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Proportion of lithologies in each catchment

Table 1 shows the relative proportion of each lithologi-
cal group contained in the studied catchments. These pro-
portions were calculated using ArcMap (ESRI). 2-D area
percentage was calculated by extracting catchments from
a digital elevation model, and generating shapefiles of the
area upstream of the sample locations. These were then
combined with a geological map shapefile (Chen et al.,
2000) and the intersection of catchment and lithology gen-
erated new shapefiles. The metadata for these were ex-
ported to a table. Two-dimensional areas were extracted
from the table and summed for the various lithology groups.

Sample collection

We chose to sample fluvial and marine sediment rather
than directly sampling Taiwanese bedrock, for a number
of reasons. Firstly, Beyssac et al. (2007) undertook a
thorough investigation of the metamorphic rocks of the
Hueshuan Range and Central Range, and we do not feel
that repeating this work is worthwhile. They collected
three transects of bedrock samples, and analysed the CM
contained within these using Raman. Secondly, rivers inte-
grate erosional signals from an entire catchment. Sediment
samples are more representative of the relative volume of
sediment erosion in a catchment compared to a bedrock
survey. If a bedrock sampling campaign found a graphite-
rich formation, but its contribution to the sediment load in
the catchment was negligible, this would bias the charac-
terisation of that river’s output. Thirdly, and conversely,
if the bedrock survey missed a small but rapidly eroding
graphite-rich layer, there may be unexpected graphite ex-
ported by the river.

Since Raman spectroscopy analyses individual parti-
cles of OCpetro, the catchment wide averaging of sediment
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erosion does not lead to averaging of Raman measure-
ments. Erosively mixed Highly Graphitised and Disor-
dered OCpetro will be identified as a bimodal distribution
of these two spectral groups.

Samples were collected during by different teams dur-
ing multiple campaigns. Therefore there is a wide range
of sampling techniques and locations used in the study,
including sediment coring, manual bedload collection and
automated suspended load sampling. We believe that this
does not compromise our ability to observe and charac-
terise all available forms of carbonaceous material eroded
by the various rivers. Usually, the entire range of gran-
sizes have been collected in one way or another. Laonung
samples (LN) include silt through to coarse sand, due to
collection from both a fluvial sand bar and fine-grained
riverbank material. Gaoping Canyon (CY) cores contained
sand and mud sized material, which were both investi-
gated. Gaoping Shelf (SH) sediments only contained mud-
sized particles, but we observed the full range of carbona-
ceous material within these samples. Chenyoulan (CY)
material was collected from the suspended load using an
autosampler, but since SH samples contained the whole
range of carbonaceous material grades, we do not expect
systematic loss of any particular type here. Grass Lake
Creek was sampled by walking up the semi-dried river bed
during the dry season, and sampling cm-scale cobbles of
sedimentary rock. These were crushed and ground, which
should release and homogenise the samples, allowing all
carbonaceous material within to be observed.

Raman spectra collection and fitting

Raman spectra were collected using Renishaw InVia
and Ramascope-1000 Raman spectrometers. Dry sedi-
ment samples were ground for 12 minutes at 250 rpm
in a Retsch PM-400 agate ball-mill grinder. Short-period
grinding does not affect Raman charateristics of OCpetro

(Sparkes et al., 2013). One spatula (˜0.25 g) of material
was pressed between glass slides to produce a flattened
sample area with 2 cm diameter. The process of flatten-
ing between slides tends to align graphite flakes with the



sample surface, meaning that the laser beam is incident
perpendicular to the basal planes. Within this area, 10-20
flakes of POC were usually found using a 50 x magnifica-
tion objective lens. The field of view as rastered across the
sample to ensure that no POC flakes were missed.

Measurements were taken using a 514 nm Ar-ion laser,
set to between 0.75 and 1.8 mW for 30 seconds to avoid
damaging the target. Raman-shift was measured from 800
– 2000 cm−1 with an 1800 l mm−1 grating. Spectra were
fitted using the method described by Sparkes et al. (2013),
in which peaks representing the G, D1, D2, D3 and D4
Raman bands were automatically fitted by a computer al-
gorithm. This process allows rapid and objective analy-
sis of a large number of spectra from complex samples.
Spectrum metadata (location, height, width and area for
each peak, plus peak height and area ratios) was used to
classify each sample (Sparkes et al., 2013, 2018). Sam-
ples were categorised into “Disordered”, “Intermediate”,
“Mildly Graphitised” and “Highly Graphitised” using a
combination of the metamorphic temperature predicted by
the “R2” and “RA2” geothermometers of (Beyssac et al.,
2002; Lahfid et al., 2010), and the increased width of spec-
troscopic peaks seen in disordered CM (Sparkes et al.,
2013). These geothermometers have been carefully cali-
brated against metamorphic temperature, using field and
laboratory studies (Beyssac et al., 2002, 2003) but show no
systematic relationship with pressure. Increased pressures
lead to faster graphitization, but not the final degree of
graphitization (Beyssac et al., 2003).

Whilst highly graphitised CM can be successfully dif-
ferentiated using just R2 and the width of the D1 peak,
these measurements do not permit separating intermediate
and disordered CM. The RA2 calibration of Lahfid et al.
(2010), coupled with the combined width of the D1, D2
and G peaks, allows these two groups to be distinguished.
The metadata from each spectrum are included as Supple-
mentary Dataset 1, and displayed graphically by plotting
the sum of peak widths against the calculated temperature
from either the “R2” or “RA2” geothermometers (Figure
2, main paper).

A script implementing the automatic fitting procedure
is maintained at https://github.com/robertsparkes/

raman-fitting

References

Beyssac, O., Brunet, F., Petitet, J.P., Bruno Goffe, B., Rouzaud,
J.N., 2003. Experimental study of the microtextural and struc-
tural transformations of carbonaceous materials under pressure
and temperature. Eur. J. Mineral. 15, 937–951.

Beyssac, O., Goffe, B., Chopin, C., Rouzaud, J., 2002. Raman spec-
tra of carbonaceous material in metasediments: a new geother-
mometer. J. Metamorph. Geol. 20, 859–871. doi:10.1046/j.
1525-1314.2002.00408.x.

Beyssac, O., Simoes, M., Avouac, J., Farley, K., Yue-Gau Chen,
Yu-Chang Chan, Goffe, B., 2007. Late cenozoic metamorphic
evolution and exhumation of taiwan. Tectonics 26, TC6001–1–32.
doi:10.1029/2006TC002064.

Chen, C.H., Ho, H.C., Shea, K.S., Lo, W., Lin, W.H., Chang, H.C.,
Huang, C.S., Lin, C.W., Chen, G.H., Yang, C.N., Lee, Y.H., 2000.

Geologic Map of Taiwan. Technical Report. Central Geological
Survey, Ministry of Economic Affairs, Taiwan.

Lahfid, A., Beyssac, O., Deville, E., Negro, F., Chopin, C., Goffe, B.,
2010. Evolution of the raman spectrum of carbonaceous material
in low-grade metasediments of the glarus alps (switzerland). Terra
Nova 22, 354–360. doi:10.1111/j.1365-3121.2010.00956.x.

Sparkes, R., Hovius, N., Galy, A., Kumar, R.V., Liu, J.T., 2013.
Automated analysis of carbon in powdered geological and envi-
ronmental samples by raman spectroscopy. Appl. Spectrosc. 67,
779–788. doi:10.1366/12-06826.

Sparkes, R.B., 2012. Marine Sequestration Of Particulate Organic
Carbon From Mountain Belts. Ph.D. thesis. University of Cam-
bridge. URL: http://eprints.esc.cam.ac.uk/2618/.

Sparkes, R.B., Maher, M., Blewett, J., Doğrul Selver, A., Gustafs-
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