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S1 – Specimen Details 

S1.1. Extant Liquidambar styraciflua 

Identified by Leander Wolstenholme (Curator of Botany, Manchester Museum, pers. comm). Leaves of this 

species were collected directly from trees of Liquidambar styraciflua located on the grounds of the SLAC 

National Accelerator Laboratory in December 2009. Samples were immediately scanned by SRS-XRF at 

SSRL beamline 6-2. Boxes show approximate are of maps. 
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S1.2. Extant Acer pseudoplatanus 

Leaves of this species were collected from labeled trees at the Jodrell Bank arboretum near Manchester, UK 

in May 2013 and analysed at Diamond Light Source (DLS) within a week of collection. Box shows 

approximate area of map obtained at DLS. 

 

 

S1.3. Fossil accession numbers. 

BHI prefix refers to the Black Hills Institute Museum, part of the Black Hills Institute of Geological 

Research (Hill City, South Dakota), confirmed by an independent expert engaged by the Royal Society as a 

suitable repository for palaeontological material as set out within the rules of the Society of Vertebrate 

Palaeontology (SVP). Accession numbers with an MGSF prefix refer to the permanent palaeontological 

collection kept by the University of Manchester School of Earth, Atmospheric, and Environmental Sciences. 

This collection also satisfies the repository rules of the SVP. 
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S1.4. BHI-7032 

This block contains two leaves, the smaller of which (~ 2 cm x 2 cm) is identified as Platanus wyomingensis, 

the larger leaf in tentatively identified as Cedrelospermum nervosum (Manchester, 1989) . Parachute Creek 

Member of the Green River Formation (near Douglas Pass, Colorado). 

S1.5. BHI-3113 

Fossil leaf (P. wyomingensis), Bonanza locality, Utah. near the town of Bonanza, Uinta County, northeast 

Utah, Uinta Basin. 
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S1.6. BHI-045A 

Fossil reptile (Squamata: Reptilia tent.), and fossil leaf (P. wyomingensis). Ray Dome locality near Douglas 

Pass, Colorado, Upper Parachute Creek Member, Green River Formation. 

 

 

S1.7. MGSF312 

Macginitiea wyomingensis, Bonanza locality, Utah. Py-GC/MS. Large size and poorer structural 

preservation made this more suitable for destructive analysis than BHI-7032. 
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S1.8. MGSF313 

Zelkova nervosa, Douglas Pass locality, Colorado. 

S1.9. BHI-3100 

Populus wilmattae (Poplar), Bonanza locality, Utah. 
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S2. Geological Setting 

 The Green River Formation of Wyoming, Colorado and Utah (USA) spans much of the early and 

middle Eocene (~55-40 Mya) and was deposited in two intermontane basins: the Greater Green River Basin 

of Wyoming and the Uinta-Piceance Creek Basin of Colorado and Utah (Smith et al., 2008; Bradley, 1964; 

Roehler, 1992; Dickinson et al., 1988; Dyni, 2006). The formation represents a fluctuating lacustrine setting 

(Smith et al., 2008; Bradley, 1964; Roehler, 1992; Dickinson et al., 1988). Volcanism occurred over wide 

areas of the northwestern USA and introduced volcaniclastic sediment to the Green River Formation basins 

(Smith et al., 2008; Surdam et al., 1980; Fritz and Harrison, 1985). There were three lakes that now yield 

abundant fossils: Fossil Lake and Lake Gosiute of the Greater Green River basin, and Lake Uinta of the 

Uinta- Piceance Creek basin (Grande, 1984; Smith et al., 2008). Both the fossil fauna and flora indicate a 

warm temperate to subtropical environment (Grande, 1984; Roehler, 1992; Dyni, 2006). The Green River 

Formation is best known for its abundant oil shale (Grande, 1984; Tissot & Welte) and sodium carbonate 

resources (Dyni, 2006). The matrices of the fossils generally consist of extremely fine-grained, finely 

laminated shale/mudstone from the Upper Parachute Creek Member from which the majority of fossils in the 

Uinta and Piceance Creek Basins are found. 

S3. Supplementary Methods:  Experimental Details 

 

Sample handling and storage  

 All fossil samples are isolated in their own packaging. Surgical gloves were used in all handling. For 

FTIR analysis the ATR crystal was cleansed with laboratory wipes and deionised water after each sample 

change. No contamination of the ATR crystal was observed at any time in any of the analyses presented 

here. 

X-ray Diffraction 

Experiment parameters are outlined in Edwards et al 2011. 

Pyrolysis-Gas Chromatography/Mass Spectrometry 

BHI-7032 and BHI-3113 are too scientifically valuable to be subjected to destructive analysis, 

therefore another comparable but less well preserved Green River specimen from the same family (Wolfe & 

Wehr, 1987) was subjected to destructive analysis [Macginitiea wyomingensis - MGSF312]. 
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M. wyomingensis leaf material and its surrounding sedimentary matrix were collected using sterile 

scalpels and 2 µg analysed by normal flash and TMAH (tetramethylammonium hydroxide) assisted Py-

GC/MS. Normal flash pyrolysis samples underwent no additional treatment, samples subjected to TMAH 

assisted Py-GC/MS were prepared by soaking the sample in 5 μl of TMAH for 5 mins. Samples were 

analysed following the protocol employed in Edwards et al., 2011. For normal flash pyrolysis a scanning 

range of m/z 45-650 was used, and the oven was programmed from 40°C (held for 4 mins) to 320°C at 5°C 

min-1 and held at this temperature for 15 min.  For TMAH assisted Py-GC/MS a scanning range of m/z 60-

650 was used, and the oven programmed from 40°C (held for 4 mins) to 320°C at 5°C min-1 and held at this 

temperature for 5 min. Compound identification performed by comparison with previously published 

literature. 
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Figure S1. SRS-XRF maps of extant leaf material Liquidambar styraciflua at varying degrees of senescence. 
Interestingly Mn, which is the metal cofactor in photosystem II, is broadly distributed within the green leaf 
(column II) as would be expected for actively photosynthesizing tissue, however in the yellow leaf Mn has 
been withdrawn and is concentrated within the veins (column IV). 
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Figure S2. Additional SRS-XRF maps of fossil and extant leaves. (a-c) P. wyomingensis (BHI-3113), Cu, 
Zn, Ni respectively; (d) extant A. pseudoplatanus, Zn; (e) P. wyomingensis (BHI-3113) at high 
magnification, Zn; (f) P. wyomingensis (BHI-3113), Mn; (g) P. wyomingensis (BHI-7032), Mn; (h-j) Z. 
nervosa (MGSF313), Cu, Zn, Ni respectively; (k-n) P. wyomingensis (BHI-045A), Cu, Zn, Ni, S 
respectively. Scale bars: (a,h,k) 1 cm; (d,e) 1 mm; (g) 5 mm. 
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Figure S3. X-ray absorption analyses of Cu. (a) XANES spectra at the Cu Kα edge for Cu metal foil and Cu 
oxide standards, P. wyomingensis [BHI-7032 and BHI-3113, acquired at SSRL 6-2] stem, leaf and frass 
tubes, and Z. nervosa (MGSF313, acquired at DLS I18). Arrows on the Cu oxide spectrum indicate spectral 
features that are weak or absent on the fossils. (b) First derivative of the Cu K-edge XANES spectrum from 
BHI-7032 P. wyomingensis leaf. Bifurcated peak results from distortion of the coordination polyhedron and 
indicates that the axial oxygens are approximately 2.42 angstroms radially distant from the central Cu 
absorber. EXAFS k3 χ(k) spectra at the Cu K-edge for (c) P. wyomingensis [BHI-7032, acquired at SSRL 6-
2] and (d) Z. nervosa (MGSF313, acquired at DLS I18). EXAFS Cu K-edge radial distribution function 
(RDF) for (e) BHI-7032 P. wyomingensis showing non-phase shift corrected data (blue) and fit (red). The 
signal to noise ratio is relatively high, however the fit does closely reproduce the data. To compare the data 
above to ED Table 2, a phase shift correction of approximately 0.465 Å to the radial distances shown above 
should be applied. The first peak is due to the square planar first shell of equatorial oxygens, while both the 
Cu-C and Cu-O (ax) shells contribute to the smaller second peak. (f) Z. nervosa (MGSF313) RDF (symbols 
same as previous) with third shell carbon included (as for malate-type ligand). Reduced chi-square improves 
from 2.74 to 0.67 with inclusion of carbon shell. Black arrows highlight spectral feature consistent with 
malate type coordination for Cu, clearly present on (c) and present but weak on (d). (g) Proposed model for 
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Cu within the fossil leaf material. Cu is most likely coordinated to two malate molecules, forming two five-
membered rings. Inner shell oxygen and second shell carbon distances are all to scale and based on the 
EXAFS results of BHI-7032 presented in ED Table 2 (element colour code: red = O, white = H, grey = C, 
magenta = Cu).
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Figure S4. SRS-XRF maps of the sulfur oxidation states identified within P. wyomingensis (BHI-7032) (a) 
thiol, 2472.9 eV, (b) methionine sulfoxide, 2474.6 eV (c) sulfonate, 2480.4 eV (d) sulfate, 2481.4 eV, (e) 
total sulfur, 3150 eV. (f) Thiol/copper cross-correlation map, bright areas indicate positive correlation. Scale 
bar = 5 mm.
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Figure S5. FTIR spectra of BHI-7032 with absorption band assignments for selected peaks. (a) Spectrum 
taken from the stem of P. wyomingensis. Vibrations corresponding to C-H (alkanes), C=O, O-H, C-O 
(carboxylates) and CNH (amide) marked in blue. (see ED Table 3 for full band assignments). (b) Additional 
FTIR spectrum from the stem of BHI-7032 P. wyomingensis demonstrating the occurrence of an absorption 
peak at 1740 cm-1 (blue areas) most likely the C=O of an ester. (c) Sedimentary matrix: calcite peaks (green 
box) and silicate stretch region (grey box) as confirmed by XRD analysis; no organic peaks are easily 
distinguishable.
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Figure S6. X-Ray Diffraction analysis of powdered bulk sedimentary matrix of specimen BHI-7032. Quartz, 
calcite, and ankerite are the dominant silicate and carbonate minerals present. Analcime, albite, and small 
amounts of smectite and muscovite are also identified as silicate minerals present in the sedimentary matrix. 
Diffraction peaks corresponding to reference patterns are colour coded and defined in the key.
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Figure S7. (a) Partial Py-GC/MS total ion chromatogram of bulk fossil leaf sample. (b) m/z 55+57 mass 
chromatograms showing the distribution of n-alkane/alkene moieties of fossil leaf (MGSF312) and (c) 
sedimentary matrix. (b) and (c) to scale, (a) independently scaled. Numbers indicate carbon chain length. -, 
n-alkane/alkene doublet; b, benzene; b1, methylbenzene; b2, dimethylbenzene; b3, trimethylbenzene; b4, 
tetramethyl benzene; l, 2-methylphenol (lignin moiety); s, styrene; n, naphthalene; n1, napthalenemethyl; i, 
indenemethyl; m, methylated alkanes. TMAH assisted partial Py-GC/MS m/z 74 mass chromatograms of 
MGS312 (d) fossil leaf and (e) sedimentary matrix, showing the distribution of generated fatty acid 
(measured as methyl esters). The fossil is dominated by fatty acids ranging in carbon number from C8 to C28 
with an even over odd predominance and maxima at C16 and C24. The fatty acid distribution in the matrix is 
clearly different from the fossil leaf, with analogues ranging in chain length from C8 to C28, a less significant 
even over odd predominance, and maxima at C16 and C18. All chromatograms are to scale, numbers indicate 
carbon chain length and dashes and closed circles indicate n-alkane/alkene doublets and fatty acids, 
respectively. 
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Table S1. Synchrotron XRF (ppmW) and VP-FEG-SEMa (wt. %) quantitative point analysesb 

 

aVP-FEG-SEM was completed using a Zeiss Supra40 instrument at the DRIAM Analytical Service, Dalton 
Research Institute, Manchester Metropolitan University. All  samples were analyzed without any chemical or 
physical alteration to their surface. Standard clean laboratory sampling handling protocols were used 
throughout. Point analyses of elements present were acquired in variable pressure mode (~0.5 torr) using 
standardless energy dispersive spectroscopy (EDS, Oxford Instruments) at 15 kV, take-off angle of 35.5o, 
and a working distance of 15 mm. Spectra collected were fitted and elements quantified using proprietary 
ZAF-corrected software. Counting times in excess of 100 live seconds were performed to maximise the 
signal-to-noise ratio of the spectra. 
 
bFor those elements that are dominantly concentrated within the organic residues (including Cu, Zn and Ni) 
the concentrations given above are estimated to be accurate to +/- 10% relative. Due to the fact that the thin 
fossil films are low in atomic weight and that there are inherently high levels of Ca and Fe in the mineral 
matrices for these samples, fluorescence from the underlying matrix is detected through the thin films. This 
means that it is difficult to deconvolve concentrations of Ca and Fe in the organic fossil thin films from that 
of the matrices. These problems also affect SEM analyses. In particular, sulfur in the BHI-7032 matrix is 
also relatively high, and so the ability to map different sulfur oxidation states by tuning the energy of the 
incident radiation is a huge advantage of synchrotron analysis.  
 
 

Electronic Supplementary Material (ESI) for Metallomics
This journal is © The Royal Society of Chemistry 2014



 17 

Table S2. EXAFS fitting details. 

 
* fixed parameter 
** poor signal to noise resulted in low amplitude EXAFS oscillations; in order to produce realistic 
coordination numbers So2 was set to give n1 = 3.9 to match the BHI7032 data. After fixing the correlated 
parameters n1 and So2 at the values shown, all other variable values were obtained from unconstrained 
iterative fits. 
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Table S3. FTIR absorption band assignments. 
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