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A B S T R A C T   

Lithium isotopes (δ7Li) in coals have been shown to increase with thermal maturity, suggesting preferential 
release of 6Li from kerogen to porefluids. This has important implications for paleoclimate studies based on δ7Li 
of buried marine carbonates, which may incorporate Li from porefluids during recrystallization. Here, the Li 
content and isotopic composition of macerals from two coal seams intruded by dikes, were studied as a function 
of temperature across a thermal gradient into the unmetamorphosed coal. Samples were collected in Colorado 
(USA) from a Vermejo Fm. coal seam intruded by a mafic-lamprophyre dike and compared to a Dutch Creek No.2 
coal seam intruded by felsic-porphyry dike; a potential source of Li-rich fluids. 

The Li-content and Li-isotope compositions of coal macerals were measured in situ by Secondary Ion Mass 
Spectrometry (SIMS). The macerals of the Vermejo coal samples, buried to VRo 0.68% (Tmax = 104 ◦C), contained 
<1.5 μg/g Li with an average vitrinite δ7Li of −28.4 ± 1.6‰, while liptinite and inertinite were heavier, 
averaging −15.4 ± 3.6‰ and − 10.5 ± 3.7‰, respectively. The contact metamorphosed vitrinite/coke showed 
the greatest change with temperature with δ7Li 18 to 37‰ heavier than the unmetamorphosed vitrinite. 

The Dutch Creek coal, buried to VRo 1.15% (Tmax = 147 ◦C), prior to dike emplacement, may have released Li 
during burial, as less isotopic change was observed between contact metamorphosed and unmetamorphosed 
macerals. Overall, Li contents were < 1 μg/g, and the vitrinite in metamorphosed coal had δ7Li values 8 to 21‰ 
heavier than the unmetamorphosed coal. SIMS measurements on macerals near the dike did not show an increase 
in Li-content indicative of Li derived from dike fluids, however previous bulk measurements that included sili
cates showed slightly higher (2-3 μg/g) Li-contents near the dike, suggesting possible Li incorporation from dike 
fluid into metamorphic silicates. A negative correlation was observed between Li-content and 12C+/30Si+ count 
ratios, indicating that at metamorphic temperatures Li becomes concentrated in silicates.   

1. Introduction 

Kerogen is the most abundant form of organic matter on earth and 
kerogen bearing rocks, such as coal, are in some cases potential sources 
of lithium (Li) (Qin et al., 2015) but have been largely overlooked in 
studies of Li geochemical cycles (Teichert et al., 2020). Lithium and its 
stable isotopes (7Li and 6Li) are used to trace many dynamic earth 
processes because the relatively large mass difference between the iso
topes (~17%) results in a terrestrial fractionation of up to ~70‰ 
(Penniston-Dorland et al., 2017; Tomascak et al., 2016). Lithium iso
topes have been utilized in >50 studies related to continental weath
ering over the past two decades, in part because the Li-isotope system 
traces the chemical weathering of silicates which consume atmospheric 

CO2 (Berner et al., 1983; Kump et al., 2000). During primary silicate 
dissolution there is limited Li-isotope fractionation, however secondary 
minerals which form during weathering preferentially incorporate 6Li 
(Pogge von Strandmann et al., 2020). The ratio of primary silicate 
dissolution to secondary mineral formation, coined ‘the weathering 
congruency’, is controlled by the climate at a given time (Pogge von 
Strandmann et al., 2020). Lithium from silicate weathering accumulates 
in the dissolved load of rivers and groundwater with a Li-isotope 
composition determined by the weathering congruency and accounts 
for ~50% of the Li input into seawater (Hathorne and James, 2006). 
Thus, the Li-isotopic composition of seawater at a given time, contains 
information about global weathering and therefore climate, which is a 
major driver of continental weathering (Kennedy and Wagner, 2011; 
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Pogge von Strandmann et al., 2020). The Li-isotope composition of 
seawater can be recorded by inorganic or biogenic carbonates forming in 
the marine environment and have been used to reconstruct paleoclimate 
(Lechler et al., 2015; Misra and Froelich, 2012; Pogge von Strandmann 
et al., 2017; Pogge von Strandmann et al., 2013; Ullmann et al., 2013), 
which may be valid if there is no overprinting of the carbonate Li-isotope 
signature during diagenesis (Dellinger et al., 2020). 

Kerogen has been identified as a potential source of isotopically light 
Li and it has been proposed that Li is released from kerogen into pore
fluids during diagenesis at the temperatures of oil and gas generation 
and can be useful in tracing hydrocarbons (Williams et al., 2012; 2013; 
2015). Accordingly, formation waters tend to have lighter isotope ratios 
(δ7Li + 4 to +16‰; Collins, 1975; Eccles and Berhane, 2011; Mac
pherson et al., 2014; Millot et al., 2011; Phan et al., 2016) than lakes 
(+17 to +36‰; Chan and Edmond, 1988; Tomascak et al., 2003; 
Witherow et al., 2010), rivers (mean + 23‰; Penniston-Dorland et al., 
2017; Tomascak et al., 2016) and seawater (δ7Li ~ +31‰; Chan and 
Edmond, 1988; You and Chan, 1996). In a survey of coals from basins 
across the United States, Teichert et al. (2020) found that low-rank coals 
are isotopically lighter (−10‰ to −20‰) than most thermally mature 
coals (−5‰ to +5‰) irrespective of age or sedimentary basin (Fig. 1) 
suggesting that 6Li is preferentially released from kerogen into pore
fluids during thermal maturation and hydrocarbon generation. This is 
consistent with the finding that up to 50% of the Li in low rank coals can 
be associated with organic matter (OM) whereas Li is almost entirely 
associated with silicates in high rank coals (bituminous to anthracite) 
(Dai et al., 2021; Finkelman et al., 2018). Low-rank coals contain 10 
μg/g Li on average (Ketris and Yudovich, 2009) and it has been hy
pothesized that many inorganic elements, such as Li, bond to carboxylic 
acid (COOH), and phenolic hydroxyl groups (OH) to form chelates 
during peatification; a precursor to coal formation (Swaine, 1990). With 
increasing coal rank (thermal maturity) volatiles are lost and OM re
leases various hydrocarbons. The C – C and C – H bonds in the OM are 
strengthened causing the weakly bound inorganic heteroatoms to be 
expelled via demetallation and decarboxylation reactions and aromati
zation (Filby and van Berkel, 1987; Li et al., 2010). 

In this study we examined the effect of thermal maturity on the Li- 
contents and isotopic compositions across two coal seams from Colo
rado (USA), which have been altered by contact metamorphism. Varying 
temperatures of contact metamorphism across a single coal seam allows 
comparison to the unmetamorphosed coal which experienced only 
burial diagenetic temperatures (<150 ◦C). The Li-contents and isotopic 
changes across the contact metamorphosed coal seams are used as an 
analog for increasing coal rank while it is recognized that the 

metamorphic heating is rapid compared to burial so that reaction 
mechanisms will differ. The aim of this study was to evaluate the range 
of δ7Li in coal macerals and their change during thermal alteration. The 
importance of this work is that Li released from kerogen into sedimen
tary porefluids can affect the δ7Li of other authigenic minerals incor
porating organic sources of Li. This should be recognized particularly in 
studies of buried marine sediments used to interpret paleoclimate. 

2. Materials and methods 

2.1. Samples and geologic settings 

The Morley Dike is a mafic lamprophyre dike which is exposed in 
outcrop where it cuts across sedimentary rocks of the Upper Cretaceous 
Vermejo Fm. in the Raton Basin of South-Central Colorado, USA (Cooper 
et al., 2007; Johnson, 1969) (Fig. 2a). Samples were collected from a 
high volatile bituminous B coal seam in contact with the dike (Fig. 2b). 
The Morley Dike has a thickness of 1.6 m, a strike of 114◦ and is locally 
vertical where it contacts sedimentary layers which have a local strike of 
14◦ and a dip of 16◦. The coal seam, sampled on the north side of the 
Morley Dike, has an average exposed thickness of 1.1 m and is exposed 
laterally for approximately 16 m. The coal seam was sampled within a ~ 
4 m thick sedimentary unit with alternating layers of coal benches and 
shaley coal forming talus slopes. The coal rich unit is bounded by 
sandstone units above and beneath as displayed in the stratigraphic 
column (Fig. 3). Coal and coke samples were collected from the middle 
~0.3 m of the 1.1 m coal seam. Five samples were collected within the 
contact aureole zone of the coal seam and one coal sample was collected 
far from the dike (3.26 m) to determine the baseline composition of the 
coal prior to contact metamorphism. This sample is unmetamorphosed, 
having experienced temperatures <200 ◦C, and pressures <300 MPa 
(Coombs, 1961). At each sampling location, samples were recovered at 
least 10 cm into the exposed surface to avoid highly weathered samples. 
Presumably the coal macerals that were contact metamorphosed had a 
similar composition to the unmetamorphosed coal seam prior to being 
altered by the intrusion. 

Additionally, four samples were obtained from the Dutch Creek No. 2 
mine in the Piceance Basin (west-central Colorado), a medium volatile 
bituminous coal seam adjacent to a 1.5 m thick felsic porphyry dike, 
which intruded the coal seam at a 60◦ angle from bedding (Bostick and 
Collins, 1987). These samples were chosen to evaluate the potential 
addition of Li from fluids associated with a felsic dike compared to the 
mafic Morley Dike. These Upper Cretaceous coal samples were collected 
(and donated for this study) by Bostick and Collins (1987), who deter
mined the coal/coke sample compositions and VRo (% vitrinite reflec
tance using an oil immersion objective). The Dutch Creek No. 2 mine 
coal is found in the Bowie Shale Mbr. of the Williams Fork Fm. (Het
tinger et al., 2000). The chemical content of 66 elements in this sample 
suite (including Li) were reported by Finkelman et al. (1998) who found 
that 45 lithophile elements (including Li) had maximum contents at the 
heated coal and low volatile coke transition zone (31 cm from the dike 
(0.21 X/D)) where silicates such as illite and kaolinite were abundant 
(25 wt% of mineral matter). 

2.2. Analytical methods 

Vermejo coal samples were prepared according to procedures 
described by the American Society for Testing and Materials (ASTM) 
D2013/D2013M-18 (ASTM, 2018a) by first crushing them to −8 mesh 
(2.36 mm screen openings) using a hammermill crusher. The samples 
were then halved using a sample riffler with one half being re-bagged for 
storage. The other half was further reduced in size to −20 mesh (850 μm 
screen openings) using a plate-grinding mill and split again. One split of 
−20 mesh coal was used for the construction of coal petrographic pel
lets. The other split was further reduced in size to −60 mesh (250 μm 
screen openings), using a pulverizer, for proximate and total carbon/ 

Fig. 1. Scatter plot showing a correlation between vitrinite reflectance (VRo ‰) 
and δ7Li measurements of coal samples from different sedimentary basins 
(color) and of different ages (shape) from across the United States (Teichert 
et al., 2020). The δ7Li values shown here have been corrected by +10‰ based 
on an analytical matrix effect described in Teichert et al. (2022). 

Z. Teichert et al.                                                                                                                                                                                                                                 



Chemical Geology 602 (2022) 120885

3

sulfur analyses. The equipment used was blown out with compressed air 
and wiped down with disposable towels and isopropyl alcohol between 
each successive sample. 

2.2.1. Geochemistry 
Proximate analyses were performed according to ASTM D7582–15 

using a Leco TGA 701 analyzer (ASTM, 2015). Total carbon/sulfur an
alyses were performed according to ASTM D4239-18e1 using a Leco SC- 
432 carbon/sulfur analyzer (ASTM, 2018b). All values, except for 
moisture content, are reported on a weight percent, dry basis unless 
noted otherwise. Mineral matter was calculated from ash and sulfur data 
using the Parr formula (Parr, 1922, 1928), where: 

Mineral Matter (wt%, dry basis) = (Ash × 1.08) + (Sulfur × 0.55) (1)  

2.2.2. Petrology 
Coal petrographic pellets were constructed from the −20-mesh ma

terial by mixing 5 g of coal with epoxy resin in 3.2 cm diameter phenolic 
ring molds and allowed to cure. Upon hardening, samples were polished 
with a final grit size 0.04 μm with colloidal silica. Samples were point 
counted using a Zeiss Universal reflecting, and transmitting, light mi
croscope equipped with both white and fluorescent (UV) light sources. 
Maceral percentages are based on 500-point counts of organic material 
for each sample, in accordance with ASTM D2799–13 (ASTM, 2013) and 
are reported on a volume percent, mineral matter free (vol%, mmf) 
basis. Whole coal maceral percentages were calculated by including the 
amount of mineral matter in each sample, converted from weight to 
volume percent based on ASTM D2799–13 (ASTM, 2013), where: 

Mineral Mattervol% =[100 × (MMwt%/2.8) ]/[((100–MMwt%)/1.2 )

+ (MMwt%/2.8) ]
(2) 

Vitrinite reflectance analyses were performed according to ASTM 
D2798-11a (ASTM, 2011) by first calibrating a Hamamatsu 928A pho
tomultiplier with glass standards of known reflectance. The Schott glass 
standards used for calibration were SF13–714-276 (0.496%), 
LaSF9–850-322 (1.009%), and LaSF6–961-349 (1.662%). Following 
this, 50 random reflectance measurements were collected for each 
sample using an oil immersion objective (Ro random). Maximum reflec
tance (Ro maximum) values were calculated from the average Ro random 
values using the conversion formula cited in ASTM D2798-11a (ASTM, 
2011), where: 

calculated Ro maximum = (Ro random × 1.09)–0.034 (3) 

Mineral identification was performed on Vermejo coal and coke 

samples and the Morley Lamprophyre dike rock using a Malvern PAN
alytical Aeris powder X-Ray Diffractometer with Cu kα radiation. Sam
ples were crushed to <40 μm using a BICO Ring and Puck mill. The OM 
in the two coal samples with the lowest rank was digested in 35% H2O2 
at ~85 ◦C for 3–6 days prior to XRD measurements, following Ward, 
(1974), while the heavily coked samples were measured without organic 
oxidation. During H2O2 digestion carbonates can also be removed by 
organic acids that form during the OM digestion process (Ward, 1974). 
Proximate and ultimate analyses, vitrinite reflectance, mineralogy, and 
inorganic element determinations for Dutch Creek coal samples were 
determined previously (Bostick and Collins, 1987; Finkelman et al., 
1998). 

2.2.3. Contact metamorphism heat flow and vitrinite reflectance modeling 
The maximum temperatures (Tmax) and vitrinite reflectance values 

reached by coal within the contact aureoles were modeled using the 
MATLAB® program SILLi 1.0 which was developed by Iyer et al. (2018). 
This program uses an energy diffusion equation building off of earlier 
work on the thermal modeling of dikes (Jaeger, 1959, 1957; Lovering, 
1935) and calculates the Tmax at each pre-defined time step along a 
1-dimensional path adjacent to the intrusion. The input parameters used 
here are listed in Table S1 along with references. Additionally, the 
measured mean VRo % was used to predict Tmax within the contact 
aureole using the empirical relationship between experimental pressure 
bomb temperatures and VRo % (Bostick and Pawlewicz, 1984). Burial 
Tmax values, for the samples outside of the contact aureole, were also 
determined using measured VRo % (Barker and Pawlewicz, 1994). 
Predicted VRo % values were calculated for comparison to measured VRo 
% values using the SILLi 1.0 tool which applies the EASY%Ro method 
(Sweeney and Burnham, 1990) that uses an Arrhenius reaction model to 
calculate the maturation of vitrinite with respect to time and 
temperature. 

2.2.4. SIMS analyses 
Samples of coal and coke were prepared as <2 mm grains embedded 

in epoxy and then polished with final grit size of <1 μm colloidal silica. 
Samples were rinsed in 0.1 M mannitol solution to remove surface 
adsorbed Li (Teichert et al., 2020) followed by rinsing in de-ionized 
water that was filtered through AmberSep™ G26 H (www.dupont. 
com) to remove trace Li. Conductive gold coats were deposited on the 
sample surfaces to compensate for sample charging during SIMS 
analyses. 

Li-content and isotopes were measured at Arizona State University 
in-situ by Secondary Ion Mass Spectrometry (SIMS) using a Cameca 

Fig. 2. Photographs of the (a) outcrop and (b) coal seam where contact metamorphosed Vermejo Fm. coals were collected adjacent to the mafic lamprophyre 
‘Morley’ dike. 
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(Ametek Inc.) IMS-6f instrument to evaluate the Li-content and isotopic 
composition of different coal components including macerals and coke. 
Sample maps were made with a reflected light petrographic microscope, 
and effort was made to measure macerals while avoiding silicate min
erals. An O2

− primary ion beam was accelerated toward the sample 
surfaces at −12.6 keV and defocused to a ~ 30 to 50 μm diameter spot 
on the sample which was held at +5 kV for a total impact energy of +8.8 
keV per primary atom impact. Impacting primary ions sputter off sec
ondary atoms, electrons and ions from the sample surface (Sigmund, 
1969). Positive secondary ions were detected using an electron multi
plier detector after being separated by energy and mass/charge, using an 
electron multiplier detector. Mass interferences were eliminated by 
adjusting the entrance and exit slits to the mass spectrometer to increase 
the mass resolving power (MRP = mass/Δmass) to ~1000. This MRP 

was sufficient to resolve isobaric mass interferences which were 24Mg2+

and 11BH+ interfering with 12C+, 14N2+ interfering with 7Li+ and 12C2+

interfering with 6Li+. 
For Li-content measurements, high energy 7Li+, 12C+ and 30Si+ ions 

were monitored using a sample voltage offset of −75 V to count only 
high energy ions thus removing molecular interferences (Hervig et al., 
2006) and to reduce counts enough for all species to be measured on the 
electron multiplier detector. Using all the settings described above has 
been shown to simplify the determination of Li-contents, based on 
measured 7Li+/12C+ ratios, by eliminating matrix effects caused by 
variations sample O-contents (Teichert et al., 2022). The measured 
7Li+/12C+ ratios of each spot measurement were used to determine the 
Li-contents using the Li-ion implanted polycarbonate standard described 
in Teichert et al. (2022), which has H-C-O abundances similar to 
kerogen. The homogenous polycarbonate Li-implant standard was 
measured prior to analyses of coal samples to determine the Li-content 
calibration factor (k* =142) used to determine Li content with the 
following expression. 

Li ppm atomic =
(7Li+/12C+

× k*)
× Caf × 1.0832 (4)  

where; 
Caf = Carbon atom fraction of the sample being measured. 
1.0832 = (6Li + 7Li)/(7Li) to account for 6Li 
After determining the Li ppm atomic, contents were converted to wt. 

ppm (μg/g) using the stoichiometry of each sample. 
Note that the Li-content standard (polycarbonate) lacks any signifi

cant contribution of inorganic elements commonly present in kerogen 
that might alter the secondary ion yields of both 7Li+ and 12C+. For SIMS 
spot analyses where inorganic elements have concentrations >1% trace 
element calibrations become more approximate (Williams, 1985). 

Lithium isotope ratios are reported as the per mille deviation from 
the LSVEC standard (Flesch et al., 1973) with the following expression. 

δ7Li‰ =

(
RSample–RStandard

RStandard

)

× 1000 (5)  

where R = 7Li/6Li and the standard is NIST SRM 612 (R = 12.0192). 
For isotope measurements, 7Li+ and 6Li+ were both monitored with 

no energy offset. To determine the instrumental mass fractionation 
(IMF), measurements of the NIST SRM 612 silica-based glass with a 
certified Li content of 40 μg/g (SRM 612 certificate, 2012) and δ7Li 
values of +32‰ (Bluztajn et al., 2004) were taken before and after 
measurements of unknown samples. NIST SRM 612 standard measure
ments produced consistent values of the IMF (2σx ± 1.4‰) during each 
analytical session. Isotope ratios measured on coal macerals were cor
rected by +10‰ because of a matrix effect between the NIST SRM 612 
glass and organic materials (Teichert et al., 2022). 

3. Results 

The sample distances from the igneous dikes, proximate analysis and 
average random vitrinite reflectance (VRo %) values are summarized in 
Table 1. For the Vermejo and Dutch Creek coals the volatile matter 
decreased while the ash yield, mineral matter and the average VRo % 
increased with increasing proximity to the dike. Table 2 shows the wt% 
of coke and major maceral groups of the coals studied (detailed organic 
petrology shown in Supplementary Information, Table S2), the minerals 
present in each sample (in order of abundance) and the mineral matter 
vol%. Notably, the coke content of the coal increases closer to the dike as 
the volatile matter is lost from vitrinite and liptinite macerals. Repre
sentative reflected light microscope images showing analytical craters in 
different macerals and coke in select Vermejo and Dutch Creek coals are 
shown in Figs. 4 and 5. The macerals type/coke, δ7Li values, Li-contents 
and 12C+/30Si+ ratios for spot analyses are tabulated below each figure 
(Tables 3 and 4). All individual spot analyses measured in this study can 
be found in Table S3. Crater sizes vary based on the primary beam 

Fig. 3. Stratigraphic column of Vermejo Fm. outcrop adjacent to the Mor
ley Dike. 
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current used. For macerals with very low Li-contents it was necessary to 
use higher primary beam currents to obtain enough counts for statisti
cally significant Li-isotope ratios. Table 5 summarizes Li-contents 

determined by bulk techniques (Finkelman et al., 1998) as well as 
mean Li-contents and δ7Li values of multiple spot analyses made on 
different organic maceral types in this SIMS study. The large 2σ values 

Table 1 
Some values from Proximate analyses of Coal and Coke samples.  

Sample Distance from 
Dike (cm) 

Residual Moisture 
(wt%, ar) 

Volatile Matter (wt 
%, dry) 

Ash yield (wt 
%, dry) 

Mineral Matter (wt 
%, dry) 

Total carbon (wt 
%, dry) 

Total sulfur (wt 
%, dry) 

Avg. VRo 

random (%) 

Vermejo Samples 
V-A 4 1.0 6.0 35.8 38.8 60.9 0.20 4.09 
V-B 34 1.9 9.3 25.4 27.7 68.4 0.45 3.92 
V-C 84 2.1 10.5 19.8 21.7 72.9 0.55 3.14 
V-D 123 2.1 11.3 16.2 17.9 76.6 0.59 3.03 
V-E 143 4.0 29.8 12.3 13.6 70.9 0.62 1.02 
V-UM 330 5.6 37.9 5.7 6.5 73.7 0.64 0.68  

Dutch Creek Samples (Bostick and Collins, 1987;Finkelman et al., 1998) 
DC-B 9 1.3 13.0 19.1 20.9 70.9 0.54 4.86 
DC-D 24 1.4 10.6 9.2 10.4 83.0 0.89 3.91 
DC-F 42 0.7 13.6 7.2 8.1 83.1 0.58 2.03 
DC-K 106 0.7 28.0 4.8 5.4 83.7 0.45 1.15 

VRo- vitrinite reflectance in oil; ar stands for “as recieved”. The Dutch Creek samples use the same naming scheme used in Finkelman et al. (1998). 

Table 2 
Major maceral groups and minerals present in coal and coke samples.  

Sample Distance from Dike 
(cm) 

Vitrinite (wt%, 
dmmf) 

Inertinite (wt%, 
dmmf) 

Liptinite (wt%, 
dmmf) 

Coke (wt%, 
dmmf) 

Minerals present Mineral Matter (vol 
%, dry) 

Vermejo Samples 
V-A 4 0.0 24.8 0.0 75.2 qtz 23.4 
V-B 34 0.0 23.2 0.0 76.8 qtz, kao 15.6 
V-C 84 0.0 23.2 0.0 76.8 qtz, kao 11.8 
V-D 123 0.0 17.6 0.0 82.4 qtz, kao 9.5 
V-E 143 48.0 13.2 1.6 37.2 qtz, dck, vrm, aer kao 7.1 
V-UM 330 67.2 29.2 3.6 0.0 qtz, kao, dck, vrm, ame, aer 3.2 
Morley 

Dike 
NA NA NA NA NA 

bar, crn, chl, dck, kao, bt, 
cal, aug 

NA  

Dutch Creek Samples (Bostick and Collins, 1987;Finkelman et al., 1998) 
DC-B 9 nm nm nm nm cal, ank, qtz, fs, sd, py, hm *10.5 
DC-D 24 nm nm nm nm ank, qtz, cal, py, hm, sd, fs *5.2 

DC-F 42 nm nm nm nm 
qtz, ank, kao, sd, ill, py, cal, 
fs *4.0 

DC-K 106 nm nm nm nm 
ank, kao, sd, fs, ill, py, hm, 
qtz 

*2.7  

* Mineral matter vol% approximated from mineral matter wt% for some samples by dividing by 2 following Matjie et al. (2016). dmmf indicates “dry mineral matter 
free”; nm = not measured; NA = not applicable. Qtz = Quartz; Kao = Kaolinite; Dck = Dickite; Vrm = Vermiculite; Aer = Aerinite; Ame = Amesite; Bar = Barite; Crn =
Corundum; Chl = Chlorite; Bt = Biotite; Cal = Calcite; Aug = Augite; Ank = Ankerite; Sd = Siderite; Ill = Illite; Fsp = Feldspar group; Py = Pyrite; Hm = Hematite. 

Fig. 4. Reflected light microscope images of Vermejo coal samples (a) V-UM and (b) V-B with analytical craters labeled.  
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Fig. 5. Reflected light microscope images of Dutch Creek coal samples (a) DC-K and (b) DC-D with analytical craters labeled. Analytical craters vary in size according 
to the primary current used. 

Table 3 
SIMS results for selected Vermejo coal spot measurements.  

Measurement Primary 
maceral or 
coke 

δ7Li 
(‰) 

S.E. 
(‰) 

P.E. 
(‰) 

Li 
(μg/ 
g) 

12C+/30Si+

V-UM-7 Vitrinite −37.8 1.9 2.2 0.23 9.37 
V-UM-8 Inertinite −22.9 2.2 2 0.14 147.70 
V-UM-9 Vitrinite −30.0 1.9 2.1 0.20 31.97 
V-UM-10 Vitrinite −21.0 2.3 2.4 0.21 23.55 
V-UM-11 Inertinite −14.0 1.1 1 0.78 1.42 
V-UM-12 Inertinite −7.1 0.7 0.8 1.67 0.92 
V-UM-13 Vitrinite −26.8 1.9 2.1 0.33 7.26 
V-UM-14 Liptinite −19.2 2 2.4 0.26 16.90 
V-B-3 Coke 2.8 1.4 1.3 0.37 4.22 
V-B-4 Inertinite −0.3 1.2 1 0.41 12.73 
V-B-5 Coke 9.0 0.9 0.9 0.55 2.96 
V-B-6 Coke 11.8 1 1 0.82 2.02 
V-B-7 Coke 10.3 0.9 1 0.46 2.16 
V-B-8 Coke 7.3 0.7 0.8 1.05 1.40 

Standard error (S.E.) and Poisson error (P.E.) are 1σ. V-UM is the distal coal 
sample and V-B is 34 cm from the dike. 

Table 4 
SIMS results for selected Dutch Creek coal spot measurements.  

Measurement Primary 
maceral or 
coke 

δ7Li 
(‰) 

S.E. 
(‰) 

P.E. 
(‰) 

Li 
(μg/g) 

12C+/30Si+

DC-K-2 Vitrinite −1.5 1.6 1.6 0.04 831.03 
DC-K-3 Vitrinite −0.4 1.5 1.3 0.31 115.03 
DC-K-4 Inertinite 9.5 0.4 0.5 9.82 1.35 
DC-K-5 Inertinite 4.0 0.5 0.5 12.46 1.17 
DC-K-6 Inertinite −4.8 1 1.1 1.39 10.00 
DC-K-7 Inertinite 1.8 0.5 0.4 7.22 2.62 
DC-K-8 Inertinite 3.7 0.4 0.4 6.86 3.04 
DC-K-9 Vitrinite −6.8 1.6 1.3 0.04 727.96 
DC-K-10 Inertinite 5.8 0.6 0.4 5.74 3.96 
DC-D-1 Coke 8.8 1.1 1.1 0.34 45.87 
DC-D-2 Coke 11.8 1 1 0.46 27.58 
DC-D-3 Inertinite −3.8 1 0.6 0.63 1.54 
DC-D-4 Coke 12.5 0.7 0.6 0.63 33.04 
DC-D-7 Vitrinite 4.9 0.8 0.9 0.76 19.22 
DC-D-8 Inertinite 2.1 1.3 1.3 0.25 4.18 

DC-K is the country rock sample and DC-D is 24 cm from the dike. 

Table 5 
Average Li contents and isotope ratios of coal macerals and coke samples.  

Sample Distance 
from Dike 
(cm) 

Bulk Li 
contents 
(μg/g) 

Avg. Li 
contents 
from SIMS 
(μg/g) 

S.E. δ7Li 
(‰) 

S.E. 
(‰) 

n 

Vermejo Samples 
V-A 4 nm      
Coke 0.9 0.2 −5.0 4.0 5 
V-B 34 nm      
Coke 0.6 0.1 9.4 1.4 7 
Inertinite 0.4 NA −0.3 NA 1 
V-C 84 nm      
Coke 0.7 0.04 3.0 0.8 4 
Inertinite 0.5 NA −3.0 NA 1 
V-D 123 nm      
Coke 0.6 0.1 4.8 1.5 3 
Inertinite 1.5 1.1 11.6 6.1 2 
V-E 143 nm      
Vitrinite 0.9 0.3 −9.5 2.2 5 
Coke 0.8 0.2 −10.8 1.5 2 
Liptinite 0.9 NA −8.3 NA 1 
V-UM 330 nm      
Vitrinite 0.3 0.04 −28.4 1.6 11 
Inertinite 0.7 0.3 −10.5 3.6 5 
Liptinite 0.2 0.1 −15.4 3.7 2  

Dutch Creek Samples 
DC-B 9 7.1      
Coke 0.5 0.1 7.1 2.5 4 
Inertinite 0.1 NA −1.4 NA 1 
Vitrinite 0.1 NA 14.0 NA 1 
DC-D 24 7.1      
Coke 0.4 0.1 12.8 1.5 5 
Inertinite 0.4 0.2 −0.8 2.9 2 
Vitrinite 0.8 NA 4.9 NA 1 
DC-F 42 8.1      
Coke 0.2 0.03 9.0 0.8 3 
Inertinite 2.3 0.5 −0.9 3.2 2 
Vitrinite 0.3 NA 17.6 NA 1 
DC-K 106 4.8      
Vitrinite 0.1 0.1 −3.3 0.1 4 
Inertinite 7.2 0.1 3.3 0.1 6 

S.E. values are 2σx. Bulk Li contents from Finkelman et al. (1998) for Dutch 
Creek samples. 
nm = not measured. 
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(Table 5) show the Li heterogeneity of the samples among the various 
coal components. 

3.1. Heat-flow modeling of contact aureoles 

Tmax and VRo % values for each sample were plotted against distance 
from the dike (X) divided by the width of the dike (D) for the Vermejo 
and Dutch Creek coal samples (Fig. 6). It has been observed that contact 
aureoles are typically one dike thickness (X/D = 1; Bostick, 1973) or two 
dike thicknesses (X/D = 2; Dow,1977), thus plotting the distance from 
the dike as X/D or a percentage of the dike thickness makes it simple to 
compare contact aureoles of different dike widths (Barker et al., 1998). 
Tmax values predicted from heat-flow modeling (Iyer et al., 2018) are 
compared to Tmax values derived from a logarithmic relationship be
tween VRo % and Tmax (Bostick and Pawlewicz, 1984), and show a better 
fit for Dutch Creek coal (Fig. 6c) than for Vermejo Coal sample (Fig. 6a). 
The burial Tmax values for samples farthest from the igneous dikes (V- 
UM = 104 ◦C; D-K = 147 ◦C) are indicated by triangles and are signif
icantly lower than Tmax values derived from heat-flow modeling for both 
contact aureoles. Additionally, measured values for VRo % are compared 
to the EASY%Ro modeled VRo % values (Figs. 6b & 7d). As with Tmax, 
Dutch Creek coal VRo % values (Fig. 6d) match SILLi 1.0 modeling re
sults better than the higher temperature Vermejo coal samples (Fig. 6b). 
Using VRo % to determine the width of the contact aureoles, it is 
observed that the contact aureole is ~1.5 dike widths for the Vermejo 
coal seam and only ~0.5 dike widths for the Dutch Creek coal seam. 

3.2. SIMS measurements of Li-contents and Li-isotopes for dike cut coal 
samples 

Finkelman et al. (1998) noted that: 1) removal of elements through 
volatilization, 2) concentration of refractory phase elements and 3) the 
loss or addition of elements from fluids (magmatic or hydrothermal) are 
the three mechanisms by which an igneous intrusion could change the 
chemical composition of a coal. Although many trace elements remain in 
refractory phases (e.g., quartz, meta-kaolin), up to 50% of the coal mass 

can be lost through the release volatile matter and moisture from or
ganics during the thermal maturation. Therefore, an increase in con
centration of a given trace element does not necessarily equate to an 
addition of that element but mayresult from a loss of mass and residual 
concentration. Understanding the loss of mass is complicated in contact 
metamorphic settings where there is likely the addition of mass to the 
country rock from dike-related fluids precipitating authigenic minerals 
as chemically active fluids migrate away from the dike. 

For the Vermejo coal samples the loss of mass was estimated at 
~30% in the heavily coked zone (Sample V-A through V-D) and a 10% 

Fig. 6. Vermejo and Dutch Creek contact aureoles Tmax and VRo % plotted against X (distance from the dike) divided by D (dike width). In 6a and 6c, heat flow 
modeling Tmax values (lines) are compared to Tmax values derived from an empirical relationship between Tmax and VRo (points). Measured VRo values (points) are 
compared to predicted VRo values from the EASY%Ro method (lines) in 6b and 6d. The modeled and empirically derived Tmax values as well as measured and 
modeled VRo values coincide more closely for the Dutch Creek contact aureole than for the Vermejo contact aureole. 

Fig. 7. Plot of Li-content measurements corrected for mass loss against X/D for 
Vermejo coal samples. Points colors indicate maceral type or coke. The contact 
aureole is shown in gray. Tmax values from SILLi 1.0 heat flow modeling are 
labeled for each sample in the contact aureole. The burial Tmax is shown for the 
UM coal sample outside of the contact aureole. There is significant overlap 
among the Li-contents of spot measurements from each sample with no clear 
trend of increasing or decreasing Li-content. 
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for sample V-E based on changes in volatile matter (Table 1). This mass 
change was used to correct for elemental compositions of macerals and 
coke within the contact aureole for comparison to macerals in the 
unmetamorphosed coal. Finkelman et al. (1998) estimated a total mass 
loss of 20% for Dutch Creek coal samples within the coked zone and this 
same estimation was used to correct for Li-contents measured here. Mass 
loss corrected Li-contents are shown for the Vermejo (Fig. 7) and Dutch 
Creek (Fig. 8) macerals plotted against X/D. 

The Li-contents of the Vermejo macerals and coke overlap among all 
samples, with mean Li-contents ≤1.5 μg/g and no clear trends. For the 
Dutch Creek coal, several high Li (5–13 μg/g) inertinite grains were 
measured on the unmetamorphosed coal samples while the measured 
vitrinite spots were < 0.5 μg/g for the same sample (Fig. 8). Aside from 
some high Li inertinite spot analyses in samples DC-K and DC-F the Li- 
contents of all other macerals are <1 μg/g (Fig. 8) with no clear 
trends related to changes in Li-contents among samples. 

The δ7Li values of each measurement are plotted against X/D for the 
Vermejo coal seam (Fig. 9) and the Dutch Creek coal seam (Fig. 10). 
Analytical errors of individual measurements are not shown but the 
mean 2σx value for a given Li-isotope measurement was ±2.4‰. Large 
variability in δ7Li was observed, with samples having ranges ≥8‰ 
among different organic maceral types and minerals. Vitrinite macerals 
were particularly light in the unmetamorhposed coal (−28‰ for Ver
mejo coal and − 3‰ for Dutch Creek coal) compared to the average 
inertinite and liptinite in those samples (Figs. 9 & 10). The mean δ7Li of 
the Vermejo unmetamorphosed coal vitrinite was 18 to 37‰ lighter than 
vitrinite macerals and coke measured within the contact aureole. Like
wise, the δ7Li of the Dutch Creek unmetamorphosed coal vitrinite was 8 
to 21‰ lighter than coke and vitrinite within the contact aureole 
(Table 5). For the Dutch Creek coal samples, the inertinite macerals are 
isotopically lighter (by 6 to 19‰) than coke and vitrinite within the 
contact aureole (Fig. 10), but in the unmetamorphosed coal the average 
inertinite samples are 7‰ heavier than the average vitrinite. 

The Li-contents and δ7Li of spot measurements are plotted against 
the 12C+/30Si+ count ratio for the Vermejo and Dutch Creek coal samples 
(Figs. 11 & 12). The 12C+ counts per second (cps) from spot to spot vary 
up to a factor of 10 although the mean 2σx in the 12C+ cps among all 
carbonaceous spots is only ±8%. The 30Si+ cps, however, commonly 
range over 4 orders of magnitude from spot to spot, thus the change in 
the 12C+/30Si+ is typically more indicative of changes in the 30Si+cps 
than 12C+ cps (Fig. S1). For the Vermejo coal samples there is a weak 
negative correlation between both the Li-contents (R2 = 0.48; Fig. 11a) 

and δ7Li (R2 = 0.55; Fig. 11b) with the 12C+/30Si+ count ratios. For the 
Dutch Creek coal there is a stronger negative correlation between Li- 
contents and 12C+/30Si+ (R2 = 0.74; Fig. 12a) but no correlation be
tween δ7Li and 12C+/30Si+ (Fig. 12b). The 12C+/30Si+ ratios on vitrinite 
macerals in both the mafic and felsic intrusive contact aureoles are 
higher than the liptinite and inertinite macerals, and coke. 

4. Discussion 

4.1. Contact aureole temperature modeling 

The width of a contact aureole is directly related to several physical 
properties of the country rock and the intrusion (e.g., thermal diffu
sivity, temperature, and intrusion width) (Annen, 2017). In addition to 
the compositional differences between lamprophyre dike intruding the 
Vermejo coals and the felsic porphyry dike intruding the Dutch Creek 
coal samples, the major difference was the emplacement temperature. 
Mafic intrusions are commonly in the temperature range of 900 ◦C to 
1200 ◦C (Galushkin, 1997; Newcombe et al., 2020; Wang and Manga, 

Fig. 8. Plot of Li-content measurements corrected for mass loss against X/D for Dutch Creek coal samples. Point colors indicate maceral type or coke. The plot on the 
left is expanded to show the lower Li-contents <1 μg/g. The UM sample (DC-K) has several spot measurements in inertinite grains with significantly higher Li- 
contents than spots measured in other samples, likely due to the silicate pore filling in the inertinite macerals. 

Fig. 9. Plot of δ7Li measurements against X/D for Vermejo coal samples. The 
unmetamorphosed coal sample (V-UM) has significantly lower δ7Li values than 
samples within the contact aureole with particularly lower δ7Li among vitri
nite macerals. 
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2015), while felsic porphyry intrusions are typically emplaced at tem
peratures ranging from 650 ◦C to 800 ◦C (Dilles et al., 2015; Meng et al., 
2018; Olson et al., 2017; Schöpa et al., 2017). The higher emplacement 
temperature for the mafic lamprophyre dike compared to the felsic 
porphyry dike resulted in a wider contact aureole according to the heat 
flow modeling (Fig. 6). The modeled contact aureole width for the Dutch 
Creek coal (~0.5 X/D) is consistent with the findings of Finkelman et al. 
(1998), who found that coal at 0.6 X/D had similar proximate, ultimate 
and VRo % results as samples much farther from the dike. For the Ver
mejo coal contact aureole the visible contact aureole was ~1 X/D. 
Sample V-E, which was sampled at 0.95 X/D, had a VRo of 1.02% in 
comparison to 0.68% for the sample V-UM (sampled at 2.1 X/D). While 
no samples were collected between V-UM and V-E based on modeling 
results coal at just above 1 X/D also has elevated VRo % values relative 
to sample V-UM, more closely matching the modeled contact aureole 
width of 1.5 X/D. 

Barker et al. (1998) found that vitrinite reflectance becomes an un
reliable paleothermometer at distances within 0.3 X/D or at tempera
tures >300 ◦C and suggested this may be due to water vapor and 

supercritical fluids changing the chemical evolution paths of vitrinite. 
Here, predicted Tmax values derived from vitrinite reflectance (Bostick 
and Pawlewicz, 1984) approach the Tmax heat-flow modeling results for 
the Dutch Creek coal samples (Fig. 6c), but greater deviations are 
observed for the higher temperature Vermejo coal samples (Fig. 6a). 

4.2. Contact metamorphic variations of Li-contents and Li-isotopes in coal 

To evaluate chemical changes observed in the contact metamorphic 
zone within a single coal seam, the assumption is made that the depo
sitional unit was relatively homogenous prior to contact metamorphism. 
For the Dutch Creek coal Finkelman et al. (1998) found that sample DC- 
K (unmetamorphosed coal) yielded similar results for proximate and 
ultimate analyses to samples collected much farther from the dike, thus 
representing the coal seam average composition. Additionally, bulk Li- 
contents were similar in the two samples collected beyond the contact 
aureole (4.7 and 4.8 μg/g) (Finkelman et al., 1998). 

4.2.1. Vermejo coal contact metamorphism 
Coal devolatilization, refractory element concentration, and removal 

or addition of elements by fluids are mechanisms by which the inorganic 
elemental composition of a sample may change (Finkelman et al., 1998; 
Section 3.2, this paper). Because there are several potential mechanisms 
involved in changing the Li-content of coal during contact meta
morphism, examining the Li-isotope composition relative to Li-contents 
can be useful to determine whether Li-flux occurred. However, the mean 
Li-contents of Vermejo coal macerals are all ≤1.5 μg/g (Table 5) and 
show insignificant changes in Li-content in the contact aureole. Yet, the 
δ7Li values of unmetamorphosed coal (V-UM) vitrinite are 18 to 37‰ 
lighter than macerals within the contact aureole (Table 5; Fig. 9), sug
gesting there was preferential loss of 6Li from macerals during contact 
metamorphism. Vitrinite is the most isotopically light Li maceral type in 
the unmetamorphosed coal with a mean δ7Li value of −28.4‰ ± 1.6 (n 
= 11), which is lighter than the mean values for liptinite (−15.4‰ ±
3.7; n = 2) and inertinite (−10.5‰ ± 3.6; n = 5) (Table 5). Any of these 
macerals could be a source of isotopically light Li to pore fluids and 
might release the Li at different thermal maturities. However, it is likely 
that vitrinite is the most significant here, considering that it is the most 
abundant organic maceral (67.2% dmmf), liptinite is minor (3.6% 
dmmf) and inertinite has a low potential for any hydrocarbon release 
(Zhou et al., 2021), which is thought to be associated with release of Li 

Fig. 10. Plot of δ7Li measurements against X/D for Dutch Creek coal samples. 
All samples have mean δ7Li values within error although there is some variation 
among different maceral groups and coke. 

Fig. 11. Scatter plot of Vermejo coal (a) Li-contents and (b) δ7Li against 
12C+/30Si+ count ratio with the point shape indicating the sample and color 
indicating organic petrology. Linear regression trendlines, equations and R2 

values are shown. There are weak negative correlations between both Li- 
content and 12C+/30Si (R2 = 0.48) as well as δ7Li and 12C+/30Si+ (R2 = 0.55). 

Fig. 12. Scatter plot of Dutch Creek coal (a) Li-contents and (b) δ7Li against 
12C+/30Si+ count ratio with the point shape indicating the sample and color 
indicating maceral type or coke. Linear regression trendlines, equations and R2 

values are shown. There is negative correlation (R2 
= 0.74) between the Li- 

content and 12C+/30Si+ and no correlation between δ7Li and 12C+/30Si. 
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from kerogen (Teichert et al., 2020; Williams et al., 2015). 
According to measurements from acid leachates of low-rank coals, up 

to 50% of the Li may be associated with the organics (Finkelman et al., 
2018). Similarly, sequential extraction of Li from Marcellus shale source 
rocks showed that up to 20% of the total Li may be hosted by the organic 
matter (Phan et al., 2016). For Li-isotopes, Li and Liu (2020) measured 
an organic rich Hawaiian soil and showed that the organic fraction of the 
soil had δ7Li values ~20‰ lighter than the mineral fractions of the soil 
(i.e., silicates, oxides and carbonates). The preferential accumulation of 
6Li in soil organic matter may be the mechanism that leads to lighter δ7Li 
values of low-rank coals compared to mature coals that appear to have 
preferentially released 6Li (Fig. 1; Teichert et al., 2020). While the 
unmetamorphosed coal (V-UM) is not low-rank based on its VRo 
(0.68%), it is a high volatile bituminous coal that has yet to release much 
of its original volatile matter and hydrocarbons (Table 1). Sample V-UM 
is also comprised of 67.2% vitrinite (Table 2) which contains the 
isotopically light (−28‰) Li. The weak negative correlation between 
δ7Li values and 12C+/30Si+ (Fig. 11b) and the 18 to 37‰ lighter δ7Li in 
the unmetamorphosed coal(V-UM) vitrinite compared to coke and vit
rinite macerals within the contact aureole, shows that the original OM is 
enriched in 6Li, and the metamorphism preferentially released the 6Li. 
As isotopically light Li is released from the OM it can accumulate in pore 
fluids where it may eventually be incorporated into authigenic minerals. 
Additionally, the isotopically light Li in porefluids could become 
incorporated into marine carbonates which can undergo recrystalliza
tion during diagenesis (Dellinger et al., 2020), complicating paleo
climate interpretations drawn from the δ7Li of those carbonates. Despite 
the Li-contents in the unmetamorphosed Vermejo coal macerals being 
typically <1.5 μg/g, porefluids could become concentrated up to ~10 
μg/g with isotopically light Li from OM considering a typical coal 
porosity of 10% (Gan et al., 1972) leading to a rock: porefluid mass ratio 
in coal of ~12. 

Because lithium is an incompatible element, it will remain in magma 
becoming increasingly concentrated as the magma composition evolves 
(Best, 2002). The mafic Morley Dike is a lamprophyre which contains 
phenocrysts of micas which are a likely host of Li (Woolley et al., 1996). 
The Li-contents of mafic magmas are ~10 μg/g on average and have δ7Li 
values typically ranging from −4 to +8‰ (Ryan and Langmuir, 1987; 
Tomascak et al., 2016). Of course, as igneous intrusions ascend through 
country rock the Li-content of the magma and magmatic fluids can be 
enhanced by the assimilation of Li-rich country rock (e.g., Li-rich clays; 
evaporites). The Morley Dike traveled through ~1500 m of primarily 
Mesozoic and Paleozoic sandstone, shale, limestone, and conglomerate 
(Johnson and Finn, 2001) prior to reaching the Vermejo formation. If 
the dike was enriched in Li either from primary magma or by assimi
lation, it might enrich pore fluids in Li, but this is not observed in the 
samples studied that all show low Li-concentrations (~1 μg/g) in the 
coke and coal within the contact aureole (Fig. 7). 

4.2.2. Dutch Creek coal contact metamorphism 
The Dutch Creek felsic porphyry intrusion, being from a more 

evolved magma than the mafic intrusion, was selected for comparison as 
it might contain higher Li-contents. At the Dutch Creek locality, mac
erals in sample DC-K (unmetamorphosed coal) have mean δ7Li values of 
ranging from −3.3‰ (vitrinite) to +3.3‰ (inertinite) which is consis
tent with the general trend for U.S. coals (Teichert et al., 2020) showing 
δ7Li as a function of VRo% (1.15%; Fig. 1). In this case, isotopically light 
Li may have been mostly released during burial leaving residual coal 
enriched in 7Li prior to dike emplacement. Vitrinite in the unmeta
morphosed coal (DC-K) is isotopically lighter (−3.3‰ ± 0.1, n = 4) than 
coke (+10.0‰ ± 2.5, n = 12) and vitrinite (+12.2‰ ± 7.6, n = 3) 
measured in the contact aureole samples, which suggests that some 
isotopically light organically bound Li was released upon dike 
emplacement. 

The measured Li-contents vary widely in the unmetamorphosed coal 
sample (DC-K), and inertinite spot analyses with higher Li-contents 

(1.4–12.5 μg/g) are correlated with lower 12C+/30Si+ (Fig. 12a) while 
vitrinite spots had an average Li-content of only 0.2 μg/g and higher 
12C+/30Si+ values. It is likely that during inertinite spot analyses the 
primary ion beam overlapped on Li-bearing clay minerals (e.g., illite, 
kaolinite) (Table 2) known to fill the pores of the inertinite maceral 
fusinite (Dai et al., 2012). Given that inertinite is oxidized organic ma
terial and has little potential for further chemical reactivity (Killops and 
Killops, 2004), it is an unlikely host of significant Li. Similar Li-rich spots 
were not measured in the samples within the contact aureole, which is 
likely because diagenetic silicates are in low abundance due to meta
morphic recrystallization (Table 2; Finkelman et al., 1998). Notably, the 
bulk Li-contents (reported by Finkelman et al., 1998) are ~10 times 
higher for the metamorphic samples than Li-content values determined 
here by SIMS (Table 5). The discrepancy is likely because silicate phases 
containing Li were intentionally avoided in our SIMS analyses that 
focused on macerals, however silicate phases were included in the bulk 
analyses. Bulk Li-contents (Table 5; Finkelman et al., 1998) show a small 
increase in Li in the contact aureole of 2–3 μg/g suggesting that meta
morphic silicates might have taken up Li from magmatic and/or hy
drothermal fluids. Our SIMS measurements show no increase in the Li- 
content of the macerals measured (Table 5). If during contact meta
morphism there was an overall addition of Li from dike-related fluids, 
the precipitation of authigenic silicate phases would take up Li from 
dike-related fluids, while organic-Li was being released from the 
macerals. 

4.2.3. Similarities between both contact metamorphosed coals 
At both the Vermejo and Dutch Creek sampling localities vitrinite 

macerals in the un-metamorphosed coal samples were isotopically 
lighter than inertinite and liptinite macerals (Figs. 9 and 10). Inertinite 
and liptinite macerals tended to be more intimately associated with 
silicates, which may have led to overlap of the analytical crater on sil
icate phases, supported by the trends of δ7Li with 12C+/30Si (Figs. 11 & 
12). Among all samples from the two metamorphosed coal seams, the 
negative correlation observed between Li-content and 12C+/30Si+

(Figs. 11a, 12a) suggests that Li is primarily concentrated in silicates. 
The question is then, what is the primary source of Li? Finkelman et al. 
(2018) found that on average, concentrated hydrofluoric acid leached 
80% of the total Li from high rank coals and 60% of the Li from low-rank 
coals, which contain fewer authigenic silicates. They interpreted these 
results to indicate that the Li in leachates was derived solely from the 
silicate material. However, other studies have shown that HF digests soil 
OM by removing O-alkyl functional groups (Dai and Johnson, 1999) and 
by causing general carbon loss from OM (Rumpel et al., 2006; Rumpel 
et al., 2002; Schmidt et al., 1997; Zegouagh et al., 2004). In kerogen, 
hydrolysis, addition, and condensation reactions can occur with several 
organic functional groups during HF treatments (Saxby, 1976). There
fore, some organo‑lithium compounds are likely digested by or react 
with acids such as HF and HCl (Williams and Bose, 2018). 

Through electron microprobe studies of low-rank coals, Li et al. 
(2010; 2007) found that several inorganic elements are concentrated in 
vitrinite (up to 0.5% Al, 1.5% Ca, 0.1% Mg, 0.7% Fe, 0.2% Ti) that are 
not associated with sub-micron clay minerals based on the low Si 
abundances of (0.01 to 0.11%). It is probable that Li is organically bound 
in immature vitrinite macerals, given that Li readily substitutes for Mg, 
for example. Thus, the trends between Li-content and 12C+/30Si+

observed (Figs. 11a and 12a) may not be solely related to Li in silicates 
but also may include Li and Si associated with organic compounds, 
especially in low-rank coals. 

5. Conclusions 

Thermal alteration of macerals (vitrinite, liptinite, inertinite) in coal 
by contact metamorphism was studied to evaluate changes in the Li- 
content and Li-isotopic composition with temperature. One high vola
tile bituminous coal seam (Vermejo Fm.) was transected by a mafic dike 
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and another medium volatile bituminous coal seam was transected by a 
felsic dike (Dutch Creek Mine No.2). In addition to δ7Li changes as a 
function of temperature across the contact aureole, Li-contents of bulk 
analyses show a slight increase in Li near the Dutch Creek dike which is 
not observed by in situ measurements of macerals by SIMS. This may 
reflect uptake of Li from the felsic dike fluids by silicates in the meta
morphosed coals, that was not observed in the mafic dike meta
morphosed coals. 

An increase in the δ7Li values was observed in the high volatile 
bituminous Vermejo coal with proximity to the dike as temperatures 
increased (Fig. 9), which mirrors the trend observed for coals of different 
ranks from sedimentary basins across the USA (Fig. 1; Teichert et al., 
2020). Isotopically light (6Li-enriched), organically bound Li in the 
unmetamorphosed coal vitrinite (− 28.4 ± 1.6‰) is released into sedi
mentary pore fluids with increasing thermal maturity. The Dutch Creek 
coal had been heated by burial to ~150 ◦C (VRo = 1.15%) before felsic 
dike emplacement and had likely released most of the organically bound 
Li during diagenesis, so there was a smaller range of δ7Li values among 
the macerals during metamorphism. However, SIMS spot analyses of 
vitrinite on the Dutch Creek unmetamorphosed coal (DC-K) had lighter 
δ7Li values than vitrinite and coke measured in the contact zone by 8 to 
21‰ suggesting that the isotopically light organo‑lithium was not 
entirely released during burial to 150 ◦C (Table 5). 

The most important conclusion from this study is that isotopically 
light, organically bound Li released from immature kerogen during 
diagenesis should be considered in studies using Li-isotopes of buried 
sediments (e.g., marine carbonates) to reconstruct global weathering 
and paleoclimate. The Li-isotopic composition of pore fluids can be 
altered by release of 6Li during organic maceral decomposition at tem
peratures of hydrocarbon generation and higher. The isotopically light 
Li in pore fluids may be incorporated into authigenic silicates and 
recrystallized carbonates as well, leading to possible misinterpretations 
of global weathering and climate in Earth’s past. 
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