SUPPLEMENTARY INFORMATION TO

Copper and its isotopes in organic-rich sediments: from the modern Peru
Margin to Archean shales

S1. Peru Margin sample location and details

The Peru margin, along with the Chilean margin, is considered as the most productive up- welling
system in the world ocean [S1], driven mainly by the southeast trade winds [S2]. The hydrography
is dominated by the Peru Current, with the poleward Peruvian Undercurrent and the equatorward
Chile-Peru Deep Coastal Current being the main coastal currents [S3-54, and references therein].
The upwelling-fed high productivity of this region results in the permanent eastern South Pacific
oxygen minimum zone (OMZ), with its core located between 5 and 13°S. At these latitudes the
OMZ reaches its maximal vertical thickness of about 600 m, with an upper boundary at < 100 m
water depth [S1]. The vertical thickness of the OMZ and the location of its upper boundary,
however, fluctuate with the El Nifio Southern Oscillation (ENSO) cycle, as well as with the variable
influence of the southeast trade winds and northerly winds off the coasts of Peru and Chile [S1].
The seafloor below the OMZ and along the margin is dominated by two main sedimentary facies:
(i) a lens-shaped, up to 100m thick, diatomaceous (up to ~16wt.% opal), organic-rich mud at depths
between 50 and 500m at 11-14°S; and (ii) a coarser-grained, less organic-rich, calcareous mud on the
shallow shelf at 8.5°S and 15-17°S [S5]. Thus, the most organic-rich sediments are deposited
between 11 and 14° S, which are the latitudes targeted here.

Peru Margin sediment cores were recovered as box cores and multicores in October-November
1992 during a cruise of R/V Seward Johnson, and as multicores in October-November 2005 during
cruise 182-9 of R/V Knorr. Upon recovery, all cores were immediately sliced at 0.5 — 1.0 cm
intervals, stored in glass jars or plastic sampling bags, and frozen. In this study we focused on core-
tops recovered by R/V Seward Johnson and multiple down-core samples from three of the cores
recovered by R/V Knorr (Fig. S1; Table S1), in order to cover a range of redox conditions and
organic matter contents. Prior to processing, the samples were freeze dried and subsamples of ~1g
were weighed into 60ml Teflon beakers for subsequent acid digestion.
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Figure S1. Details of the Peru Margin setting, where
8  core-top samples (black diamonds) and three down-
core profiles (colored symbols) were taken.
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Table S1. Peru Margin sediment core locations

core ID lat/long depth  bottom Oz location
['N/E] [m] [uM] wrt OMZ
R/V Seward Johnson 10-92
BC39 -13.509 / -76.927 550 10 within OMZ
BC57 -13.512 / -76.695 172 <10 within OMZ
BC62 -13.499 / -76.959 643 10 below OMZ
BC76 -13.502 / -76.983 725 15 below OMZ
BC81 -13.508 / -76.578 130 10 within OMZ
KC83 -13.518 / -76.473 106 10 upper OMZ
BC93 -12.000 / -77.335 100 5 upper OMZ
BC125 -11.998 / -77.807 340 5 within OMZ
KC127 -11.996 / -77.790 309 5 within OMZ
BC153 -11.062 / -78.073 250 5 within OMZ
R/V Knorr 182-9
MC6A -13.250 / -76.500 100 2 upper OMZ
MCIG -11.718 / -78.399 1500 80 below OMZ
MC11C -11.000 / -78.167 325 2 within OMZ

S2. Geological record sample details

The geological record sample set consists of 50 samples from 27 formations, ranging in age from
Archean to Ordovician/Silurian. These are all organic-rich shales, sampled from lithologies that
underwent, at most, lower greenschist facies metamorphism. A brief overview of location,
lithologies, metamorphic grade, and age constraints is provided below for each subset of samples,
organised by geological formations. These samples were provided by Prof.Simon Poulton
(University of Leeds), Prof. Axel Hofmann (University of Johannesburg), and Dr. Xi Chen (Nanjing
University), as either powders or quarter-cores from drill core or hand samples collected in the
field.

~ 0.45 Ga Wufeng and Longmaxi formations, Guizhou Basin, China

A total of six black shale samples from the Wufeng and Longmaxi Formations of the Guizhou basin
in China, were selected for this study. The Wufeng-Longmaxi Fm. shales are currently one of the
main sources of shale gas in the Sichuan basin [S6-57], and most studies on these lithologies have
focused on the source and reservoir characteristics of these formations. The Wufeng-Longmaxi
shales were deposited during the Late Ordovician and Early Silurian, in restricted basins that
formed upon compression of the Sichuan basin in the Late Ordovician that gave rise to the orogenic
belts surrounding the Sichuan and Guizhou basins Ye et al. [S8].

~ 0.53-0.50 Ga Georgina Basin, Australia

The Georgina basin formed by disruption of the Centralian Superbasin by the Peterman Orogeny
(570 - 530 Ma; [S9]) and the Alice Springs Orogeny (450 - 300 Ma; [S10]). We analyzed Cambrian
black shales from three formations sampled from drillcore Baldwin-1, which was drilled in the
southern Georgina basin [S11]. The Red Heart Dolostone Fm. is described as a carbonate succession
mostly known for its archaeocyath-bearing dolostone [S11] and is part of the Shadow Group,
deposited during the Terreneuvian (or possibly during Series 2 Stage 3 of the Cambrian; [S12]). The
Red Heart Fm. is unconformably overlain by the sediments of the Narpa Group, which is made up
of the Thorntonia Limestone, Arthur Creek Fm. Steamboat Sandstone, and Arrinthrunga Fm.
Based on trilobite biozones, deposition of the Thorntonia Limestone is correlative with Series 2
Stage 4 (or possibly Series 3 Stage 5 [S12]), while deposition of the overlying anoxic sediments of
the Arthur Creek Fm. is correlative with Series 2 Stage 4 up to the Guzhangian of Series 3 [S12]. The
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~ 510 Ma Kalkarindji Flood Basalt lies stratigraphically between the Thorntonia Limestone and
Arthur Creek Fm [S13-5S14]. Based on this age, and the above chronostratigraphic correlation, ages
of 521 Ma, 515 Ma, and 505 Ma were assigned to samples from the Red Heart Dolostone,
Thorntonia Limestone, and Arthur Creek Fm., respectively.

~ 0.52-0.57 Ga Officer Basin, Australia

The Officer basin is another of the many basins that formed upon disruption of the Centralian
Superbasin by the Petermann and Alice Springs Orogenies. The Colmaco exploration well Munta-1
was drilled in the eastern part of the Officer basin and includes the Cambrian-Ediacaran lithologies
of the Ungoolya Group. Shale samples used in this study are from four formations that make up
most of the Ungoolya Group and are, in stratigraphic order from oldest to youngest, the Tanana,
Munyarai, Narana, and Observatory Hill formations, which are dominantly composed of laminated
mudstone and carbonates. Due to the lack of geochronological data, age constraints on the
lithologies within the Officer basin are mostly based upon interbasinal correlations of units across
the Centralian Superbasin, isotope stratigraphy, and chronologically diagnostic fossil assemblages
such as acritarch biostratigraphy. Taking from this, Wade et al. [S15] assign ages of 520 Ma, 560 Ma,
and 570 Ma to the Observatory Hill Fm, the Mena Mudstone Member, and the Tanana Fm.,,
respectively. Given that the Munyarai Fm. and Narana Fm. lie between the Tanana Fm. and the
Mena Mudstone Member, we assign an indicative age of 565 Ma to both.

~ 0.83 Ga Finke beds, Amadeus Basin, Australia

We studied one sample from drill-core Wallara-1, at 1486.3 cm depth in the core, which is described
by Gorjan et al. [S16] and Guilbaud et al. [S17] as belonging to the Finke beds. The Finke beds have
recently been renamed as the Wallara Formation. As there is limited outcrop exposure in the
Amadeus Basin, this formation is best described from drillcore Wallara-1 as dolostone interbedded
with dolomitic siltstones and shales occasionally containing pyrite and glauconite [S18]. According
to Schmid et al. [S18] the Wallara Fm. is included in the Bitter Springs Package, which comprises
the Gillen, Loves Creek, Johnny’s Creek, and finally the Wallara Formations. Walter et al. [S19] date
the boundary between the Gillen Member and the Loves Creek member at 834 Ma (Rb-Sr dating).
Based on correlations of carbon isotope data from the Bitter Springs Group with that of the Fifteen
Mile Group on NW Canada and of the Ombobo Supergroup of Namibia, Swanson-Hysell et al.
[S20] constrain the deposition of the Love’s Creek Member at 810 - 785 Ma and of the top of the
Johnny’s Creek Member to ~ 750 Ma. Hence, with these being the constraints available we assign
an age of ~ 750 Ma to the Wallara sample studied here, though this is most likely an upper estimate
and it could be younger.

~ 1.10 Ga Tourist and Aguelt el Mabha formations, Taudeni Basin, Mauritania

We studied samples from two formations in the Atar/El Mreiti Group, the Tourist Fm. and the
Aguelt el Mabha Fm. of the Taoudeni Basin, which is thought to have been unaffected by any
significant post-depositional metamorphism [S21]. The age constraint of ~ 1100 Ma comes from Re-
Os geochronology [S21]. Dates previously obtained by Rb-5Sr illite and glauconite geochronology
are ~ 200 Ma younger, but these are now thought to record diagenetic events and not the primary
deposition age. Samples are from two drill cores, S2 and S3 described in Rooney et al. [S21]. All
samples are dark grey or black shales. Iron speciation analyses on samples from three Total S.A.
cores (including S2) suggest that the Tourist Fm. shales were deposited in an anoxic ferruginous
setting with possible occasional euxinia [S22]. On the other hand, fluctuations between oxic and
euxinic depositional settings were invoked by Gilleaudeau and Kah [S23] for Tourist Fm shales
sampled from different cores. Therefore, a certain degree of heterogeneity is inferred in terms of
depositional setting within the samples of this formation. Iron speciation analyses on Aguelt el
Mabha Fm samples suggest deposition in oxic and ferruginous conditions, with some samples
giving equivocal results [S23-522]. Unfortunately, iron speciation data for the specific samples
analyzed in this study are not yet available.



~ 1.40 Ga Velkerri Formation, McArthur Basin, Australia

The Velkerri Formation is part of the Roper Group, deposited in the McArthur Basin of northern
Australia. The dominant lithologies are un-metamorphosed mudstone and shale deposited in a
low-energy, outer-shelf environment [S24-525]. Re-Os geochronology on the upper and lower
Velkerri Fm. provides ages of 1361 + 21 Ma and 1417 + 29 Ma, respectively [S26]. For this study we
sampled two shales from drill-core BMR Urapunga-4 [S25]. Although the exact samples studied
here were not processed for iron speciation analyses, samples at depths bracketing them are all
interpreted as being deposited in euxinic settings [S27].

~ 1.64 Ga Barney Creek, McArthur Basin, Australia

The Barney Creek Formation was deposited in the Batten Fault Zone within the McArthur Basin of
Northern Australia and is dated at 1639 + 2 Ma by U-Pb SHRIMP geochronology of tuff layers
within the formation [S28]. The Barney Creek Fm. has been at the center of previous studies as it
hosts the HYC deposit, one of the largest Proterozoic sediment-hosted Pb/Zn/Ag deposits [S29]. It
has also been studied for its extremely well-preserved organic matter and the organic biomarkers
extracted from it [e.g., S30-532]. The lithology consists mainly of laminated carbonaceous,
dolomitic, and pyritic siltstones and shales [S31], which are interpreted as a marine succession
[S527,533-534] though previously thought to be of lacustrine, sabkha origin [S35]. Here we analyzed
three carbonaceous shales and one pyritic black shale sample from drill core GRNT 79-7 (or GR-7)
of the Glyde River sub-basin (see Lee and Brocks, [S32], for core lithologies).

~ 1.84 Ga Rove and Virginia formations, Animike Basin, North America

The Animikie Basin is located in the south-western margin of the Superior Province of North
America and contains sediments deposited in an open-ocean setting. Here we analyzed shale
samples from two formations, the Rove Fm. (core PR98-1), present in the northern portion of the
basin, and the Virginia Fm. (core MGS2), located in the southern part of the basin [S36]. The Rove
and Virginia formations consist mainly of carbonaceous shales, siltstones and sandstones [S36]. The
two formations are separated by a Mesoproterozoic intrusion. The sediments in its proximity are
affected by contact metamorphism whereas otherwise the rocks in the north are sub-greenschist
facies and in the south of lower greenschist [S37]. Tuffaceous layers in the Rove and Virginia
formations give U-Pb zircon ages of 1836 + 5 Ma [S38]. Iron speciation indicates deposition from a
strongly stratified ocean, ferruginous at depth, oxic at the surface, and euxinic at mid-depths [S36].

~ 2.02 Ga Wildman Siltstone, Mount Partridge Group, Pine Creek, Australia

The Wildman Siltstone is part of the Mount Partridge Group deposited in the Pine Creek succession
of the North Australia Craton [S39]. SHRIMP U-Pb analyses of tuffaceous siltstone from the
Wildman Siltstone provide an age of 2019 + 4 Ma [S40]. The dominant lithologies in the formation
are grey siltstone, carbonaceous shale and some dolostone [S39]. Two shale samples from drill core
77BLD3 of the Northern Territory Geological Survey were analysed here. Iron speciation
characterization of these samples indicate they were deposited under ferruginous conditions
(Poulton et al., pers. comm).

~ 2.32 Ga Timeball Hill Formation, Pretoria Group, South Africa

The Timeball Hill Formation belongs to the lower part of the Pretoria Group of the Transvaal
Supergroup in South Africa. It mostly consists of lower greenschist facies shales and siltstones
deposited in a shallow marine setting, with an upper and lower unit separated by a quartzite
middle unit [S41]. Pyrite within carbonaceous shales at the boundary between the Timeball Hill
Formation and the underlying Rooihoogte Formation is well constrained in age at 2316 + 7 Ma by
Re-Os geochronology [S42]. Three black shale samples from core EBA-1 were studied here and,
based on global redox settings suggested by Rouxel et al. [S43] on the basis of Fe isotopes analysed
on these and other samples of similar age, they were likely deposited under ferruginous conditions.



~2.4-2.6 Ga Hamersley Basin, Australia

The Hamersley Group deposited in the Hamersley Basin of western Australia, consists of the
following formations, in depositional order from the youngest to the oldest: Boolgeeda Iron
Formation, Woongarra Rhyolite, Weeli Wolli Formation, Brockman Iron Formation, Mt. McRae
Shale, Wittenoom Formation, and Marra Mamba Iron Formation. In this study a total of four shales
were analyzed from the Hamersley Group; two samples from the Whaleback Shale Member of the
Brockman Iron Formation, one sample from the Mt. McRae Shale, and one sample from the Marra
Mamba Iron Formation (MMIF). The two Whaleback Shale samples and the Mt. McRae Shale
sample were provided by Prof. Simon Poulton (Leeds University) and, unfortunately, core
information for these is not available. The MMIF shale sample was taken from core WRL-1. The
highest degree of metamorphism experienced within the Hamersley Basin, and hence by these
samples, was of sub-greenschist facies [S44]. An age of 2597 + 5 Ma is assigned to the MMIF by
SHRIMP U-Pb zircon geochronology of a sample from the Mt. Newman Formation [S45]. The age
of the Mt.McRae Shale is constrained by the overlying crystal-rich tuff of the Wittenoom Formation,
dated at 2561 + 8 Ma [S45], and the underlying Dales Gorge Member, dated at 2479 + 3 Ma. The
Whaleback Shale Member has been dated at 2463 + 5 Ma [S46].

~2.5-2.7 Ga Schmidtsdrift and Campbellrand/Malmani Sub-groups, Transvaal Su- pergroup,
Kaapvaal Craton, South Africa

The Schmidtsdrift siliciclastic-carbonate succession and the Campbellrand/Malmani carbonate
platform succession form sub-groups of the Transvaal Supergroup in the Kaapvaal Craton of South
Africa. Except for local higher-grade metamorphism, these sediments only experienced sub-
greenschist metamorphism [S547]. The Schmidtsdrift Sub-group consists, from its base, of the
Vryburg Formation, Boomplas Formation, and the Lokammona Formation, which is overlain by the
Monteville, Nauga, and Klein Naute formations of the Campbellrand/Malmani Sub-group [S48].
Despite the dominant carbonate lithology, several thick shale successions are also present within
these formations. For the purpose of this study shales of the Vryburg, Upper Nauga, and Klein
Naute formations were sampled from the Agouron core GKP-01, drilled to the south-east of
Griquatown. SHRIMP U-Pb zircon geochronology from tuff beds within the Vryburg Formation
indicate a depositional age of 2669 + 5 Ma [S48]. An age of about 2521 Ma is assigned by Knoll and
Beukes [S48] to the uppermost portion of the Upper Nauga Formation based on correlative
relationships of tuff layers dated by whole zircon ID TIMS U-Pb (2521 + 3 Ma; Sumner and
Bowring, [S49]) and SHRIMP U-Pb geochronology (2516 + 4 Ma; [S50]). The age of the Klein Naute
Fm. is bracketed by that of the Upper Nauga and of the Riries Member of the Kuruman Iron
Formation, dated at 2460 + 5 Ma by SHRIMP U-Pb geochronology [S51]. Iron speciation analysis of
samples from core GKP-01 suggest that the shales analyzed here from the Klein Naute and Upper
Nauga formations were deposited in an intermittently euxinic setting [S52].

~ 2.95 Ga Mozaan Group, Pongola Supergroup, Kaapvaal Craton, South Africa

The Mozaan Group, together with the Nsuze Group, is part of the volcano-sedimentary Pongola
Supergroup deposited on the Kaapvaal Craton of South Africa. The Mozaan Group consists of
marine sandstones, shales, and banded iron formations (BIF), metamorphosed to lower greenschist
facies grade [S53-S54]. The basal part of the Mozaan Group comprises the ~ 2.95 Ga Singeni
Formation and the overlying Ntombe Formation, both containing sandstone, shale and siltstone
[S55-556]. This study includes analyses of six shales sampled from drill core TSB07-26. Previous
studies on samples from this same core suggest that considerable enrichments in Mn and
correlations between Fe/Mn ratios and molybdenum isotopes indicate possible deposition in an
‘oxygen oasis’ setting, where oxygen was available in surface shallow waters [S57-S58].

~ 3.3-3.4 Ga Onverwacht Group, Barberton Greenstone Belt, South Africaisk;

The Barberton Greenstone Belt (BGB) is a volcano-sedimentary sequence located in South Africa at
the border between Mpumalanga Province and Swaziland. The BGB is divided into three groups,
the Onverwacht (3.5 - 3.3 Ga), Fig Tree (3.3 - 3.2 Ga), and Moodies (3.2 Ga) groups [S59]. The
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Onverwacht Group consists mostly of mafic and ultramafic volcanics, with some thin layers of
chert. The Fig Tree Group consists of shales, sandstones, volcanic deposits, chert, and BIF. The
Moodies Group consists of sandstones, shales, conglomerates, and BIF. The metamorphic grade
experienced by these rocks is of lower greenschist facies [S59-560]. In this study samples from the
two uppermost formations of the Onverwacht Group were analysed. Three samples are from the
Buck Reef Chert, in the Kromberg Formation, and were sampled from the ICDP “Barberton Drilling
Project” BARB3 core. One sample is from the overlying Mendon Formation and was sampled from
core BARB4 of the same drilling project. A Pb-Pb age of 3416 + 5 Ma was determined from the
analyses of zircons from the base of the Buck Reef Chert [S61]. The upper part of the Mendon
Formation yielded zircon ages of 3.28 Ga.

$3. Test of the two-step digestion methodology
A schematic representation of the approach undertaken to test the two-step digestion method is
shown in Fig. S2 and the resulting concentrations and isotope compositions for each OPF and HFD
fraction are reported in Table S2 and illustrated in Figure S3.
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Figure S2. Schematic representation of the method validation experiment. All subsample digestions were
repeated in complete duplicate but only one is shown here.
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Figure S3. Cu concentrations (a) and isotope compositions (b) for each of the three method validation steps.
Error bars indicate the long-term external reproducibility (20).



Table S2. Results of test on two-step digestion methodology

Duplicate 1 Duplicate 2 Average
Sample Cu Elem! 0%Cu 20 Cu Elem! 0%°Cu 20 Cu Elem' 06%Cu 202
(Ppm) (%e0) (ppm) (%0) (ppm) (%0)

BC81A OPF P4 0.39 0.03 51 0.25 0.05 51 0.29 0.07
BC81A HFD1 [14 0.98 0.05 14 0.86 0.04 14 0.92 0.07
BC81B OPF 4 0.30 0.04 53 0.25 0.15 54 0.28 0.09
BC81B HFD1 (17 0.73 0.04 17 0.76 0.03 17 0.75 0.07
BC81B HFD2 j.5 0.52 0.04 2.0 0.54 0.03 2.8 0.53 0.07
BC81C OPF [73 0.34 0.04 49 0.31 0.03 61 0.33 0.07
BC81C HFD1 [.8 0.67 0.04 13 0.88 0.03 13 0.82 0.07
BC81C HFD2 B.1 0.73 0.03 3.0 0.59 0.04 3.1 0.66 0.07
BC81C HFD3 [1.9 0.47 0.06 2.0 0.25 0.04 1.9 0.36 0.07

1Concentrations obtained via ElementXR analyses
2All duplicate analyses agree to a level that is consistent with the long-term reproducibility and this is used as

the uncertainty here and in Fig. 53
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