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Supplementary Methods

Terrestrial Biomarker Analysis

Freeze-dried sediment containing 3 to 5 mg OC were analyzed for lignin monomers
and dimers, and cutin hydroxy acids using the CuO method of Hedges and Ertel
(1982)31, Briefly, sediments were transferred to stainless steel reaction vials and
digested with 330 mg (+/- 4 mg) CuO in 2N NaOH under N2 at 150 °C for 3 h.
Reaction products were extracted with three successive 3 ml aliquots of peroxide
free diethyl ether, evaporated under a stream of N>, reconstituted in pyridine and
converted to trimethylsilyl derivatives using bis-(trimethylsilyl) trifluoroacetamide
(BSTFA) at 70°C for 1 hour. Oxidation products were analyzed using an Agilent
6890N gas chromatography instrument coupled to an Agilent 5973N mass
spectrometry instrument (GC-MS). The identification of classic lignin-phenols
monomers (V, S, and C), as well as 3,5-Bd, was made by comparison with pure
standards. Cutin hydroxy acids, lignin dimers and monomers, and benzene
carboxylic acids (BCAs) were identified based on published relative retention times
and mass spectra. Compound abundances were calculated by normalizing to
organic carbon (OC) (mg 100 mg OC-1: A). Quantification and % recovery of
oxidation products was based on an ethyl vanillin (EVAL) internal standard. The
relative response factors (RRFs) to classic lignin-phenol monomers were calculated
using the pure compounds in the mixed standard (VAL, VON, VAD, SAL, SON, SAD,
CAD, FAD, PAL, PON, PAD, EVAL, ARS), as well as the RRF of 3,5-Bd, the only BCA a
standard was available for. The RRFs of cutin hydroxy acids were assumed to be 1,
based the on RRFs of the 12-HSA, 16-HHA, and HDDA standards. The RRFs of lignin
dimers and extended monomers are assumed to be 1, consistent with other studies
due to a lack of available standards.

Source Separation Techniques
CuO Biomarkers

Over 130 biomarkers were identified in this study via CuO oxidation and GC/MS
analyses. Commonly, selected lignin monomers including vanillyl (V), syringyl (S),
and cinnamyl (C) phenols containing acid, aldehyde, and ketone function groups are
quantified from these chromatograms. While their use is less prolific, large amounts
of useful oxidation products have been identified in these chromatograms that
contain unique sources and degradation pathways. Among these include lignin-
dimers32, cutin hydroxy acids33, aromatic oxidation products34, lipid oxidation
products34, and benzene carboxylic acids3>. Due to the vast diversity of individual
biomarkers and source and degradation proxies based on them, we only utilize the
total yields of each individual biomarker class (i.e. lignin-dimers), and only mention
the specific function of proxies that are telling of sedimentary composition. Briefly,
lignin-dimers relate structural information of the lignin macromolecule and contain
additional source and degradation information, cutin products are sourced from
plant soft-tissue exclusively and are unique to monocots vs. dicots, benzene
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carboxylic acids are formed in both plants and soils, and aromatic and lipid
oxidation products are produced from both terrestrial and marine material
(although based on regressions vs. 8§13C in this study, they are found to be
predominantly terrestrial). Downcore variations in lignin-phenol concentration are
shown along with bulk % OC in Figure S4, and show little indication of post-
depositional degradation .

Sediment OC Composition

Source identification was aided by the collection of a large suite of terrestrial end-
members, including soils, and soft and woody tissue from angiosperm and
gymnosperm plants common in the region. In this study we successfully separated
sediment OC composition into five distinct sources; OCmarine, and OCterr in the form of
angiosperm soft plant tissue (OCa), angiosperm woody plant tissue (OCa), soils
(OCsoi), and fossil carbon from weathered sedimentary bedrock (OCrossii) (Figure S5).
Due to large variations in composition downcore, we calculated these values as the
“average” of all 2 cm sediment samples in each core (Table S1). In this way we
minimize yearly/decadal variability and observe a signal that is integrated
temporally on a timescale of the last few hundred years.

OCrossit contributions were determined to be constant throughout the spatial
and temporal limits of the study using the regression method of Galy et al. (2008)3¢,
which produced a linear trend (Figure S3). Therefore this source could be
quantitatively separated. Results from this technique suggest OCrossil is a constant
0.33% of total sediment mass in all selected sediment samples from each core,
which we assume is representative of the entire length of the cores. We therefore
use the following equation

ffossil =0.33 / % 0OC (1)

where, fossil is the fraction of OC that is fossil in origin, 0.33 is the slope of the
regression in Figure S3, and %O0C is the average %0C value for each core. We then
applied a three end-member mixing model to the remaining OC to separate OCumarine,
OCsoi, and OCpiant. 013C and 3,5:V values were used as metrics in the mixing model, as
they varied to a much wider extent between sources, than in separate samples from
any one source, providing source-specific OM signatures and making quantitative
reconstruction possible. 3,5- dihydroxybenzoic acid is found exclusively (with
minor exceptions) in soils37, and when calculated relative to V phenols, mixing
between fresh plant material and soils can be observed. Based on collection of
terrestrial material in Fiordland, 813C values are the most depleted in OCpant (-
29.1%0), slightly enriched in OCsoil (-28.4%0), and significantly enriched in OCmarine
(-18%o0) relative to terrestrial fractions. However, due to significant contributions of
OCrossil, this fraction must be subtracted from the OC yield used in the three end-
member mixing model

613Cmodern = 613Cplant*fplant + 613Csoil*fsoil + 613Cmarine*fmarine (2)

3;5:Vmeasured = 3;5:V plant*fplant + 3;5:V soil*fsoil + 3;5:V marine*fmarine (3)
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j‘i)lant +fsoil +fmarine = 1'ﬁossil (4)

where, fplant, fsoil, and fmarine represent the fraction of OM in a sediment sample
derived from fresh vascular plants, soil, and marine plankton, 3,5:Vmeasured is the
observed sediment value, 813Cmodern is the OCsossit corrected observed sediment value
(see below), and 8'3Cplant and 3,5:V plant, 013Csoitand 3,5:V soit, and 813Carine and
3,5:Vmarine are the chosen end-member values of 813C and 3,5:V, respectively.

The isotopic signature of OCrossii must be removed from the bulk §13C values
so the “OCrossit free” 013C signature can be applied used as 013Cmeasured in equation (2).
Based on the average 813C of OCrossit in the Southern Alps of -21.1%038, we used the
following two end-member mixing equations:

613Cmeasured = 613Cfossil*ﬁossil + 613Cmodern*fmodern (5)
ffossil +fmodern =1 (6)

where, 013Cmeasured is the observed 613C value of the sediment sample, §13Crossit is the
fossil end-member from the Southern Alps38, §13Cmodern is the average of OCsoil and
OCplantend-member 813C values, and ffossit and fmodern represent the OC fraction
composed of fossil (i.e. kerogen and graphite from sedimentary bedrock) and
modern (soils and vascular plant material) organic constituents.

Lignin-phenols produced from the oxidation of the lignin macromolecule are
indicative of the original lignin source. Particularly, these phenols can be used to
differentiate between angiosperm (flowering plants) and gymnosperm lignin, as
well as between hard (wood) and soft-tissue (tree leaves, conifer needles, grasses).
Syringyl (S) phenols are produced only from the oxidation of angiosperm lignin, and
cinnamyl (C) phenols are produced primarily from the oxidation of soft plant tissues,
while vanillyl (V) phenols are ubiquitous in vascular plant lignin3°. Therefore, S/V
and C/V ratios provide accurate source separation of lignin, provided that acid to
aldehyde functional group ratios of syringyl ([Ad/Al]s) and vanillyl ([Ad/Al]v)
phenols are not significantly elevated relative to fresh material, which can indicate
selective degradation of S and C phenols#?, or phenol fractionation during sorptive
processes*l. [Ad/Al]s and [Ad/Al]v values of lignin in Fiordland sediments was not
observed to be significantly higher than in fresh plant material or soils, and
therefore our S/V and C/V ratios can be successfully used to separate plant material
into two distinct sources; woody, and non-woody. Additionally, S/V and C/V ratios,
as indicated by PCA, are a function of only soft and woody plant contributions in
sediments and not the absolute OCterr abundance, and therefore it was possible to
separate these pools without affecting the larger 3 end-member mixing model.

The S/V and C/V source plot in Figure S6 includes regional end-members.
End-members were chosen to represent gymnosperm soft and hard tissue,
angiosperm soft and hard tissue, and also submerged woody material removed from
cores, and leaf litter taken at the mouth of a small river. Sediments from all six cores
included on this plot are observed to mix between angiosperm soft tissue (leaves),
and the submerged wood end-member. Sedimentary plant tissue in general in this
study was observed to originate entirely from angiosperms, eliminating
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gymnosperm material as a potential end-member. The submerged wood samples
(n=3) reflect a similar lignin source signature as angiosperm woody, yet exhibit
slightly more reduced S/V values. However, Ad/Al ratios are elevated in the
submerged wood, and 613C values are slightly more enriched. This evidence
suggests that the unidentified submerged woody material is angiosperm wood that
has undergone natural diagenetic variation at the bottom of the fjord. As sediment
source values seem to reflect mixing towards this end-member rather than fresh
material, it is more accurate to use these end-member values rather than fresh
angiosperm woody material. Additionally, the vast majority of variation in values
can be described purely by S/V ratios, and no ggmnosperm material seems to be
influencing observed C/V values. Therefore, fractional contributions of angiosperm
wood and leaves were determined as follows:

S/Vmeasured = S/Va*f;l + S/VA*fA (7)

faplant)* fa(plant) = 1 (8)

where, S/Vmeasured is the observed sedimentary ratio of S and V phenol yields,
S/Vaand S/Vaare the measured end-member S and V phenol ratio yields of collected
terrestrial material, and faplant) and faplany) are the determined fractional
contributions of angiosperm leaves and woody to total plant material, respectively,
in sediments. The OCpiant end-member values used in equations (2,3) was
determined by multiplying the end-member values of angiosperm leaf and wood
(813C, 3,5:V) by fa(plany) and fa(plant), respectively.

AS ffossil, fa, fa, fsoil, and fmarine were determined in three different sets of
equations (based on biomarker yields exclusive to the source contributions being
measured), it is necessary mathematically set them equal to unity, with respect to
the way they were initially calculated. ffossil, fsoil, fmarine and fierr were calculated with
respect to each other, and their contributions equal unity. fa and f, were calculated
as fractional contributions to fplant. Therefore, the values must be corrected as
follows:

fa=fa (plant) ™ fplant 9
j‘;l = f;l (plant) *ﬁ)lant (10)

where, faand f, are the fractional contributions of angiosperm wood and
leaves to total sedimentary OC, and the remaining parameters are taken from
equations (7,8).

The resulting mass balance equation is:

f;:l +fA +fsoil +ﬁossil +fmarine =1 (11)

The values, determined for each of the six scores sampled in this study, are
represented visually in Figure 3. These fractions are combined with bulk marine
and terrestrial fractions determined in Knudson et al. (2011)%2, and averages of each
fjord are shown in Table S4.
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Burial Rates
Rate Calculation Techniques

Linear sedimentation rates (Figure S2) were converted to MARs with the following
equation:

%O0C x SR x (porosity - 1) x bulk density

where, SR is the sedimentation rate in cm yr-1, porosity is assumed to be 0.771043
and bulk density is assumed to be 1.85 g cm-3[1043], Porosity and bulk density values
are taken from average Patagonian values, which are the closest in latitude to NZ
fjord of published fjord sedimentary values. Organic carbon accumulation rates (OC
ARs) were calculated by multiplying MARs by the weight fraction of OC, which for
each core is represented as the average %O0C value of all 2 cm sediment fractions.
Finally, to estimate the total amount of CO2 sequestered in Fiordland, OC ARs are
converted to g km2 yr-! and multiplied by the total surface area of all 14 fjords, as
well as by a correction factor of 0.8 for deep burial preservation efficiency?.

Potential Bias

The second bias we would like to address is the potential overestimation of burial
rates based on the location of sediment cores included in the global dataset. In
general, it is common for the primary depositional zones, or fjord basins in this case,
to be selected for coring in order to obtain a higher age resolution. Large variations
in fjord basin morphology and a lack of data from sill and slope regions prevent a
thorough consideration of all depositional zones with ‘weighted’ OC contributions.
There is reason to believe however that this bias is small. One of the few studies
fully addressing basin size in Nordasvannet, Norway, concludes that 88% of the
entire fjord surface area is represented by basins and the remaining smaller fraction
by sills and slopes**. Additionally, slopes can contain large volumes of OCgerr from
landslides*® that do not fully enter basins38.
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Supplementary Tables

Table S1. Average bulk elemental and biomarker yields and proxies for sediment
cores and terrestrial soils and vegetation. Error is represented as one standard
deviation. n is the # of sediment samples in each core or vegetation type. CA =
Crooked Arm, DC = Deep Cove, MR = Malaspina Reach, LS = Long Sound, SC = Supper
Cove, BA = Broughten Arm. “Vegetation End-member” is calculated as the weighted
average of submerged (angiosperm) wood and non-woody angiosperm tissue, while
“Marine End-member” is obtained from the references given. Biomarker yields are
summed for each class and are represented in lambda notation as mg 100 mg OC-!
(lignin-monomers: As, cutin: Aca, benzene carboxylic acids: Agca, lignin-dimers:

ADIMERS).
Sediment Core n %0C 8 3N c/N 3,5V s/v v Ag Aca Agca Aomess
cA 19 6.3+24 -281+0.5 1.2£09 268%7.1 0.046+0.019 1.54 +0.24 0.08 £0.02 9.0%3.7 2.8+16 0.9+0.3 1.4+0.8
DC 21 88+1.4 -27.6+0.3 2.0%0.7 24.2%4.7 0.058+0.011 1.29 +0.08 0.10+0.03 6.5%1.2 27+1.2 1.0 £0.3 0.9+ 0.4
MR 11 3.7£02 -248+0.2 6.1%04 147%0.5 0.056 +0.008 1.37 £0.12 0.07 £0.02 4.7 2.2 1.0 £0.4 0.9 +0.3 0.6+ 0.2
Ls 12 40+0.6 -259+03 48%0.8 18.9+0.8 0.069%0.003 1.52+0.10 0.08 £0.02 3.4%0.8 1.4£0.3 0.7 +0.1 0.5+0.1
sC 4 45+22 -272+02 3.0+0.6 21.9%1.4 0.070+0.004 1.38 +0.03 0.13+0.02 53%1.1 1.6 £0.7 1.6 £ 0.6 0.8+ 0.5
BA 10 56+0.6 -26.5+0.1 3.7£0.2 19.6+0.5 0.041+0.008 1.31 +0.04 0.05+0.01 6.8%1.0 1.4 £0.6 0.9 +0.2 0.9+ 0.4
Terrestrial End-Members
Leaf litter 1 44.1 -302 7 -06 46.4 0.038 1.18 0.06 8.1 3.2 0.8 1.5
Angiosperm Leaf 6 48.2+4.1 -327+1.2 -0.1%1.7 50.6+23.5 0.046 +0.055 1.13 £0.42 0.20 £0.17 4.6 % 3.5 6.6 5.0 0.4+0.3 0.5+0.3
Gymnosperm Needle 1 7 499 -33.8 To-46 111 0.124 0.21 0.06 3.4 3.9 0.8 0.8
Submerged wood 3 38+6.2 -268+0.1 -47%+41 181 %149 0.004 +0.003 1.51 +0.49 0.01 +0.01 21.1+54 0.0 0.0 0.3%0.1 4.4+24
Angiosperm wood 2 47.0+22 -309%09 -1.3+4.6 11253 0.027 +0.031 4.07 £ 1.62 0.04 £0.05 13.3+5.6 2.1+ 3.0 0.2+0.3 1.3+0.2
Gymnosperm wood 1 49.6 -29.7 0.0 825 0.002 0.01 0.01 11.0 0.0 0.1 4.4
Soils 8 204+221 -284%14 18+1.5 21.8412.2 0.112+0.044 0.61+0.19 0.16+0.08 3.1+ 1.8 38%5.8 1.3+£0.7 0.8%0.5

Vegetation End-Member 11 41.9+53 -29.1+£0.5 -29%3.2 131 +£98.9 0.02+0.02 1.43+0.49 0.08+0.07 14.8+4.7 25+1.9 0.3+0.2 29+1.6
Marine End-Member N/D -18.23 £ 0.05% 4.71 + 0.17° 6.63° 0 N/A N/A 0 0 N/A 0

References: a: McLeod and Wing 200919, b: Schuller and Savage 201145
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Table S2. Compiled sedimentary data for Fiordland, NZ. Areas are obtained from
Syvitsky (1987). Sedimentation rates and %0C (w/w) are from cores collected and
analyzed in this study and from Knudson et al. (2011) and Pickrill et al., (1993).
Measured values (Sed. Rate and %0C) are given here as the mean of individual

samples from the # of compiled cores. Error is represented as one standard

deviation, and is propagated through subsequent calculations using standard
mathematical theory. The average CorgBR is used for Fjords with no available
sedimentary data, indicated by *. Deep burial efficiency is assumed to be 80%, from

Berner (1982) (1).

Fjord Area Reference #Cores Sed. Rate %0C Sed. AR Cos AR C.s BR CO, seq.

km? cmyr? gm?yrt  gCm?Zyr? gCm?2yr? ton yr?
Milford 25.3 2 1 0.268 2.03 1140 23.2 18.6 1730+ 111
Bligh Sound 21.1 - 0 12.1* 936 + 294
George Sound 329 2 3 0.087 +£0.018 0.98 370+76.6 3.63+0.69 2.90+0.55 350+39.9
Caswell Sound 17.5 - 0 12.1* 776 £79.7
Charles Sound 15.9 - 0 12.1%* 705+ 72.5
Nancy Sound 13.9 3 2 0.204 3.75 868 32.6 26.1 1330 £23.5
Thompson/Bradshaw 49.3 2,3 3 0.113+£0.048 2.20 481+204 10.6+4.49 8.48 +3.59 1530 + 263
Doubtful 83.7 1 3 0.079+0.027 6.91+2.54 336+115 23.2+11.7 18.6 £9.36 5700 + 684
Dagg Sound 14.7 - 0 12.1* 652 +67.0
Breaksea 61.5 1 1 0.038 5.61+0.63 162 9.07 £ 1.02 7.26 £ 0.82 1640 £59.4
Dusky 181 1 1 0.012 4.53+2.17 51.1 231+1.11 1.85+0.88 1230 £ 64.9
Chalky 110 - 0 12.1* 4830 + 502
Long Sound 93 1,3 3 0.094£0.022 4.00+0.61 400%+93.6 16.0+4.47 12.8+3.58 4360 + 262

Total 720 25800 + 2520

References: 1, This study; 2, Knudson et al, 20111; 3, Pickrill et al., 199310
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Table S3. Organic Carbon (OC) composition of Fiordland sediments. Error is
represented as one standard deviation. fmarine = fraction of marine (phytoplankton,
macroalgae) OC, fossit = fraction of ancient (kerogen, graphite) OC sourced from
sedimentary bedrock, fierr = fraction of all modern terrestrially source OC (including
vegetation and soil), fsoil = fraction of OC from soils, fa = fraction of non-woody
angiosperm tissue, fa = fraction of woody angiosperm tissue. fossil is determined
with a #C vs. %0C regression method3®. fmarine, fsoil, and fplant (the fraction of OC
derived from non soil-incorporated fresh vascular plant vegetation) were calculated
with a three end-member mixing model with 813C and 3,5:V as metrics. fierris the
sum of fsoil and fpiant. fa and fa are components of both soil and fresh vegetation, and
were calculated using a two end-member mixing model with C/V as a metric.

Fjord Reference fnarine Frossil frerr fooi f, fa
Milford 2 0.43 0.57
Bligh Sound
George Sound 2 0.45+0.04 0.55+0.04

Caswell Sound
Charles Sound

Nancy Sound
Thompson/Bradshaw 2 0.5+0.02
Doubtful 1,2 0.18+0.16 0.03 0.81+0.16 0.40%+0.09 0.15+0.09 0.25+0.14
Dagg Sound
Breaksea 1 0.22 0.03 0.77 0.27 0.10 0.4
Dusky 1 0.14 0.03 0.86 0.57 0.17 0.11
Chalky
Preservation Inlet
Long Sound 1 0.25 0.03 0.86 0.58 0.05 0.09

References: 1, This Study; 2, Knudson et al, 20114
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Table S4. Fraction modern measurements of 2 selected samples from each core.
Age corrections are based on the depth in the core and 219Pb determined linear
sedimentation rates.

Core MR MR CA CA DC DC LS LS SC SC BA BA
Depth (cm) 6-8 16-18 4-6 10-12 2-4 10-12 12-14 6-8 2-4 6-8 2-4 4-6
%0C 3.60 3.45 10.75 8.26 8.60 7.38 3.77 3.42 1.94 6.36 4.51 4.59
Measured Fm 0.88 0.83 0.94 0.83 0.97 0.93 0.85 0.85 0.85 0.87 0.89 0.91
uncertainty 0.004 0.004 0.005 0.0038 0.0042 0.0043 0.0048 0.0036 0.0034 0.0042 0.0039 0.0043
Age corrected Fm 0.89 0.86 0.94 0.84 0.98 0.94 0.87 0.85 0.87 0.93 0.89 0.92
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Supplementary Figures and Legends

Figure S1 - Fiordland, NZ and coring locations
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Figure S2 - Unsupported 219Pb activities and calculated maximum linear-
sedimentation rates (LSR) in six Fiordland cores.
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Figure S3 - Regression technique for calculating %Fossil OC and the modern

12

terrestrial fraction modern (fm) end-member, from Galy et al. (2008), as determined
by AC and %O0C analyses. The linear trend suggests fossil contributions are static
throughout Fiordland sediments.

[Modern OC] (%)
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317  Figure S4 - Downcore values of %0C (w/w) and lignin concentrations (Ag: mg 8
318 S,V,C phenols 100 mg OC-! in six Fiordland cores.
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322  Figure S5 - OC source attribution in sediment cores from Fiordland, NZ collected
323  for this study. a) initial 3 end-member separation. Boxes represent the mean value
324  of each end member, and error bars represent one standard deviation. B) 5 end-
325 member source separation aided by S/V and C/V ratios and A4C analysis.
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Figure S6 - Lignin-phenol source plot. Boxes represent average values and one
standard deviation of replicate terrestrial end-member measurements collected
from the Fiordland watershed. A: angiosperm wood, SW: submerged wood, LL: leaf
litter, a: angiosperm leaves, G: ggymnosperm woody material, g: gymnosperm
needles.
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