for preparative replicates.
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Extended Data Fig. 6 | Asx, Glx, Ala and Phe FAA vs THAA D/L values for 
tooth enamel from Arctic Miocene rhino from Ellesmere Island Canada, 
and the Dmanisi Pleistocene rhino. A data set consisting of published and 
unpublished enamel data from other rhino palaeontological and experimental 
data has been included for comparison; peptides were also successfully 
retrieved from the experimentally heated sample in bold (300 °C for 10 min). 

The good correlation between FAA & THAA for the Arctic Miocene rhino 
(CMNFV59632) sample supports the presence of closed system original 
peptides and their constituent amino acids in this Miocene sample. Error  
bars represent 1 standard deviation about the mean for preparative/
experimental replicates.



Extended Data Fig. 7 | Similarity of protein sequences recovered between 
CMNFV59632 and experimentally-heated samples. Plots show sequence 
coverage for the three most abundant enamel matrix proteins (ENAM, AMELX 
& AMBN) for the Arctic Miocene rhino (CMNFV59632) tooth enamel and tooth 
enamel from Coelodonta antiquitatis that had been heated at 300 °C for 10 min, 
which showed similar levels of degradation (Extended Data Fig. 6). Peptides 

were retrieved from similar regions for ENAM and AMELX. The Cappellini et al. 
(2019) method2 was used to prepare Coelodonta antiquitatis enamel MS 
analysis, with some minor changes: HCl was used for demineralization instead 
of TFA, ZipTips (Millipore P10 with 0.6 μL C18 resin) were used instead of 
in-house StageTips and an Orbitrap Fusion Tribrid™ was used instead of a 
Q-Exactive for the proteomic analysis.










