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A B S T R A C T

Banded iron formations (BIF) represent one of the few chemical sedimentary archives available for exploring the
redox state of the Precambrian atmosphere-ocean system and the marine availability of biologically critical trace
nutrients through time. Temporal records compiled for a number of trace elements show a relatively wide spread
in concentrations spanning several orders of magnitude within a single deposit. It has been suggested that this
spread is present in both bulk rock digestion and laser ablation data, however, the comparability of data from the
two methods has not been thoroughly evaluated. Here, we provide a statistical assessment of how comparable
laser ablation data of individual BIF hematite and magnetite grains are to one another, as well as how closely
averages of laser ablation data approximate bulk rock values. To do so, we use (laser ablation)-high resolution
inductively coupled plasma mass spectrometry ((LA)-HR-ICP-MS) data from 14 BIF slabs and corresponding
powders that span four different formations. We focus in particular on BIF from the ≥3.75 Ga Nuvvuagittuq
Supracrustal Belt (Québec, Canada) and multiple BIF deposits of the 2.6–2.45 Ga Hamersley Group (North
Western Australia), representing deposits separated by over a billion years and of differing metamorphic grade.
The scaling between selected transition metals is also evaluated in light of expectations for possible delivery
mechanisms of trace elements from seawater to BIF precursor sediments – the adsorption to hydrous ferric
oxides, biological vectors, and detrital influence. Our findings show that average trace element concentrations
between bulk versus laser ablation data typically vary within an order of magnitude. Furthermore, reproduci-
bility between the two methods appears to be independent of formation age, metamorphic grade, or depositional
setting. These findings underscore the overall fidelity of the BIF record at capturing seawater compositional
signatures at various scales. We demonstrate that evaluations of ancient seawater chemistry using the BIF record
are best served by a combined approach utilizing both bulk rock and laser ablation data, as bulk methods offer
the most conservative proxy data for ancient seawater composition but may mask significant enrichments or
depletions that are detectable at the grain-scale by laser ablation.

1. Introduction

Banded iron formations (BIF) are iron- and silica-rich chemical se-
diments that precipitated from Archean and Paleoproterozoic seawater.
Their mineralogy, comprised of hematite, magnetite, chert, siderite,
and a variety of accessory Fe(II/III)-silicates, reflects both the primary
precursor phases, such as ferrihydrite and amorphous silica, and the
cumulative effects of diagenesis to metamorphism (Bekker et al., 2010,

2014; Konhauser et al., 2017). Although their origins are enigmatic, as
BIF deposition lack a true modern analogue in today's oxygenated
oceans, these deposits have been demonstrated to be critical archives
for early atmosphere and ocean chemistry. Based on the preservation of
rare earth element and yttrium (REE+Y) patterns characteristic of
seawater, it has been suggested that BIF record trace element enrich-
ments reflective of marine conditions contemporaneous to their de-
position (e.g., Bau and Dulski, 1996; Pecoits et al., 2009; Konhauser
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et al., 2009; Mloszewska et al., 2012; Robbins et al., 2013, 2016;
Haugaard et al., 2016). BIF have thus been used to track temporal
trends in the abundance of biologically critical trace nutrients, in-
cluding phosphorus (P; Bjerrum and Canfield, 2002; Konhauser et al.,
2007; Planavsky et al., 2010a), nickel (Ni; Konhauser et al., 2009,
2015), zinc (Zn; Robbins et al., 2013), cobalt (Co; Swanner et al., 2014),
and copper (Cu; Chi Fru et al., 2016). Similarly, redox sensitive trace
element abundances in BIF, including chromium (Cr; Konhauser et al.,
2011) and uranium (U; Partin et al., 2013a), have provided critical
insights on the timing, structure, and tempo of the Great Oxidation
Event (GOE), the period in Earth's history 2.45–2.32 Ga when oxygen
began to accumulate in the atmosphere (Lyons et al., 2014).

Despite decades of studies on BIF, several aspects regarding their
deposition and trace metal enrichment remain cryptic. Foremost
amongst these is the variability in trace element concentrations ob-
served within a given deposit or time period, that in some cases spans
several orders of magnitude. For instance, in compilations of Ni/Fe
ratios (Konhauser et al., 2009, 2015) the spread in BIF values can

exceed two orders of magnitude, especially in samples from before the
collapse of the marine Ni reservoir. Similar variability is observed in
temporal compilations of Cr, Zn, and Co (Konhauser et al., 2011;
Robbins et al., 2013; Swanner et al., 2014, respectively). In the com-
pilation of Zn in BIF through time (Robbins et al., 2013), samples for a
given time period can have Zn/Fe ratios that span almost four orders of
magnitude in the Paleoproterozoic. This variability is primarily ob-
served in data generated in-situ by laser ablation methods, but it can
also be observed in bulk digestions analyzed by solution mode mass
spectrometry (e.g., Konhauser et al., 2009, 2015; Robbins et al., 2013).
While long-term trends in trace metal abundances are likely a reflection
of first-order changes in bulk seawater chemistry, the observed spread
in trace element values in BIF has been variously, and informally,
proposed to reflect one of several possible explanations that may ac-
count for the observed variance in a given BIF deposit or at a certain
point in time. These may include: (i) inter- or intra-basinal differences
in the availability of transition metals, (ii) the periodic upwelling and
subsequent drawdown of transition metals during BIF deposition, (iii)

Fig. 1. Schematic diagram showing the locations of (A) the Nuvvuagittuq Supracrustal Belt in northwestern Québec, Canada, and (B) the Hamersley Basin in North
Western Australia. (C) The composite stratigraphic column of the Hamersley Group, highlighting the stratigraphic relationship between several of the banded iron
formations analyzed here (adapted from Pecoits et al., 2009).
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the biological drawdown of a transition metal reservoir, (iv) the post-
depositional mobilization of trace metals on localized scales, and (v)
analytical artifacts resulting from differences in in-situ laser ablation
versus bulk analyses. The contribution that different analytical methods
have on the observed range in trace element abundances within a given
formations has yet to be evaluated in depth. This evaluation is of par-
ticular interest as many temporal compilations rely on a combination of
bulk digestion analyses and laser ablation generated data from both
hematite and magnetite grains. However, the significance of the
variability within a given formation, and the statistical compatibility of
data generated by laser ablation versus bulk rock digestion, remains a
highly under constrained aspect of BIF geochemistry.

Indeed, there have been few studies that have examined the com-
patibility of laser ablation and solution data with regards to BIF.
Previously, Konhauser et al. (2009) have suggested that BIF samples
analyzed by laser and bulk methods showed a strong correspondence
during the reconstruction of Ni/Fe ratios in BIF through time. Baldwin
et al. (2011) used laser ablation analyses to pre-screen chert micro-
bands in order to identify areas to subsample for subsequent digestion

and solution mode analysis, with the aim of identifying chert samples
that could be used to reconstruct paleomarine seawater conditions.
Those authors demonstrated that in several instances the laser and so-
lution generated analyses of cherts showed a clear correspondence and
as such, laser ablation could provide an effective method for pre-
screening samples for subsequent micro-sampling and analysis by total
digestion. To this point, however, there has not been a systematic
comparison of the comparability of laser ablation data generated by
examining the iron oxide mineral phases in BIF, namely hematite and/
or magnetite, and bulk values generated through whole sample diges-
tion.

In this study we compare BIF trace element concentration data
obtained by bulk digestion and solution-mode analysis versus in-situ
laser ablation analysis using HR-ICP-MS data from corresponding pairs
of BIF slabs and powders spanning six different formations as well as
previously analyzed bulk rock analyses from the same formations. We
focus on elemental concentrations and rare earth element ratios, rather
than normalized values, as it may be expected that differences in nor-
malizing elemental concentrations (e.g., Fe) should be minor relative
(an order of magnitude), suggesting that the trace element concentra-
tions may be the primary source of spread in the BIF record. Samples
analyzed include BIF from key examples of Algoma-type and Superior-
Type BIF units that vary in depositional setting, age and metamorphic
grade. These analyses shed light on the use of bulk versus in-situ
methods for investigating paleomarine signals recorded in BIF and in-
form our framework for interpreting the range in trace element con-
centrations observed in large temporal records.

2. Banded iron formation samples and localities

Samples examined here were previously collected from two distinct
BIF-bearing Precambrian sedimentary sequences: the Eoarchean
Nuvvuagittuq Supracrustal Belt in Québec (Mloszewska et al., 2012),
and the Paleoproterozoic Hamersley Basin in Western Australia
(Trendall and Blockley, 1970; Haugaard et al., 2016; Konhauser et al.,
2018). The localities and a generalized stratigraphy for the Hamersley
Basin are presented in Fig. 1. Also included in the dataset is a single
sample from the Eoarchean Isua Formation in Greenland that provides
another Eoarchean BIF point for comparison.

2.1. Nuvvuagittuq Supracrustal Belt

The Nuvvuagittuq Supracrustal Belt (NSB) is located in north-
western Québec, Canada (Fig. 1A) on the northern shore of Hudson's
Bay, and is amongst the oldest crustal rocks preserved. The geological
context and composition of the NSB has been reviewed in detail else-
where (e.g., O'Neil et al., 2007, 2008, 2011; Mloszewska et al., 2013).
Briefly, the belt can be broadly subdivided into three main units: the
Ujaraaluk Unit, a cummingtonite-rich amphibolite (O'Neil et al., 2011),
gabbroic and ultramafic conformable bodies (O'Neil et al., 2007, 2008;
Cates and Mojzsis, 2007), and chemical metasedimentary rocks in-
cluding a 5–30m thick banded iron formation unit (Mloszewska et al.,
2012, 2013). The NSB underwent extensive retrograde metamorphism
from upper amphibolite/lower granulite facies (possibly reaching
temperatures up to ~640 °C) to greenschist facies, and at least three
major metamorphic events (Cates and Mojzsis, 2009; David et al.,
2009). Age estimates for the NSB range from 3751 ± 10Ma (Cates and
Mojzsis, 2007) to 4280± 53

81 based on a 142Nd/144Nd vs. 147Sm/144Nd
isochron age (O'Neil et al., 2008; O'Neil and Carlson, 2017), placing

Fig. 2. Example of a BIF slab sampled for bulk digestion HR-ICP-MS and LA-HR-
ICP-MS, in this case sample DD98-7 (Joffre Member, Brockman Iron
Formation). After polishing, the portion of the sample to the left of the red line
was removed, crushed, and powdered for bulk digestion analysis as described in
the Methods section. The sample to the right of the red line was analyzed by LA-
HR-ICP-MS. Each spot (1–7) corresponds to three separate laser ablation shots,
44 μm in diameter, into either hematite or magnetite grains. The averaged laser
data is then compared to bulk digestion values to determine if a statistical
correspondence exists. In some samples, individual laser shots were more
widely distributed, but an effort was made to ensure laser shots were dis-
tributed throughout the sample. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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them as some of the oldest crustal rocks preserved, while trace element
geochemistry reveals that the chemical sedimentary components likely
formed in a marine setting (Mloszewska et al., 2012, 2013). Due to the
close association with volcanic units, the BIF of the NSB can be con-
sidered Algoma-type. Our interest here lies specifically in the BIF se-
diments preserved within this Archean terrane. Samples analyzed in
this study are the same as previously collected and analyzed by
Mloszewska et al. (2012) and are pure chemical sediments, with low
detrital input (typically< 1% Al2O3,< 0.1% TiO2, and<20 ppm high
field strength elements).

The BIF samples were taken from an exposed outcrop some 30m
thick, composed of alternating, well-preserved, micro-bands of mag-
netite, grunerite and locally rich in quartz (for detailed petrography see
Mloszewska et al., 2012). The NSB BIF offers a rare glimpse into
Eoarchean seawater composition (Mloszewska et al., 2012, 2013), as it
is the oldest known BIF that records seawater like signatures. Dodd
et al. (2017) reported putative microfossils from the NSB and described
them as morphologically similar to iron-oxidizing bacteria. If the bio-
genicity of these putative fossils can be confirmed, this would make the
microfossils of the NSB some of the oldest evidence for life on Earth and
underscores the importance of examining the contemporaneous che-
mical sediments for insights into the depositional paleoenvironment.

2.2. Hamersley Group

The Hamersley Basin is located within the Pilbara Craton of Western
Australia (Fig. 1B) and hosts the archetype BIF succession. The Ha-
mersley Basin is stratigraphically defined as the Mt. Bruce Supergroup
which is comprised of three groups; the Hamersley Group is situated
between the underlying Fortescue Group and the overlying Turee Creek
Group (Fig. 1C). There are several banded iron formations within the
2.63–2.54 Ga Hamersley Group including the Marra Mamba, Brockman,
Weeli Wolli, and Boolgeeda iron formations (Trendall et al., 2004;
Fig. 1C). Spatially, the Hamersley Group extends for over 100,000 km2

and reaches a maximum thickness of up to ~2.5 km with BIF units
reaching thicknesses of up to 360m (Morris, 1993). The Brockman Iron
Formation can be further subdivided into the Dales Gorge (2.5–2.45 Ga;
Trendall et al., 2004) and Joffre (2.45 Ga; Pickard, 2002) Members, and
their deposition corresponds to periods of peak iron precipitation
within the Hamersley Basin (Isley, 1995). These BIF were deposited on
a large continental platform with minimal detrital input; they are well-
banded and are composed almost entirely of chert and iron oxides
(Trendall et al., 2004). Banding occurs on a range of scales from mil-
limeter scale microbands to meter scale macrobands (e.g., Trendall and
Blockley, 1970). Oxide facies BIF in the Hamersley Basin, including
those analyzed here, are typically characterized by magnetite, hematite,
chert, as well as accessory phases that include ankerite and iron silicates
like riebeckite and stilpnomelane, amongst others (e.g., Pecoits et al.,
2009; Haugaard et al., 2016; Warchola et al., 2018). In terms of me-
tamorphic grade, the Hamersley Basin underwent burial metamorphism
to prehnite-pumpellyite/lower greenschist facies (Smith et al., 1982).
The tectonic setting, stratigraphy, and geochemistry of the Hamersley
Group BIF have been previously described in detail (e.g., Trendall and
Blockley, 1970; Pecoits et al., 2009; Haugaard et al., 2016).

Samples examined here were collected from cores DD98SPG001
(Krapež et al., 2003) and WW1 (Davy, 1983, 1992), sampling the Joffre
and Dales Gorge Members of the Brockman Iron Formation and the
Weeli Wolli Iron Formation, respectively. This sample set offers the
unique opportunity to examine inter- and intra-formation variability in
the trace element composition at the bulk and mineral scales of BIF
samples from a single basin.

3. Methods

While many of the samples analyzed here have been previously
shown to be low in detrital elements and appropriate for paleomarineTa
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reconstructions (e.g., Mloszewska et al., 2012; Konhauser et al., 2018),
we do not apply any detrital filters here, as the primary purpose is to
assess the similarity of laser ablation and bulk digest generated data.

3.1. Sample preparation

BIF slabs selected for laser ablation high resolution inductively
coupled plasma mass spectrometry (LA-HR-ICP-MS) were cut and po-
lished at the European Institute of Marine Studies (IUEM), Université
Bretange Occidentale, in Brest, France (Fig. S1). Individual slabs were
cut to a size of< 5 cm in length and ~2–4 cm in width to ensure an
acceptable fit in the laser ablation cell. Samples for bulk rock analyses
were cut from the same BIF slabs, then crushed and powdered (Fig. 2).
Bulk digestion samples represent the homogenized mixture of the entire
slab. All samples were reduced to<0.5 cm3 chips in a tungsten-carbide
piston and cylinder using hammer blows. The piston and cylinder were
rinsed with water, cleaned with ethanol, and then dried with com-
pressed air between each sample, to ensure no cross-contamination
between samples. Afterwards, samples were powdered in a Retsch
RS100 vibratory disc mill using an agate grinding set for ~ 7min. Be-
tween BIF samples the entire agate grinding set was cleaned with pure
quartz sand for 10min, then rinsed with water, and cleaned with
ethanol.

3.2. LA-HR-ICP-MS operating conditions and data treatment

Analyses of BIF samples by LA-HR-ICP-MS analysis at IUEM was

completed in October and November 2016 using a CopexPro 102
Coherent laser attached in-line to a high-resolution Thermo Element2
sector field mass spectrometer, with an additional session in May 2017.
The laser was filled with N2 gas and operated at a wavelength of
193 nm. The laser ablation cell was flushed with helium gas at 200mL/
min. Tuning of the Element2 was optimized based on observed counts
for 43Ca, 138La, and the Th to U ratio for multiple ablations of the in-
ternational glass standard NIST612.

Operating conditions included a 44 μm spot size, 10 J, 10 Hz, and an
analysis time of approximately 3min. Each laser ablation data point
represents a value obtained by the combined treatment of approxi-
mately 50 shots on a single spot in rapid succession at 10 Hz, with the
first 10 shots discarded as burn in. Prior to the burn in, the targets were
initially ablated with about five shots to clean the surface, and then 30 s
was allowed for background levels to fall before initiating the burn in
and commencing data acquisition.

During analytical sessions, multiple analyses of international stan-
dards were used as calibration points and to constrain methodological
error. Measurements of the basaltic glasses BCR-2G and BIR-1G (Table
S1), were taken at the start and end of each laser session, where each
analytical session lasted approximately 45min. During longer sampling
sessions, additional BCR and BIR spots were analyzed after every ~15
targets. Analyses of BCR-2G were used as calibration points for data
treatment while BIR-1G was treated as an unknown to estimate preci-
sion (Table S2). All trace element data used for standardization were
obtained from GEOREM (http://georem.mpch-mainz.gwdg.de) (see
Jochum et al., 2005). Laser ablation data were processed using the

Fig. 3. A comparison between REE patterns determined by laser ablation of hematite and magnetite (black symbols and lines) with those determined by bulk
digestion (red symbols and lines). Two samples analyzed from the Nuvvuagittuq Supracrustal Belt are shown in A and B (samples 070909-5 and 070910-2, re-
spectively), and the two samples analyzed from the Dales Gorge member of the Brockman iron formation are shown in C and D (samples DD98-26 and DD98-27,
respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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SILLS program (Guillong et al., 2008), a free add-in tool operated in
MATLAB 2015a. SILLS permits the visualization of each shot, selection
of a signal window for a measurement blank (laser not firing) for each
shot, selection of multiple signal windows within each shot, subtraction
of the blank for each shot, internal standard correction for downhole
effects on a shot-by-shot basis, analyses of multiple certified reference
materials at various times during the session and correction of drift in
time between those calibrations, and finally, and estimates of con-
centration, precision, and limit of detection for each shot. Data treat-
ment proceeded in exactly those steps. Raw LA-HR-ICP-MS data in
counts per second (CPS) was converted into concentrations (ppm) in
SILLS based on a calibration from the measurement of BCR-2G from
that corresponding session, while repeated shots of BIR-1G (Fig. S2)
across sessions provided estimates of external reproducibility (Table
S2). Iron was used as an internal standard assuming stochiometric va-
lues for hematite and magnetite (see Fig. S3). When present, noisy re-
gions of the time trace of each laser shot were excluded using the
window function of SILLS. Occasionally, mineral phases other than Fe
oxides that were present as small inclusions (e.g., apatite) were tra-
versed during the laser shots. In these cases, this data was excluded
using the multiple window function of SILLS, unless the declining trend
in Fe continued to proceed as immediately before (see Fig. S3). Con-
centration data were imported into MATLAB 2017b for further data

treatment. Rare earth elements ratios were calculated following the
methods of Bau and Dulski (1996) and normalized to the Post Archean
Australian Shale (PAAS) shale composite after Taylor and McLennan
(1985) and McLennan (1989), using the values tabulated by the latter.

3.3. Bulk rock sample digestions and solution mode HR-ICP-MS

After crushing, all weighing and preparation of powdered samples
for solution mode ICP-MS was carried out in a class 1000 clean lab at
IUEM. All acids were distilled in the clean lab from reagent grade in
sub-boiling PFA stills. Teflon vials were acid washed internally and
externally overnight in near-boiling, concentrated nitric acid (HNO3),
rinsed three times with 18.2MΩ-cm ultrapure water, then dried in a
40 °C oven and stored under clean conditions. Crushed and powdered
samples were completely digested with a three-step, heated HF-HNO3-
HCl attack. Approximately 50–90mg of powder was added to an acid
cleaned Teflon vial, after which 1.5 mL of 16M HNO3 and 1.5mL of
27M hydrofluoric acid (HF) were added to the sample. Samples were
then capped and left to react overnight at 80 °C. Samples were then
uncapped and left to evaporate to dryness. In the second step, 3mL of
freshly mixed aqua regia was added to each residue, samples were
capped and allowed to react for 6 h at room temperature to avoid ex-
cessive gas buildup. After 6 h, caps were removed, and the sample was

Fig. 4. Tukey-Kramer results indicating comparability between bulk digestion generated data and hematite LA-HR-ICP-MS for samples (A) DD98-7, (B) DD98-12, and
(C) DD98-21a from the Joffre Member of the Brockman Iron Formation (orange), (D) DD98-26 and (E) DD98-27 from the Dales Gorge Member of the Brockman Iron
Formation (red), (F) 090709-4b2, (G) 090709-5, (H) 090710-2, (I) 090710-4, and (J) 090710-12 from the Nuvvuagittuq Supracrustal Belt (green). A p-value>0.05,
above the red dashed threshold line, indicates that the average values produced by the compared methodologies are not significantly different. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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evaporated overnight at 80 °C to dryness. In the final step, 3mL of 6M
HCl was added to each residue and samples were heated overnight at
80 °C. Prior to analysis, 100 μL of each sample was evaporated to dry-
ness, re-dissolved in 100 μL concentrated HNO3 and diluted to 5mL for
a final concentration of 2% HNO3 for a dilution factor of 1500.

Diluted samples were measured in solution mode on a Thermo

Element2 HR-ICP-MS at IUEM in Brest, France (Table 1). Samples were
calibrated by multi-element standards at concentrations of 0.5, 5, and
50 ppb that were measured repeatedly throughout the session. The
background concentration of elements in the rinse acids are provided in
Table S3. A 5 ppb In (indium) standard was added to each sample,
standard, and rinse, and was used to monitor signal stability and correct

Fig. 5. Tukey-Kramer results indicating significant differences between bulk digestion data and magnetite LA-HR-ICP-MS analyses for samples (A) DD98-12 and (B)
DD98-21a from the Joffre Member of the Brockman Iron Formation (orange), (C) DD98-27 from the Dales Gorge Member of the Brockman Iron Formation (red), and
(D) 090709-5 and (E) 090710-2 from the Nuvvuagittuq Supracrustal Belt (green). A p-value> 0.05, above the red dashed threshold line, indicates that the average
values produced by the compared methodologies are not significantly different. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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for instrumental drift across the session. Each sample and standard were
bracketed by a rinse for which data was also acquired to determine the
method detection limit. Final concentration data were exported and
treated in Matlab 2017b to calculate trace element and REE patterns
and ratios, using the methods described above.

3.4. Calculation of rare earth element anomalies

Rare earth element anomalies were primarily calculated after Bau
and Dulski (1996), where Ce/Ce*PAAS=CePAAS / (0.5La+ 0.5Nd)PASS
and Eu/Eu*PAAS=EuPASS / (0.67Sm+0.33Tb)PAAS. The Y/Ho ratio
was calculated as a simple mass to mass ratio. Due to the influence of La
anomalies on Ce/Ce*, we evaluated the presence of true Ce anomalies
using Pr/Pr*, where positive Pr/Pr* reveals true negative Ce anomalies,

and negative Pr/Pr*, true positive Ce anomalies. Pr/Pr* anomalies were
calculated as Pr/Pr*PAAS=PrPAAS / (0.5Ce+ 0.5Nd)PASS after Bau and
Dulski (1996) and La/La* anomalies calculated as La/La*PAAS
= LaPAAS / (3Pr− 2Nd)PAAS after Bolhar et al. (2004).

3.5. Statistical analysis

To determine whether statistical differences exist between bulk rock
solution digests and the laser ablation of hematite and magnetite grains
(Fig. 2), a one-way ANOVA test was performed across a matrix of 20
elements and 7 common ratios or REY indices for each formation. The
results of the one-way ANOVA test were then examined by multiple
pair-wise comparison of mean values using the Tukey-Kramer method
to control for the increasing false positive error rate that accompanies
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value> 0.05, above the red dashed threshold line, indicates that the average values produced by the compared methodologies are not significantly different. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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an increasing number of pair-wise comparisons (Hsu, 1996; Lalonde
et al., 2008). This was performed three times, once for i) bulk rock
digests and hematite LA-HR-ICP-MS data, for ii) bulk rock digests and
magnetite LA-HR-ICP-MS data, and for iii) hematite and magnetite LA-
HR-ICP-MS analyses. In all cases a threshold p-value of< 0.05 indicates
that the means of the compared analytical techniques are statistically
different. Due to some unavailability of data for the Weeli Wolli For-
mation samples, the comparison was solely between hematite and
magnetite LA-HR-ICP-MS analyses. For samples from the Dales Gorge
and Joffre members, as well as the NSB, all three pairwise comparisons
were completed whenever hematite, magnetite and bulk data existed
for a given sample. If no magnetite data were present for the considered
sample, the Tukey-Kramer test considered only differences in bulk
versus hematite LA-HR-ICP-MS analysis. For all analyses that returned
abundances less than the detection level, for the purpose of statistical
tests, these were treated as “NaN” data within Matlab 2017a, or “not a
number” whereby samples are indicated to have no valid concentration
data for those points. The only sample not subjected to a pairwise
comparison was WW1-9, as only magnetite grains were analyzed.

4. Results

4.1. Limits of detection and precision of analytical methods

The limits of detection for solution analysis and laser ablation are
presented in Tables S3 and S4, respectively. The limits of detection are
calculated in parts per million for a digestion of 30mg of powdered BIF.
For most elements, detection limits approach the parts per billion
range, with the notable exception of some major elements (e.g., Ca, Fe).
The treatment of laser data in SILLS returns a detection limit for each
element, for each individual shot. As such the maximum, minimum, and
average detection limit for each session are summarized in Table S4.
Typically, detection limits for transition metals are in the range of 10's
of ppm, while for REE+Y detection limits are sub-ppm. As with so-
lution analyses, detection limits for major elements (Mg, Ca, Fe) tend to
be higher and are typically in the range of 100–1000 ppm (Table S4).

The duplicate analysis of four samples (DD98-27, 090709-5,
090710-2, and, 090710-4) by bulk digestion and HR-ICP-MS returned
average percent relative standard deviations (%RSD) of< 30% except
for Ti (37.18%), Cu (47.32%), La (30.17%), Ce (31.60%), Pr (31.15%),
Pb (34.30%), Th (42.25%), and U (48.30%). However, when the %RSD
for sample 090710-2 is excluded the average %RSD for solution ana-
lyses improves to< 10% for all elements except Ti (21.83%), Cr
(10.80%), Cu (17.29%), Th (13.78%), and U (20.76%). Repeated ana-
lysis of BIR-1G during laser ablation session returned %RSD of< 10%
for all elements analyzed here except for Ni (16.32%), Th (14.46%) and
U (19.01%) based on the individual repeats across all sessions (Table
S2). The %RSD based on session averages returns similar but slightly
lower relative standard deviations, however, the more conservative %
RSD based off individual analyses are presented here. The accuracy for
solution mode analyses is better than 20% for all elements except Mg,
Mn, Cu, Zn, and Pb which are< 25% and Ca and Fe < 36% based on a
single analysis of the international standard BHVO-2 (Table S1). The
estimated accuracy for laser ablation analyses is better than 30% for all

elements except Zn which was closer to 40% based on the repeated
analysis of BIR-1G (Tables S1 & S2), although the patterns show a high
correspondence with the accepted values (Fig. S2). An assessment of the
REE+Y anomalies Ce/Ce*PAAS and Pr/Pr*PAAS as a function of the
counts per second of their constituent elements is provided in Fig. S4;
there does not appear to be a systematic control for these anomalies as a
function of counts per second of the REE.

4.2. Rare earth element patterns

Rare Earth element patterns may host multiple seawater signals,
with specific anomalies that may be related to the mixing of water
masses, hydrothermalism, and paleoredox. They also permit a rapid
visual comparison of results obtained by laser ablation and by bulk
digestion. For many shots, full spectra are not available due to some
subset of REE being present below the apparent detection limit of that
particular shot. This was often the case for samples from the Joffre
member of the Brockman iron formation (DD98-7, DD98-12, DD98-
21a) and from Isua (the single sample analyzed), while samples from
the Dales Gorge member of the Brockman iron formation, from the
Weeli Wolli iron formation, and from iron formations in the NSB tended
to yield a greater number of full spectra. REE patterns from two samples
from the NSB as well as two samples from the Dales Gorge member of
the Brockman iron formation are plotted for both laser ablation ana-
lyses (black) and analyses after bulk digestion (red) in Fig. 3. In this
figure, only laser ablation shots that resolved a complete REE spectrum
are presented, however it's important to note that for many shots, some
REE are below detection and a complete spectrum is not resolved (see
Tables S4–S16), although a sufficient number of REE is often detected
to permit the determination of one or more REE anomaly (see Section
3.4 for their description and calculation). The laser spectra represented
in Fig. 3 thus represent a selection of shots where the most information
was resolved. For these shots, REE concentrations determined by both
methods across these samples are remarkably consistent in the
100–10−2 range (enrichment factor relative to PAAS), with bulk and
laser ablation concentration data generally plotting within the same
order of magnitude for any given sample and with no systematic offset
in concentration evident between the two methods (Fig. 3). Both ana-
lytical methods show REE features that are remarkably similar between
all samples plotted here, including an enrichment of HREE relative to
LREE and the presence of positive La anomalies, positive Eu anomalies,
and positive Y/Ho ratios. For all samples analyzed (including samples
with incompletely resolved REE spectra), anomalies that were resolved
are explored further below as part of the same statistical treatment as
other trace element concentrations analyzed in this study.

4.3. Bulk solution versus laser generated averages

The LA-HR-ICP-MS results for fifteen BIF slabs from the NSB and
Hamersley Group, with paired bulk rock data when available, are
summarized in Tables S5–17. Tukey-Kramer tests were performed to
examine whether statistical differences exist for three independent sets
of pairwise comparisons: (i) bulk digestion versus hematite LA-HR-ICP-
MS (Fig. 4), (ii) bulk digestion versus magnetite LA-HR-ICP-MS (Fig. 5),

Fig. 7. Inter-deposit comparison for chromium (A), and intra-deposit comparisons showing the formation cumulative formation data and that of constituent samples
for the Weeli Wolli Iron Formation (B), Joffre Member (C) and Dales Gorge Member (D) of the Brockman Iron Formation, and the BIF of the Nuvvuagittuq
Supracrustal Belt (E). Open circles represent hematite LA-HR-ICP-MS data, open diamonds represent magnetite LA-HR-ICP-MS data, and open squares represent bulk
digestion data. Filled symbols represent the mean values of the respective methodologies.
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and (iii) hematite versus magnetite LA-HR-ICP-MS generated data
(Fig. 6). In all cases a p-value< 0.05 indicates that there are significant
differences in the mean values generated by the compared methodol-
ogies. When data were generated by one method but below detection
limits by another (i.e., bulk digestion, but below detection limits for
hematite analyzed by LA-HR-ICP-MS), the p-value was set to 0, in-
dicating a significant difference, as one method generated reliable data
but the other failed to do so.

Significant differences between mean values generated by hematite
LA-HR-ICP-MS and bulk digestion of BIF samples exist for at least one
element in 9 out of 10 samples analyzed here, the lone exception being
sample 090710-2 from the NSB (Fig. 3H). When significant differences
exist, they tend to be more frequent in the transition metals (e.g., Cr,
Cu, Ni, Zn). For several samples (DD98-26, DD9-27), this is the result of
several transition metals being below detection limits during LA-HR-
ICP-MS (e.g., Co, Ni; Tables S11 & S12). Interestingly, despite many
individual REE+Y having p > 0.05, several of the REE+Y based
indices (e.g., Ce/Ce*PAAS, Eu/Eu*PAAS, Pr/Yb) exhibit significant dif-
ferences when calculated for laser ablation or bulk data, for example in
DD98-7 from the Joffre member (Fig. 4A; Table S11).

Similar to the comparison of hematite LA-HR-ICP-MS versus bulk
digestion data, magnetite LA-HR-ICP-MS analysis compared to bulk
digestion data also has variable instances where significant differences
exist between mean values (Fig. 5). While samples from the Joffre
Member (Fig. 5A&B) and NSB (Fig. 5E, Table S15) seem to show a
strong correspondence overall between mean magnetite and bulk rock
data, mean values of samples from the Dales Gorge Member (Fig. 5C;
Table S12) and the NSB (Fig. 5D; Table S14) have a higher frequency of
elements with significantly different mean values between bulk diges-
tion and magnetite LA-HR-ICP-MS analyses. Part of this may be at-
tributed to low trace element abundances in the magnetite in several of
the samples analyzed here (e.g., Co and Ni; Table S12).

The final pairwise comparison considered here, hematite versus
magnetite LA-HR-ICP-MS data, also highlights a number of samples
where mean concentration values differ significantly (Fig. 6). These
differences are especially pronounced in samples from the Weeli Wolli
Iron Formation (Fig. 6A, Table S6) and NSB (Fig. 6F; Table S14), while
are less significant for other samples from the Weeli Wolli Iron For-
mation (Fig. 6B; Table S7), and the Joffre Member (Fig. 6C&D; Tables
S9 & S10). Some of the significant differences, however, can again be
attributed to values in the magnetite or hematite being below detection
limits (e.g., Fig. 6E; Table S12).

Overall, it appears that variability in the correspondence of values
between compared methodologies is largely dependent on the fre-
quency in which LA-HR-ICP-MS analyses fall below detection limits
(e.g., Figs. 4D–E, 5C, & 6E; Tables S11 & S12). Significant differences,
however, vary across the samples and within adjacent samples within a
given formation (i.e., WW1-9b versus WW1-10, Fig. 6A&B; Tables S6 &
S7).

4.4. Inter-deposit variability

Temporal trends in transition metals, including Cr, Co, Ni, Cu, Zn
and the redox sensitive element U, are presented in Figs. 7–12, re-
spectively. For Cr (Fig. 7A), mean solution values are relatively

consistent with the baseline provided by the lone sample from the Isua
Formation through the NSB, Dales Gorge and Joffre samples. However,
the NSB show elevated Cr values based on hematite analyses. The lar-
gest spread, spanning almost three orders of magnitude, is present in
the Weeli Wolli LA-HR-ICP-MS data, which also has the highest mean
Cr concentrations in hematite and magnetite. The Joffre Member and
NSB samples show similar mean Cr values in terms of laser and bulk
digestion data, and span approximately two orders of magnitude.

Cobalt (Fig. 8A) shows a wide range in values in the NSB, Joffre
Member and Weeli Wolli Iron Formation samples. While the greatest
spread is observed in samples from the Weeli Wolli Iron Formation,
mean solution values decrease from the NSB to the Dales Gorge
Member, before steadily increasing through the Joffre Member, to the
mean laser values in the Weeli Wolli Iron Formation. For the Joffre
Member samples, mean Co values for hematite and magnetite fall below
that of bulk digestion, while for the NSB samples, the opposite trend is
observed (Fig. 8A).

Mean nickel concentrations vary systematically between deposits
(Fig. 9A) with the greatest bulk digestion mean value observed in the
NSB samples. Concentrations then decline in the Dales Gorge Member
samples. An uptick in mean bulk values is observed in the Joffre
Member (Fig. 9A) but remains about an order of magnitude less than
observed in the NSB samples. The greatest spread in values is observed
in the laser data from the Weeli Wolli Iron Formation samples, and
mean values fall below those for hematite and magnetite in the NSB. In
the BIF with the greatest spread in Ni between, namely the Weeli Wolli
Iron Formation and the NSB, the majority of magnetite analyses fall
below hematite, despite similar mean Ni concentrations (Fig. 9A).

Fig. 10A highlights the temporal pattern in Cu between the forma-
tions considered here. Mean values for bulk digestion samples are
within an order of magnitude of 10 ppm. Samples from the NSB show a
significant spread in values, approaching five orders of magnitude, and
in almost all formations, mean Cu values from laser ablation are greater
than mean Cu values from bulk digestions. Although mean Cu bulk
values remain relatively static (Fig. 10A) through time, there seems to
be an increase in the mean Cu laser ablation values up-sequence in the
Hamersley Group from the Dales Gorge Member to the Joffre Member
and Weeli Wolli Iron Formation.

Similar to Cu, the mean bulk digestion values for Zn (Fig. 11A) show
approximately an order of magnitude of variance centered around
10 ppm, with samples from the NSB showing the highest mean Zn bulk
values. The greatest spreads are once again observed in samples from
the NSB and Weeli Wolli iron formations (Fig. 11A). Interestingly, for
formations with data for both hematite and magnetite, magnetite grains
appear to record a higher mean Zn value over hematite within each
formation, although for the Joffre Member and Weeli Wolli Iron For-
mation, they mean averages for laser are quite close. In the Joffre
Member, (Fig. 11A,C) there is strong convergence between mean Zn
values for bulk, hematite, and magnetite measurements.

As with both Cu and Zn, U (Fig. 12A) demonstrates bulk digestion
mean values for the NSB, Dales Gorge Member, and Joffre Member
samples that cluster within an order of magnitude around 0.1 ppm. For
the Dales Gorge and Joffre samples, laser ablation U data corresponds
well with the bulk digestion data, especially for hematite. The greatest
spread, spanning nearly four orders of magnitude, is observed in the

Fig. 8. Inter-deposit comparison for cobalt (A), and intra-deposit comparisons showing the formation cumulative formation data and that of constituent samples for
the Weeli Wolli Iron Formation (B), Joffre Member (C) and Dales Gorge Member (D) of the Brockman Iron Formation, and the BIF of the Nuvvuagittuq Supracrustal
Belt (E).

L.J. Robbins et al. Chemical Geology 506 (2019) 197–224

208



(caption on next page)

L.J. Robbins et al. Chemical Geology 506 (2019) 197–224

209



Weeli Wolli Iron Formation. In almost every formation, laser ablation U
concentrations are either equal to or below mean bulk digestion values,
except for hematite in the NSB (Fig. 12).

Figs. 13–15 highlight several common REE+Y indices for ex-
amining paleomarine seawater conditions. Mean Y/Ho ratios, on a
gram-per-gram (g/g) basis, dominantly show superchondritic values
(Y/Ho > 28), a classic indication of seawater-like signatures being
preserved. Cerium anomalies (plotted here as Pr/Pr*PAAS) for each of
the formations are presented in Fig. 14. Generally, mean values for the
Pr anomaly cluster close to 0.95–1.05, but elevated values (> 1.05 and
indicating a negative Ce/Ce* anomaly) are apparent in laser ablation
data, suggesting that an oxidative signal may be recorded at the grain
scale but diluted or obscured by bulk digestion techniques. The laser
ablation data also produces some extreme positive Ce/Ce* anomalies
(indicated by a Pr/P*PAAS < 0.95), notably in samples from the Weeli
Wolli Iron Formation, that are discussed below in terms of intra-deposit
variability. Finally, Eu/Eu*PAAS anomalies are presented in Fig. 15. A
clear decreasing trend from the baseline Isua Formation sample through
to the Weeli Wolli is evident in both the bulk and laser ablation data
(Fig. 15A).

4.5. Intra-deposit variability

Figs. 7–12 additionally highlight the intra-deposit variability in
trace element abundances by directly comparing the averages of con-
stituent samples alongside the larger formation compilations. Similarly,
Figs. 13–15 highlight the intra-deposit variability with respect to the
REE+Y ratios discussed above. In this manner the consistency in
concentrations between multiple samples from a single formation can
be evaluated. Furthermore, instances where a single sample demon-
strates an elevated or depleted value and affects the formation average
can be highlighted (e.g., Co in hematite grains from sample 090709-5,
Fig. 8E; Table S14).

4.5.1. Weeli Wolli Iron Formation
Trace element concentrations in hematite from WW1-9b (Table S6)

tend to drive the formation average for individual elements quite high
(Figs. 7B–12B), highlighting the ability for a single sample where trace
elements may be elevated to skew mean formation values. With the
exception of U (Fig. 12B), hematite in WW1-9b is more enriched in
trace elements than WW1–10. Despite some low concentrations in
magnetite from WW1-10 (e.g., Cr; Fig. 7B; Table S7), formation means
are driven by the elevated concentrations in WW1-9 and WW1-9b
(Fig. 7B). Similarly, WW1-10 shows a single magnetite with a depressed
Y/Ho ratio (Fig. 13B; Table S7), while WW1-9 shows the lowest values
with respect to Pr/Pr*PAAS and Eu/Eu*PAAS. Despite the observed spread
in Y/Ho, Ce/Ce*PAAS, and Eu/Eu*PAAS (Figs. 13B–15B) mean values in
all Weeli Wolli Iron Formation samples analyzed here are markedly
similar.

4.5.2. Joffre Member, Brockman Iron Formation
With respect to several indicators examined here, including Cr, Ni,

Zn and Y/Ho (Figs. 7C, 9C, 11C, & 13C, respectively), the different
datasets from the Joffre Member show some of the most consistent
mean values within the formation's larger sample set. For instance, bulk

rock and laser-based mean values cluster relatively tightly for Ni (Fig. 9
C) and U (Fig. 11C). Uranium shows the most intra-formation varia-
bility, with a greater spread in sample DD98-21a (Table S10) that ap-
proaches three orders of magnitude. While Y/Ho ratios (Fig. 13C) are
quite consistent across all samples, in both bulk and laser ablation data,
Pr/Pr*PAAS show some interesting differences (Fig. 14C). In terms of Pr/
Pr*PAAS values, while samples show similar bulk digestion mean values,
it is evident that a number of laser ablation values are significantly
higher than bulk values, reaching up to 1.4 and suggesting that a ne-
gative Ce/Ce* anomaly may be detected in laser but not bulk analyses
(Fig. 16). Similarly, Eu/Eu*PAAS averages for bulk digestions cluster
around 1.9–2.0, while laser generated averages are much lower, clus-
tering around 1.5 (Fig. 15C). Overall, however, the three constituent
samples for the Joffre Member show Pr- and Eu-anomalies that are
comparable between samples for any given analytical method.

4.5.3. Dales Gorge Member, Brockman Iron Formation
The Dales Gorge Member is represented by two paired powder-slab

samples, DD98-26 and DD98-27. Overall, DD98-26 and DD98-27 cor-
respond well in trace element abundances, often within an order of
magnitude of one another with respect to both mean bulk digestion and
laser ablation values. When present, and above detection limits, mag-
netite is the more enriched mineral phase (e.g., Cu, Zn, and U;
Figs. 10D–12D, Tables S10–11 respectively). Yttrium‑holmium ratios
(Fig. 13D) have mean bulk digestion and laser ablation values that
cluster around 40, with a similar spread, but with lower Y/Ho ratios in
DD98-26 and slightly elevated ratios in DD98-27. Both Pr/Pr*PAAS and
Eu/Eu*PAAS exhibit similar behavior in the Dales Gorge Member sam-
ples (Figs. 14D & 15D). Interestingly though, it appears that in terms of
Y/Ho and Pr/Pr*PAAS, hematite grains record lower values in both
samples DD98-26 and DD98-27.

4.5.4. Nuvvuagittuq Supracrustal Belt
The NSB is represented by five samples 090709-4b2, 090709-5,

090710-2, 090710-4, and 090710-12 (Tables S12–16). Magnetite grains
were analyzed in both 090709-5 and 090710-2. Magnetite grains in
090710-2 have some of the more extreme trace element abundances
(e.g., low Cr and high Zn Figs. 7E, 11E, respectively; Table S15), but Cu
is notably absent (Fig. 10E). Most NSB samples generally show a similar
level of spread in values.

Similar to Joffre Member samples, the Y/Ho ratios of NSB samples
(Fig. 13E) have superchondritic bulk digestion values that are above
mean hematite laser ablation values. However, the magnetite mean
averages in samples 090709-5 and 090710-2, with regards to Y/Ho
ratios, are above that of the bulk digestions. It is remarkable that a
number of laser shots produce Pr/Pr*PAAS values above 1.05; in all
samples, most mean hematite and magnetite values fall close to the
mean bulk digestion for Pr/Pr*PAAS, with the lowest mean values re-
corded in magnetites of 090710-2.

4.6. Trace metal systematics

Two distinct methods of examining trace element systematics were
considered here: the classic PAAS-normalized cross plot of Ce/Ce*PAAS
and Pr/Pr*PAAS (Bau and Dulski, 1996; Fig. 16), and the scaling

Fig. 9. Inter-deposit comparison for nickel (A), and intra-deposit comparisons showing the formation cumulative formation data and that of constituent samples for
the Weeli Wolli Iron Formation (B), Joffre Member (C) and Dales Gorge Member (D) of the Brockman Iron Formation, and the BIF of the Nuvvuagittuq Supracrustal
Belt (E).
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between example sets of trace metals (Fig. 17). The sets of trace metals
in Fig. 17 were selected to determine what, if any, information could be
determined based on the mechanism underlying either BIF deposition,
their trace element source or the mechanism of sequestration. In a
PAAS-normalized Ce/Ce*-Pr/Pr* cross plot, true negative Ce anomalies
are distinguished from potential false negative anomalies that might
arise in Ce/Ce* from the positive seawater La anomaly; true negative Ce
anomalies will be accompanied by a positive Pr/Pr* anomaly. It is clear
that the majority of bulk samples fall in the field where no true negative
Ce anomalies are indicated (Fig. 16). A handful of samples that were
analyzed by LA-HR-ICP-MS from the NSB, Joffre, Dales Gorge, and
Weeli Wolli iron formations, fall in the lower right-hand field, where
true negative Ce- anomalies are indicated. These are discussed in more
detail below.

Fig. 17 examines the scaling of two selected pairs of trace elements
(1) Cr and Ni, and (2) Ni and Zn. In both cases, these elements show
strong linear co-variation. Overlain on the plots are the expected scaling
relationships between the elements based on different adsorptive or
sequestration mechanisms. Encouragingly, most of the data within
these elemental cross plots correspond to a least one of the expected
scaling stoichiometries. These correlations and their implications are
discussed in Section 5.3.

5. Discussion

5.1. Statistical reproducibility of bulk versus laser generated trace element
concentrations

Tukey-Kramer tests (Figs. 4–6) indicate that the reproducibility of
bulk digestion trace element geochemistry by LA-HR-ICP-MS analysis of
the same sample is a complex and dynamic issue. For some samples,
values show good agreement, with p-values dominantly> 0.05 (e.g.,
Figs. 4C,H,J, 5A, & 6B,D,G). This indicates a strong comparability be-
tween the two approaches. Conversely, for a number of samples p-va-
lues< 0.05 indicate statistically significant differences between the
two methods for a large number of elements (e.g., Figs. 5C,D, 6A,E,&F).
Critically, these differences exist in each of the pairwise comparisons
considered here: (i) bulk digestion versus laser ablation of hematite
grains, (ii) bulk digestion versus laser ablation of magnetite grains, and
(iii) laser ablation of hematite versus magnetite grains. Notably, the
deposition of BIF from the Hamersley Basin and NSB are separated by
over a billion years and underwent different post-depositional altera-
tion histories (See Geological History Sections 2.1 and 2.2). Moreover,
BIF from these localities are relatively well-preserved, pure chemical
sediments, and do not exhibit signs of significant detrital contamination
or post-depositional remobilization (Trendall et al., 2004; Mloszewska
et al., 2012; Haugaard et al., 2016). Nevertheless, examples of elements
exist within samples from both the Hamersley Group and the NSB for
which methodologies dominantly agree (p > 0.05; e.g., Figs. 4B,C,H&
J, 5 A,B&E, 6B,D&G) or are significantly different (p < 0.05; e.g.,
Figs. 4F&I, 5C, 6A&E). The presence of both agreement and disagree-
ment in samples spanning a vast age range implies that the observed
differences are not necessarily a function of age, increasing meta-
morphism, or depositional setting, as represented by the consideration

of these two disparate BIF deposits. Furthermore, the p-values do not
scale with either the ratio of number of laser shots to number of solu-
tion analyses or crustal abundance of the elements (data not shown).
Some of the difference between methodologies can certainly be as-
cribed to differences between analytical sessions in instrumental sen-
sitivity and stability during laser ablation. For instance, samples DD98-
26 (Fig. 4D; Table S11) and DD98-27 (Figs. 4E, 5C, & 6E; Table S12)
were run on days when poor sensitivity during laser ablation sessions
resulted in unresolvable concentrations for several transition metals in
the majority of laser shots. As a result, a p-value of 0 was assigned to
these samples for many of the transition metals, indicating a significant
difference as bulk digestions were able to produce transition metal
concentrations for these samples.

An interesting observation is that in several instances, while the
majority of REE+Y concentrations may be indistinguishable across the
pairwise comparisons, some of their respective indices (Y/Ho, Pr/
Pr*PAAS, Eu/Eu*PAAS, ΣREE) may vary significantly with p-values falling
below the 0.05 threshold (e.g., Figs. 4A, 5B, & 6E). This suggests that
when considering elemental ratios and indices, although individual
elements may be similar in a pairwise comparison, cumulative differ-
ences may drive ratios and indices to statistically different values.
Generally, when the pairwise comparisons of REE+Y values returns p-
values> 0.05, indices also show a high level of agreement (e.g.,
Figs. 4C,G,H,&J, 5B, 6A,C&D).

When plotting the laser ablation data and the bulk digestion data
simultaneously (Figs. 7–12), bulk digestion mean values typically fall
within an order of magnitude of laser mean values, on a formation
bases. The laser generated data, however, generally captures a large
range in concentrations, an observation that may be attributable to one
of several factors. First, the analysis of specific mineral phases, herein
hematite and magnetite, generates concentrations in excess of bulk
digestion data as concentrations are not subjected to dilution by trace
element poor mineral phases, such as chert. Second, within individual
samples, variability is frequently observed when hematite or magnetite
is the most trace element-enriched phase. For instance, in samples from
the Weeli Wolli Formation, magnetite in WW1-9 is typically more trace
element rich than in WW1-9b or WW1-10 (Figs. 7–12B), but in WW1-9b
and WW1-10, hematite is generally the trace metal rich phase. Simi-
larly, in the Joffre Formation (Figs. 7–12C), mean magnetite values
typically fall close to, or below, mean hematite values, and in several
instances (e.g., Cr, Co; Figs. 7C & 8C) fall below bulk concentrations as
well. Conversely, when concentrations are above detection limits in
Dales Gorge Member and NSB samples (Figs. 7–12D&E), magnetite
appears to be amongst the more enriched phase in terms of trace ele-
ment concentrations. This may be the result of diagenetic repartitioning
of trace metals on a highly localized scale, which results in mineral
specific analyses exceeding the bulk digestion estimates for con-
centration.

The impact of diagenetic effects on a localized scale may be the
underlying cause between disparate mean concentrations between he-
matite and magnetite grains (e.g., Figs. 7–15). Under such circum-
stances, trace metals during early diagenesis may be mobilized in lo-
calized regions (i.e., on a grain-grain scale or within a BIF microband),
then during recrystallization of recalcitrant mineral phases (hematite,

Fig. 10. Inter-deposit comparison for copper (A), and intra-deposit comparisons showing the formation cumulative formation data and that of constituent samples for
the Weeli Wolli Iron Formation (B), Joffre Member (C) and Dales Gorge Member (D) of the Brockman Iron Formation, and the BIF of the Nuvvuagittuq Supracrustal
Belt (E).
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magnetite) the mobilized trace metals are sequestered. This would lead
to closely spaced LA-HR-ICP-MS analyses of hematite and magnetite
within BIF that have significantly different concentrations. This is ap-
parent in many of the samples form the Eoarchean NSB (e.g., Figs. 8E &
11E) and from the Hamersley Basin as well (Figs. 11D, 12C), each of
which highlights an instance where p values fall below 0.05 for a
sample (Fig. 6), indicating significantly different hematite versus
magnetite mean values within a single sample.

5.2. The origin of variability within the trace metal record

5.2.1. An environmental signal
Due to their importance as metalloenzyme reaction centers and

cofactors, there has been a great deal of interest in reconstructing the
availability of transition metals in the ocean through time (e.g., Anbar
and Knoll, 2002; Dupont et al., 2010; Robbins et al., 2016). Some of the
transition metals investigated here, including Ni, Zn, Co, and Cu, are
critical for a number of prokaryotic and eukaryotic enzymes, and the
BIF record has been instrumental in reconstructing their respective
marine reservoir size and the evolution of their respective abundances
through geological time (e.g., Chi Fru et al., 2016; Konhauser et al.,
2009, 2015; Robbins et al., 2013, 2016; Swanner et al., 2014). Previous
investigations focused on chemical sedimentary and organic-rich sili-
ciclastic records (namely BIF and black shales) have indicated relatively
static marine abundances for both Cu and Zn through much of the
Archean and Proterozoic (Chi Fru et al., 2016; Robbins et al., 2013;
Scott et al., 2013). The deposit comparisons presented here offer only a
small sub set of the temporal trends for Cu and Zn (Figs. 10A & 11A).
However, similar to the above-mentioned compilations, the spread in
values from both laser ablation and bulk digestion techniques are re-
latively small, with the majority of samples falling within about an
order of 10 ppm. This observation lends support to the hypothesis that
the concentrations of these transition metals may be buffered by or-
ganic ligands (see Robbins et al., 2013), or at least were characterized
by relatively long residence times.

Cobalt (Fig. 8A) and Ni (Fig. 9A) similarly show mean values that
fall within about an order of magnitude for each formation. Cobalt
appears to be relatively enriched in the ≥3.75 Ga NSB BIF, dropping in
the Dales Gorge and Joffre members, and then increasing as the Weeli
Wolli Iron Formation is deposited. The order of magnitude decline in
average bulk Ni concentrations observed (Fig. 9A) between BIF samples
from the NSB and Hamersley Group is consistent with previous studies
on BIF that show a decline in Ni abundances during the Archean;
(Konhauser et al., 2009, 2015). Although Weeli Wolli samples show
elevated average Ni concentrations in hematite (Fig. 9A&B), these are
predominantly due to the elevated concentration observed in WW1-9b
and may be the result of localized diagenetic repartitioning or an
anomalous input flux of Ni during the deposition of the Weeli Wolli Iron
Formation; in either case, it is not representative of the long-term trends
recorded by BIF (Konhauser et al., 2009, 2015).

The concentrations of redox sensitive elements (RSE), such as Cr, U,
Mo, and V, from BIF and black shales have similarly been used to track
the evolution of Earth's surface redox conditions (e.g., Konhauser et al.,
2011; Partin et al., 2013a, 2013b; Sahoo et al., 2012; Scott et al., 2008).
Two significant increases in RSE are recorded within the sedimentary

record: one coincident with the GOE and a second in the Neoproter-
ozoic at about 850Ma. While mean formation values remain relatively
static across all formations here with respect to RSE and show variance
of approximately an order of magnitude around their mean values,
maximum values recorded by hematite and magnetite tend to increase
as formations become younger (Figs. 7A & 12A). This is especially true
for U (Fig. 12A), which likely indicates increasing levels of oxidative
weathering in the run-up to the GOE; this signal appears best reflected
by maximum values in laser generated data. The increased concentra-
tions of both Cr and U in laser data observed here (Figs. 7A & 12A) is
consistent with elevated levels observed in broad compilations for these
RSE in BIF immediately before the GOE (Konhauser et al., 2011; Partin
et al., 2013a).

Rare earth element signals captured here by both bulk digestion and
laser ablation techniques include super chondritic Y/Ho ratios (Fig. 13),
variable Ce anomalies (as reflected by Pr/Pr*PAAS; Figs. 14 & 16), and
positive Eu-anomalies that decline with decreasing formation age
(Fig. 15). Perhaps more interesting though, with respect to the REE, is
the presence of negative Ce anomalies revealed by LA-HR-ICP-MS
analyses, that are otherwise obscured in bulk digest data (Figs. 14 &
16). While negative Ce anomalies are considered indicative of the
presence of oxygen in the water column (e.g., Bau and Dulski, 1996;
Bolhar et al., 2004), they are typically absent in BIF predating the GOE
(Planavsky et al., 2010b). This observation has previously been used to
argue for the prevalence of an anoxic, ferruginous water column during
the Archean. However, their absence in BIF predating the GOE may also
be attributable to the dilution of Ce/Ce*PAAS anomalies that may have
occurred in the upper water column through reductive Ce(IV) recycling
below a chemocline (c.f., De Carlo and Green, 2002). In our study, the
presence of putative negative Ce anomalies identified here by laser
ablation in the Eoarchean to Paleoproterozoic BIF (Fig. 16) is at odds
with previous data (e.g., Bau and Dulski, 1996; Planavsky et al., 2010b)
indicating that negative Ce anomalies indeed exist in formations de-
posited before the GOE, which, in turn, suggests the presence of oxygen
in the early oceans – that is if Ce anomalies are directly tied to the
presence of oxygen. Not surprisingly, evidence for an early appearance
of oxygenic photosynthesis has grown in recent years, and now includes
signs of oxidative cycling of Cr at 3.7 Ga and U at 3.2 Ga, (Frei et al.
(2016) and Satkoski et al. (2015), respectively), negatively fractionated
Mo isotopes that correlate with Fe/Mn ratios in the 2.95 Ga Sinqeni
Formation, Pongola Supergroup (Planavsky et al., 2014), and Fe and S
isotope data indicating oxygen production in surface waters of the
2.97 Ga Chobeni Formation, also from the Pongola Supergroup
(Eickmann et al., 2018). The negative Ce anomalies identified here by
laser ablation (Fig. 16) suggest that the search for early signs of oxy-
genic photosynthesis may benefit from a small-scale, high spatial re-
solution approach afforded by in situ analytical techniques such as LA-
HR-ICP-MS. Further micro-scale analysis is warranted for formations
that have previously shown a lack of negative Ce anomalies in bulk
digestions, especially considering the uncertainty associated with dif-
fering estimates for the origins of the appearance of oxygenic photo-
synthesis using genetic approaches (e.g., Shih et al., 2016; Ward et al.,
2016; Magnabosco et al., 2018) and those of geochemical indicators
(e.g., Planavsky et al., 2014; Satkoski et al., 2015).

The iron in BIF is generally considered to have been sourced from

Fig. 11. Inter-deposit comparison for zinc (A), and intra-deposit comparisons showing the formation cumulative formation data and that of constituent samples for
the Weeli Wolli Iron Formation (B), Joffre Member (C) and Dales Gorge Member (D) of the Brockman Iron Formation, and the BIF of the Nuvvuagittuq Supracrustal
Belt (E).
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hydrothermal activity, then upwelled onto the shelf where it was ulti-
mately deposited (e.g., Holland, 1973, 1978; Bekker et al., 2014;
Konhauser et al., 2017). In this regard, the peak in BIF deposition at
~2.45 Ga (Isley, 1995; Klein, 2005) seemingly coincides with the em-
placement of large igneous provinces and enhanced mantle plume ac-
tivity (e.g., Barley et al., 1997). Since the iron is sourced from hydro-
thermal processes, the secular decline observed in Eu anomalies
preserved in BIF through time (see Fig. 5 in Konhauser et al., 2017) has
traditionally been interpreted to represent a waning hydrothermal flux
(e.g., Derry and Jacobsen, 1990; Bau and Möller, 1993; Viehmann
et al., 2015). While not as stark of a trend as that presented in
Konhauser et al. (2017), the Eu-anomalies presented here (Fig. 15)
show a progressive decline with increasingly younger formations, re-
enforcing the idea that high temperature hydrothermal inputs to BIF
depositional settings declined progressively into the earliest Paleopro-
terozoic.

Estimates for BIF depositional rates are uncertain and range in va-
lues from a few hundred years to tens of thousands of years per meter of
compacted BIF, equating to an accumulation of< 1mm/year (Morris,
1993; Konhauser et al., 2002; Bekker et al., 2014). When considering
consolidation rates on top of these estimates, it is more than likely that
a few mm's of BIF represent a depositional period spanning decades, if
not hundreds of years. Accordingly, it may be expected that during
deposition currents and nutrient fluxes in the depositional basin may
well change over such timescales. A recent study by Warchola et al.
(2018) highlights this possibility. Through the examination of a high-
resolution chemostratigraphic profile of the Boolgeeda Iron Formation,
the terminal deposit in the Hamersley Group, the authors identify a
pseudo-sinusoidal shift in trace and REE+Y abundances linked to
shifting detrital input, attributable to transgressive and regressive
events over the course of a signal BIF unit being deposited. As such,
some of the variability observed in the trace element concentrations
within a BIF deposit are likely a function of localized environmental
signals, detectable via high resolution chemostratigraphy but that are
masked by the overall first-order trends observed in large temporal
compilations (e.g., Konhauser et al., 2009, 2015; Robbins et al., 2013).

Despite a number of instances where bulk and laser data differ
significantly for a given sample (Figs. 4–6), it is encouraging that the
patterns observed in our sample set coincide well with previously
identified temporal trends in trace nutrients, RSE, and REE+Y
anomalies such as Eu/Eu*PAAS. This suggests that while both bulk di-
gestion and laser ablation data are capable of reproducing paleomarine
seawater trends in trace element concentrations, that laser ablation
analyses may provide a more detailed picture of the environmental
signal capture within a single BIF deposit.

5.2.2. Trace element removal pathways
The scaling between selected transition metals was examined for the

correspondence to the expected stoichiometric ratios of proposed exit
fluxes for trace elements in BIF (Fig. 17). We did this to assess whether
transition metal systematics can shed additional light on the mechan-
isms underpinning trace element sequestration, the dominant controls
on BIF deposition, and how this may lead to variations in trace metal
concentrations in BIF. While hematite in BIF is commonly thought to
have formed through the dehydration of a ferric oxyhydroxide

precursor deposited by abiogenic or biogenic iron oxidation, magnetite
is primarily recognized as a diagenetic phase formed as a by-product of
dissimilarity Fe(III) reduction or metamorphic reactions of ferric‑iron
bearing minerals with organic carbon at temperatures above the
threshold for bacterial growth (see Konhauser et al., 2017 for a detailed
discussion). Konhauser et al. (2018) argued that the trace element
stoichiometry of the Dales Gorge Member closely relates to the cellular
stoichiometry of anoxygenic photoferrotrophs and thus indicates a role
for these bacteria in BIF deposition. Commonly envisioned exit chan-
nels for trace elements to BIF include the contribution of detrital ma-
terial, the adsorption of trace elements to hydrous ferric oxides (e.g.,
Dzombak and Morel, 1990; Bjerrum and Canfield, 2002; Konhauser
et al., 2009), and the association of trace elements with biomass
(Konhauser et al., 2002, 2018; Li et al., 2011; Martinez et al., 2016).

Overlain on cross-plots of transition metals are scaling ratios
(Table 2) that can be expected for several possible vectors that may
have sequestered trace elements into BIF. These scaling ratios were
derived from elemental ratios of upper continental crust (Condie, 1993;
Rudnick and Gao, 2014), the relative strength of adsorption constants
of trace elements to hydrous ferric oxides (Dzombak and Morel, 1990),
ratios present in modern seawater (Bruland et al., 2014), and, where
possible, stoichiometric ratios characteristic of biomass of the marine
photoferrotroph Rhodovulum iodosum (Konhauser et al., 2018). The
scaling expected due to adsorption to hydrous ferric oxides is re-
presented by the ratio of the site-1 binding constants of Dzombak and
Morel (1990) for the respective trace metals.

Curiously, the expected stoichiometric ratios for these exit pathways
(Table 2) seem to correlate well with transition metal scaling preserved
within BIF by both bulk digest and laser data (Fig. 17). Laser and bulk
solution data both show a near-linear scaling between transition metals
essential for biological functions and those that are mobilized by oxi-
dative weathering (Cr vs. Ni, Fig. 17A). Nonetheless, there is a diver-
gence in scaling between Ni and Zn, particularly for samples from the
NSB. This divergence suggests the NSB may have received additional
input from another source of Ni, as samples deviate from the detrital
line (Fig. 17B). A clear correspondence is observable between the
transition metals and expected detrital, seawater, and phototroph
stoichiometries. It is telling that concentrations of detrital indicators are
resolvable and non-negligible even in laser ablation shots of pure mi-
neral grains (e.g., Ti; Tables S5–S7; Fig. S3), and that detrital indicators
may correlate with other the elements that may have strong important
sources (e.g., Cr) as a result of their common origin. We suggest that
quite simply, the origin of these elements may always be detrital, even
at low abundances and entombed as trace constituents in iron oxide
minerals. This may explain why samples tend to fall close to the detrital
line for Cr relative to Zn (Fig. 17A). Further, there is also an adherence
to scaling predicted by ratios of adsorption constants for hydrous ferric
oxides as measured by Dzombak and Morel (1990).

As the majority of stoichiometries for exit fluxes are convergent
(Fig. 17A&B) it is unlikely that in most cases the sequestration me-
chanism can be delineated using the transition metal systematics of two
selected trace elements. As such a holistic approach that considers
multiple trace metals simultaneously, such as that employed by
Konhauser et al. (2018), is required to elucidate further information on
BIF depositional mechanisms. However, it is quite interesting that bulk

Fig. 12. Inter-deposit comparison for uranium (A), and intra-deposit comparisons showing the formation cumulative formation data and that of constituent samples
for the Weeli Wolli Iron Formation (B), Joffre Member (C) and Dales Gorge Member (D) of the Brockman Iron Formation, and the BIF of the Nuvvuagittuq
Supracrustal Belt (E).
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values for the Dales Gorge and Joffre members for Ni relative to Zn
approach the anoxygenic photoferrotroph line derived from the stoi-
chiometries characteristic of Rhodovlum iodosum biomass (Konhauser
et al., 2018), as one would expect if anoxygenic phototrophs played a
large role in BIF deposition.

5.2.3. Diagenesis
Effectively all minerals found in BIF are the result of diagenesis and

metamorphism (Klein, 2005; Bekker et al., 2014; Konhauser et al.,
2017). Accordingly, a critical aspect of exploiting the BIF record is
understanding the fate of trace elements during burial and how the
trace element distribution in various mineral phases may be a function
of secondary repartitioning. The current mineralogy of BIF, namely
hematite, magnetite, chert, siderite, and a variety of accessory Fe(II/
III)-silicates, reflects both the primary precursor phases and the cu-
mulative effects of diagenesis to low grade metamorphism (Klein,
2005). It is probable that the hematite forms through the dehydration
and thermal maturation of a precursor such as ferrihydrite (e.g., Ahn
and Buseck, 1990; Sun et al., 2015), while magnetite and siderite are
likely the products of Fe(III) reduction coupled to the oxidation of or-
ganic carbon (e.g., Konhauser et al., 2005; Johnson et al., 2008).
Consistent with this view, experimental diagenetic incubations of a
simple admixture of ferrihydrite and glucose at 170 °C and 1.2 kbar,
conditions considered to be representative for recrystallization from
ferrihydrite to hematite in the Penge Iron Formation, South Africa (e.g.,
Miyano and Klein, 1984), have been shown to reproduce a mineralogy
characteristic of BIF as observed today (e.g., Posth et al., 2013; Köhler
et al., 2013). Recent thermochemical Fe(III) reduction experiments
(Halama et al., 2016), however, complicate this view as no magnetite
was observed when biomass was incubated with either ferrihydrite,
goethite, or hematite at 170 °C and 1.2 kbar. This suggests that more
recalcitrant forms of biomass adsorbed to the mineral surface may in-
sulate against mineral transformations, or that short term experiments
are insufficient for recreating the diagenetic reactions that produce the
characteristic stable mineral phases when a more recalcitrant organic
carbon source is provided. What is certain is that the mineralogy of BIF
is not a direct reflection of the primary minerals that precipitated from
the water column when BIF were being deposited.

BIF of various ages have been shown to retain seawater-like
REE+Y patterns despite undergoing a range of metamorphic condi-
tions up to, and including, amphibolite facies metamorphism (Bau,
1993; Bau and Dulski, 1996; Bolhar et al., 2004; Pecoits et al., 2009;
Mloszewska et al., 2012; Haugaard et al., 2016), indicating that an
authigenic marine signal is retained even after diagenesis and meta-
morphism. Additionally, experimental incubations of ferrihydrite
doped with Zn and Ni designed to capture the transition of precursor
hydrous ferric oxides to hematite and more crystalline Fe phases have
shown that transition metals may be retained by the resultant mineral
phases following BIF diagenesis (Robbins et al., 2015), although the
distribution amongst specific mineral phases was not examined. The
localized mobilization of trace elements during diagenesis and meta-
morphism can never be entirely ruled out, and likely occurs at very fine
spatial scales. For instance, Alibert (2016) demonstrated that the con-
centration of REE+Y in certain minerals reflect diagenetic processes in
BIF, namely apatite and ankerite, while hematite and magnetite tend to

show REE+Y patterns reflective of porewater adsorption processes.
Despite this repartitioning, Alibert (2016) demonstrated that diagenetic
to metamorphic minerals – e.g., apatite, hematite, siderite – may retain
seawater-like REE+Y patterns but differ with respect to concentration.
Recently, Oonk et al. (2017, 2018) employed sequential extractions in
order to assess the composition of specific mineral fraction within BIF,
with the aim of assessing primary versus diagenetic signals. Oonk et al.
(2017) focused on extracting three mineralogical phases (i) carbonate,
(ii) oxides – hematite and magnetite, and (iii) Fe-silicates, placing an
emphasis on understanding the role of these three phases in Mo, Cr, and
U cycling. Similarly, Oonk et al. (2018) utilized a sequential extraction
method to examine the phase specific distribution of REE+Y. In both
studies, critical phase specific associations were identified. For instance,
Oonk et al. (2017) found that U tended to be associated with the Fe-
silicate fraction, while Oonk et al. (2018) found the oxide fraction to be
the lowest in REE+Y abundances and, therefore, the most susceptible
to contamination by detrital material. Furthermore, Oonk et al. (2018)
suggested that while bulk rock REE+Y composition appears to track
seawater composition, that of the oxide phase must be viewed cau-
tiously as it can take on a mixed REE profile following deposition and
diagenetic recycling.

These studies, along with results presented here, suggest that the
analysis of either trace element rich or poor mineral phases by LA-HR-
ICP-MS will induce a greater spread in concentration within a given BIF
sample than would otherwise be observed in bulk digests of the same
sample. Accordingly, sequential extractions and high-resolution in-situ
analysis in future work may continue to shed further light on the me-
chanisms underlying BIF deposition and diagenesis.

5.3. Implications for the interpretation of environmental signal in BIF

The observed spread in trace element concentrations, and trace
element to iron ratios, in temporal records (Konhauser et al., 2009,
2015; Robbins et al., 2013, 2016; Partin et al., 2013a; Swanner et al.,
2014) is likely due to a combination of heterogeneity at the mineral and
hand-sample scale, as well as temporal changes in the concentration of
trace elements in seawater. It is worth noting that there are several
instances where trace element concentrations fluctuate relative to
stratigraphically adjacent samples, and while this fluctuation may be
present, even if slightly attenuated in mean bulk values, it also bears
out in the respective hematite and/or magnetite mean values. Examples
can be seen in Figs. 9E, 11B, & 12C. In Fig. 9E, the bulk value of sample
090710-2 is slightly elevated over the neighboring samples and coin-
cides with an increase in Ni in magnetite grains within this sample,
while the hematite average also differs relative to the adjacent samples.
Similarly, a slight increase in Cu concentration in two samples from the
Joffre Member (DD98-7 and DD98-12; Fig. 10C) is reflected both in
bulk average digest and laser ablation generated data. This also bears
out for several samples with respect to U in the Joffre Member and NSB
BIF samples (Fig. 12C & E), where changes in bulk mean values are
reflected by increases or decreases in mineral specific averages between
adjacent samples. This would suggest that the observed range in trace
metal concentrations within a given formation may itself be a reflection
of subtle, more nuanced chemostratigraphic changes during the de-
position of a given formation. Importantly, this may be obscured in

Fig. 13. Inter-deposit comparison for Y/Ho ratios (g/g) (A), and intra-deposit comparisons showing the cumulative formation data and that of constituent samples for
the Weeli Wolli Iron Formation (B), Joffre Member (C) and Dales Gorge Member (D) of the Brockman Iron Formation, and the BIF of the Nuvvuagittuq Supracrustal
Belt (E).
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Fig. 14. Inter-deposit comparison for Ce/Ce*PAAS calculated after Bau and Dulski (1996) (A), and intra-deposit comparisons showing the cumulative formation data
and that of constituent samples for the Weeli Wolli Iron Formation (B), Joffre Member (C) and Dales Gorge Member (D) of the Brockman Iron Formation, and the BIF
of the Nuvvuagittuq Supracrustal Belt (E). PAAS normalization after Taylor and McLennan (1985).
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large compilations where the emphasis is on longer term, more dra-
matic first-order shifts in trace metal availability (e.g., Robbins et al.,
2016).

While bulk digests likely offer a more conservative reflection of
seawater composition, they may be ill-suited for capturing the true
temporal variation in trace element enrichments within a given deposit,
as some geochemical signals present at the mineral scale may be diluted
or entirely cryptic. For instance, negative Ce anomalies are captured in
laser ablation data from several formations, including the ≥3.75 Ga
NSB, Joffre Member, and Weeli Wolli Iron Formation, while bulk rock
data show muted or absent anomalies (Fig. 16). Negative Ce anomalies
(as reflected by Pr/Pr*PAAS > 1) are observed in laser data from the
NSB BIF, (Fig. 16), and may be indicative of localized oxygen produc-
tion at low levels during the deposition of NSB sediments. Alternatively,
the negative Ce-anomaly observed in the NSB could be due to recent
oxidative weathering of samples exposed at or close to the surface, or
the partitioning of REE+Y during metamorphism of this unit. The
potential for surface weathering to influence Ce anamolies has recently
been demonstrated for the 2.95 Ga Ijzermijn iron formation, where
small differences in Ce-anomalies are present between weathered out-
crop and fresh drill core samples (Albut et al., 2018).

In order to resolve these possibilities, a detailed comparison be-
tween hand samples collected at the surface and fresh drill core is ad-
vised. Similarly, the exclusive consideration of bulk digestion data may
dilute certain geochemical signals. The spike in BIF Cr concentrations
identified by Konhauser et al. (2011) and attributed to the aerobic
oxidation of pyrite on land and subsequent transport of Cr to BIF de-
positional basins is observable in bulk digest data, but even more pro-
nounced in Cr records generated by LA-HR-ICP-MS (see their Fig. 1).
Examples such as these suggest that when evaluating temporal records
of BIF composition, an approach that utilizes a combination of laser and
bulk digestion data is necessary to capture the range and variation of
trace element concentrations within a given deposit and when com-
paring BIF through time.

Fig. 15. Inter-deposit comparison for Eu/Eu*PAAS calculated after Bau and Dulski (1996) (A), and intra-deposit comparisons showing the cumulative formation data
and that of constituent samples for the Weeli Wolli Iron Formation (B), Joffre Member (C) and Dales Gorge Member (D) of the Brockman Iron Formation, and the BIF
of the Nuvvuagittuq Supracrustal Belt (E). PAAS normalization after Taylor and McLennan (1985).

Fig. 16. Cross-plot of Pr/Pr* versus Ce/Ce* normalized to PAAS after Bau and
Dulski (1996). True shale-normalized negative Ce/Ce* fall in the lower right-
hand quadrant of the diagram and are present for data generated by LA-HR-ICP-
MS. Yet, bulk samples show no resolvable negative Ce anomalies, suggesting
that bulk chemical digestions tend to dilute geochemical signals that are
otherwise resolvable at the grain scale. Colors indicate their respective forma-
tions, consistent with previous figures. Stars indicate bulk digestions and circles
laser generated data.

Fig. 17. Scaling of transition metals (A) Cr vs. Ni, (B) Cr vs. Mo, (C) Mo vs. Zn, and (D) Ni vs. Zn. All transition metals pairs examined here show relatively strong
linear scaling. Overlain are expected scaling factors based on the ratios of transition metals in modern seawater (blue; Bruland et al., 2014), the first binding constants
for strong sites on hydrous ferric oxides (red; Dzombak and Morel, 1990), the possible range of upper continental crust (black; Condie, 1993; Rudnick and Gao, 2014),
and biomass of the marine photoferrotroph Rhodovulum iodosum (magenta; Konhauser et al., 2018). For (B), the green line represents the expected scaling for Cr and
Zn given the binding constants for chromate and Zn, while the red line is trivalent Cr to Zn (Dzombak and Morel, 1990). Stars represent bulk solution data, while
circles represent in-situ LA-HR-ICP-MS analyses. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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6. Conclusions

Although BIF are critical archives for understanding the trace ele-
ment and redox evolution of seawater, the variance of trace element
concentrations and trace element to iron ratios within a given deposit,
and the comparability of laser ablation to bulk rock digestion data, has
remained understudied. Intra-formational comparisons of bulk diges-
tion versus LA-HR-ICP-MS data reveal that some of the variation ob-
served within a given BIF deposit is derived from heterogeneity at the
micro-scale, as one may well expect. Mean formation values for bulk
versus laser ablation data, however, can differ significantly for a given
BIF sample, but are typically within an order of magnitude of each
other. This suggests an overall fidelity of the BIF record in capturing
authigenic seawater signatures at a variety of scales, but also an in-
herent need to examine both bulk digestion and laser ablation data to
capture the full range of information recorded in the elemental com-
position of BIF.

As variability is generally less for solution mode analyses of bulk
samples, these samples likely provide more conservative estimates for
ancient seawater but, as a result, may dilute or obscure geochemical
signals that can be detected using a higher-resolution in situ technique
such as LA-HR-ICP-MS. For instance, we found previously un-
documented negative Ce anomalies in Archean to Paleoproterozoic BIF
at the grain scale that are cryptic at the bulk-rock scale. These negative
Ce anomalies, generally considered indicative of oxygen at the time of
formation, have been identified in BIF samples from the ≥3.75 Ga NSB.
Whether these are the result of an ancient oxygenic phototrophic me-
tabolism or the result of more recent outcrop weathering remains a
critical question for future research. The results presented here high-
light the advantage of a combined approach utilizing both bulk and LA-
HR-ICP-MS geochemical analyses of BIF to assess the trace element and
redox evolution of ancient seawater.

While no single cause for the variability can be unambiguously
identified, variation in trace element concentrations within a given
formation are likely the combination of subtle shifts in environmental
controls, vectors delivering the trace elements to the BIF depositional
setting, and localized diagenetic to metamorphic effects within the se-
diment pile. Nonetheless, the BIF record captures first-order trends in
trace element abundances consistent with other marine chemical sedi-
mentary records (e.g., black shales, pyrites), supporting the assertion
that these are archiving changes in Precambrian seawater composition.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2018.12.036.
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